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Abstract

Magic Angle Spinning (MAS) solid state nuclear magnetic resonance (SSNMR) is a
developing method for determining the structures and studying the dynamics and
functions of biological molecules. This method is particularly important for systems,
such as amyloidogenic fibrous proteins, that do not crystallize or dissolve well and are
therefore not amendable to X-ray or solution NMR techniques. However, due to
inherently low sensitivity, NMR experiments may require weeks to obtain spectra with
sufficient signal-to-noise ratio. This issue is further exacerbated for biological systems
of interest due to their large size and limited mass availability. The sensitivity can be
increased by two orders of magnitude by combining MAS NMR with dynamic nuclear
polarization (DNP). The application of SSNMR-DNP to protein structure determination
is explored using malonic acid and a model peptide system, WT-TTR10s5.115. A custom
built MAS-SSNMR probe is modified for the purpose of MAS-SSNMR DNP
experiments.
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CHAPTER 1. Introduction to Solid State NMR

Solid state nuclear magnetic resonance is a developing, practical method for
determining structure and dynamics in biological molecules. Of the many biophysical
techniques in existence, x-ray crystallography and NMR have been the most successful
in determining protein structures at atomic resolution.  X-ray crystallography and
solution state NMR have been used successfully for the elucidation of structural
information of soluble globular proteins and their complexes. For non-crystalline,
insoluble proteins, magic angle spinning (MAS) solid state NMR (SSNMR) can be
employed. Amyloid fibril is a class of proteins that form insoluble protein aggregates.
Accumulation of amyloid in organs, amyloidosis, can lead to severe conditions such as
Alzheimer’'s disease, type |l diabetes and Parkinson’s disease. In the amyloid state,
proteins form rope-like fibers. These fibers lack the long-range order necessary for
elucidation of atomic level structure via X-ray spectroscopy and are insoluble and thus,
cannot be studied via solution NMR. Nevertheless, the fibers are still microscopically

ordered and yield high resolution solid state NMR spectra.

Due to the inherently low sensitivity of NMR, experiments may require days or
weeks of signal averaging to obtain spectra with sufficient signal-to-noise ratio. Higher
sensitivity can be achieved by combining MAS SSNMR with dynamic nuclear
polarization (DNP, explained in chapter 2), allowing for elucidation of high resolution

structures in a considerable shorter time period.

Although the basics of NMR and DNP is important for understanding the
research that follows, only the major concepts of Solid State NMR and DNP (see
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chapter 2) that are relevant to this work will be discussed. This will include a brief
introduction to NMR as well as basic theory for obtaining distance constraints in proteins
with explanations of select pulse sequences. For further reading, see the texts by C.P.

Slichter, Malcolm Levitt, John Cavanagh and others.

In basic terms, NMR spectroscopy invokes the excitation of spin polarization with
radio frequency (RF) pulses and detection of the signal induction. For each NMR
sensitive nuclei, there exists a Larmor frequency (precession frequency), at which the
excited spins will precess about the magnetic field, B,. The magnitude of the Larmor
frequency is proportional to the static magnetic field, the constant of proportionality
being the gyromagnetic ratio, unique to each NMR sensitive nucleus. In biological

systems, the three primary spin % nuclei of interest are 'H, '*C and "°N.

The process of determining a high-resolution molecular structure includes the
following steps: 1) performing resonance assignments, 2) measurement of distance
constraints, and 3) torsion angle constraints. | will focus on the determining the
distance constraints, explaining the necessary theory as well as describing specific
pulse sequences used for determining 'C-'3C distances between degenerate

resonances. A brief introduction will be provided for the first and third step.

Nearly complete chemical shift assignment is a prerequisite for the
measurements of distances and torsion angles, which are sufficient to refine a structure.
The typical experiments performed for backbone and sidechain resonance assignments
are homonuclear ("*C-'3C) and heteronuclear ("N-'3C) correlations. Particularly,

heteronuclear correlations in their SPECIFIC CP forms are NCA and NCO.



Homonuclear correlations can be used to assign intraresidue cross-peaks while
homo/heteronuclear correlations are used for sequential assignments. Further
assignments are based on NCACX and NCOCX experiments. These are 2D
experiments where the ®N; is one dimension and the *CA, (as well as its correlated °*C
resonances) are in the other dimension. 3D experiments with '>C chemical shifts in two
dimensions and '°N chemical shifts in the third dimension can also be performed. The
various correlations are illustrated in Figure 1-1 below and the homo- and heteronuclear
correlation pulse sequences are shown in Figure 1-2. Once the chemical shifts have

been assigned, distance measurements are then used to constrain the structure.
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Figure 1-1. lllustration of the various homo- and heteronuclear
correlations in a peptide chain
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Figure 1-2 a) Generic pulse sequence for a homonuclear correlation experiment
used for intraresidue resonance assignment b) Pulse sequence for a heteronuclear
correlation experiment used for sequential assignment

In MAS NMR, a sample is rotated at an angle of cos‘l(%)=54.7° with respect to

the static magnetic field (B,) which effectively averages any second rank tensor
interaction such as the chemical shift anisotropy, dipolar coupling and the first order
quadrupole coupling that causes line broadening in static samples. [1] Thus, narrow
resonance lines similar to those observed in high-resolution solution state NMR are
obtained. However, since the homo- and heteronuclear dipolar couplings, which
provide information about the structure (such as inter-atomic distances and torsion
angles) are also attenuated, it is necessary to reintroduce these couplings by interfering

with the MAS averaging mechanism. [1]
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Pulse sequences, which reintroduce interactions, are known as recoupling
sequences and are comprised of rotor synchronized RF pulse trains that yield a non-
zero average dipole coupling. This recoupled interaction is scaled by a factor S, which
depends on the specifics of the pulse train. [1] Figure 1-3 below illustrates the dipole
recoupling achieved during a MAS experiment in the presence of a RF pulse train. The
first Figure (RFDR sequence) shows the modulation of the dipole coupling in the
presence of MAS and the absence of a RF pulse train; the average of the dipole
coupling is zero. However, when a 1 pulse is introduced once per rotor period, the

dipole coupling reappears, resulting in a non-zero average.

t

AWAwiwi
VYV

t

Figure 1-3. lllustration of the dipole coupling and recoupling during MAS a) Rotor synchronized rf 1T
pulses spaced at one per rotor period b) MAS modulates the dipole coupling producing an average of 0
over a rotor period in the absence of rf pulses. c) dipole recoupling in the presence of rotor synchronized
1 pulses produces a non zero value of Swpwhere S is the scaling factor. Figure modified from [1]
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Examples of pulse sequences used to measure homonuclear distances are
DRAWS, DQDRAWS (see below), R? and its variants. [2-5] Note that this is just a few
examples - there are at least 20 more pulse sequences to measure homonuclear
distances. Heteronuclear distances can be measured using pulse sequences such as
TEDOR (see below), REDOR and their variants. [6-8] Of particular interest are the pulse
sequences, DQDRAWS and TEDOR, described in later sections.

A pulse sequence for measuring homo-nuclear distances is Dipolar Recoupling
with A Windowless Sequence (DRAWS). [2, 9] DRAWS is only good for low spinning
frequencies and for large anisotropies. The double quantum DRAWS sequence, shown
in Figure 1-4, starts with a cross polarization sequence to transfer the magnetization
from the "H spins to the "*C spins. Note that the magnetization is in y after the cross-
polarization sequence. During cross-polarization, the 'H spin magnetization is spin
locked for a time T¢, during which the RF fields of the 'H and ">C spins are matched to
the Hartmann-Hahn condition, allowing the polarization to be transferred from the 'H
spins to the *C spins. A strong continuous wave (CW) RF field is applied to the 'H
spins for the remainder of the sequence to decouple the 'H spins from the "*C spins.
The DQDRAWS sequence on the 'C channel consists of two main blocks: the DQC
(double quantum coherence) excitation block, followed by the DQC reconversion block.
The DQC reconversion block converts the double quantum coherence to observable
magnetization (single quantum coherence). As shown in the Figure, the DQC blocks
consist of 8 21 pulses and 2 1/2 pulses. The 21 pulses suppress the chemical shifts
and the phase alteration of these pulses helps to compensate for RF in homogeneity.

The /2 pulses in the R block prevent the averaging of the dipolar interaction. The

14



entire sequence is supercycled to give the sequence RRRR . This is because a single

cycle (one R block) of DRAWS does not completely suppress the chemical shift

Hamiltonian [9].

1H
CP CW Decoupling TPPM
13C — ] — — ] —
—= |R|R|R|R|||R|R|R|R
Ccp
R= | x| XMX|XIX]|xMX]|x

Figure 1-4. Pulse Sequence for DQDRAWS on the '°C observe channel. The white block is the
excitation block and the shaded block is the reconversion block. Note that the magnetization starts
in y for the DRAWS sequence. The length of the R block, 1, is one rotor period. For an MAS
frequency of 5.882 kHz, this corresponds to a 2 pulse of duration 20 ps. [9]

The DRAWS sequence can be described using average Hamiltonian theory. [9]

The full propagator for the time dependent Hamiltonian is
(i )
U(t)zTexpL—zJ.dt'H(t')J (M
0

where T is the Dyson time ordering operator. Using the Magnus expansion, the time
independent effective Hamiltonian, is

—_— —(0 —(1 —(2
U(t) = exp{—iHT} = exp{-i [H( "y 1D 7Y 4 I} 2)

where the Oth order the 1st order Hamiltonian are given by
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H =-(dt'H@
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-5 —1 " " '
H —Zldt [H@™, H(Y]

The higher terms in the expansion arise because the Hamiltonian does not commute

with itself at different times. In the DRAWS sequence (one of the blocks of the RRRR
sequence), the r.f. is continually on; a toggling frame transformation is required to obtain
finite pulse widths. In this transformation, the chemical shift and dipolar Hamiltonian
(internal) becomes time dependent and the r.f. term is eliminated (as they are
transformed into the interaction frame of the r.f.). The time dependence of the internal

Hamiltonian in the toggling frame is given by

H = U, H"U, , @)

tog

where the propagator is given by

1
U,, =Texp {—i | dt'Hrvf} (4)
0

The DRAWS zeroth order average Hamiltonian for a pair of dipolar-coupled spins on

resonance and spinning at the magic angle has the form

d

HY? = = [Caxmyy (1Sy = 1,S,) + €, BLS, — 1 - 9)] (5)
L,

where " is the static dipolar coupling in rad™'s. The coefficients, Cyx, Cyy, and C;

are functions of the Euler angles orienting the principle axis of the dipolar tensor in the
frame of the rotor. To zeroth order, the DRAWS supercycle completely suppresses the

16



chemical shift terms. The DRAWS sequence recouples the dipolar interaction, such

that in the zeroth order average Hamiltonian, the dipolar coupling term is reintroduced.
As shown in Figure 1-4, each DRAWS sequence (the R element) has an overall

tipping angle of 171. To find the r.f. field strength required on the carbon channel, the

following relation can be used

0. _6,
r Sf (6)
a)r a)r.f.

where 6, is the angle or rotation, w;, is the MAS frequency, 6, is the tipping angle and

wrs is the r.f. field strength. Since 6,is 21 and 6, is 171,

27 177
Sl

a)r a)rAfA
a)f'f‘ =8.5xw,

Figure 1-5 below shows a typical build up curve obtained using DQDRAWS for
ammonium succinate. Using NMR simulation software, such as SPINEVOLUTION, the

experimental curve can be simulated to determine the internuclear distance. [10]
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Figure 1-5. Double quantum buildup curve for 1,4-'°C-succinate using

100 kHz proton and simulation using SPINEVOLUTION. Data were

goflslsegtﬁd on a 360 MHz spectrometer using 4 mm rotors and w,/2mw =
. Hz.

Currently, these experiments are tedious as each data point requires a significant
number of acquisitions to obtain sufficient signal to noise ratio. Combining this
experiment with DNP would allow for a much shorter data acquisition time, resulting in
faster elucidation of structural information. The model system, WT-TTR1ps.115 as well as
its mutant form, L111M, can be used to study DNP- DQDRAWS.

Transferred Echo DOuble Resonance (TEDOR) is a heteronuclear
recoupling pulse sequence. This sequence can be used for simultaneous peak
assignment and multiple distance measurements. [6] It is particularly useful as it
provides the capability of measuring multiple dipolar couplings of heteronuclear 1-S

pairs. The modified pulse sequence is provided in Figure 1-6 below. [7]
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13c
cp 4 4

" QLI

Figure 1-6. z-fitered TEDOR pulse sequence. Narrow and wide rectangles represent 11/2 and
pulsesmrespectively. A weak proton rf field is applied during the z filter to facilitate the rapid dephasing
of the ~C coherences via contact with the proton bath. [7]

In the TEDOR pulse sequence, initial '>*C magnetization is transferred to
®N for frequency labeling and then transferred back to *C for detection. The mixing
periods are REDOR mixing periods, obtained from the REDOR pulse sequence. 3¢-
N distances can be extracted using simple build up curves (as described in the
previous section) of the cross peak intensity versus the mixing time. [11] These build up
curves are then simulated with SPINEVOLUTION.

The coherence transfer pathway, with initial magnetization, |, (created via cross

polarization), after the REDOR mixing period is

I 5218 sm(“”m]
x Wz 2

This reintroduces the |-S dipolar coupling and generates |-spin coherence (l,), which is
anti-phase to the S spin coherence (S;). Following the REDOR mixing period, a 11/2
pulse is applied to the | and S spins in the x-direction. As the respective pulses only

affect the | or S spin, the propagator can be applied sequentially,

19



U — eil/sx/y/z¢

where ¢ is the pulse duration

iz

21,8, sin( wt’"i"J e ?
2

4
zlxz

e

218, sin( Dlie ) 5 5) +215, sin( “”'"‘*] sin(zj
’ 2 2 2

Applying the propagator for the S spin for a /2 pulse,

ixﬁ . t ;. . _ixE
e 2218, sm[h) sm(zl ¢
2 2

After t1 evolution,
(ot ) . (7T N LN o
21,8 sin| —™= [sin| — | — =2/ S sin| —== | """
7 2 2 g 2

Following t; evolution, 11/2 pulses are applied to the | and S spin which transfer the
coherence back to the | spin. Applying the /2 pulse to the | spin first (the cosine term

is zero as shown above),

I C(Otnix\ i [ OUmix )
e'*Z — 21 S. sin et o717 5 21 S gin [—=X ) it
zVy yvy
2 2

Applying the 11/2 pulse to the S spin (again, the cosine term is zero)

20



o T (V) e ) e I Wty .
7 21, sin( “‘”‘)e'ﬂsﬂf1 e 5x2 5 21 S, sin (ﬂ) ety
2 y 2

A second REDOR mixing period is applied during which the anti-phase coherence is

converted back to observable I-spin magnetization
N L o 2 Oy ) o
21,8, sin — e — 2] sin - e s

The resulting magnetization evolves under t, during acquisition resulting in frequency

labeling with the | chemical shift, Q.
. . 7 . . .
21, sin® (—“”2'"“] ™ 2] sin® (—“’2""*] &

This results in a 2D spectrum with cross-peaks at frequencies (Q), Qs). Proton coupling
is removed via decoupling during the pulse sequence and acquisition. TEDOR can
also be combined with DNP to give shorter data acquisition times, resulting in fast
elucidation of structural information.

The third step in high-resolution structure determination is determining torsion
angle constraints. They yield precise conformational information, such as the
secondary structure of polypeptides and other biomolecules. Torsion angles are
determined using dipolar recoupling techniques that correlate the orientation of two

tensors such as two dipole tensors or dipole and CSA tensors [12].

21



There are four torsion angles in a peptide. These are ¢, g, w, and X, which are

depicted in Figure 1-7.

]
/phl pSl 2 \/

omega

AN

Figure 1-7. Definition of the torsion angles. The orientation of the two peptide
planes are described by the torsion angles, ¢ and y which are around the N-Ca
and Ca-C bond. The dihedral angle, ¥, is the side chain angle. The angle, w, is
around the N-C’ bond.
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CHAPTER 2. Introduction to Dynamic Nuclear Polarization

DNP was first realized using the concept of the electron-nuclear Overhauser
effect (OE), theoretically predicted by Albert Overhauser in 1953 and observed
experimentally by Carver and Slichter in Li metal in 1953. [5-6] Since its discovery,
DNP has gained wide recognition for its potential and has been studied extensively. [1]
Current applications of DNP include small-molecule spectroscopy, and MAS studies of
biological systems such as virus capsids, membrane proteins, lipids and amyloidogenic
proteins. [2-3] The application of DNP to protein structure determination would
dramatically decrease the duration of an experiment due to the significant signal

enhancements made available from the technique.

In DNP, irradiation of the EPR spectrum with microwaves transfers the larger
electron polarization to the nuclear spin system via one of the mechanisms described
below. The theoretical enhancement is ve/yn ~ 660. Figure 2-1 shows the signal

enhancement achieved by DNP on a sample of proline.
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Figure 2-1. 2-D PDSD spectrum of Proline and a 2D-DNP PDSD spectrum of Proline. Note the

enhancement in the signal to noise ratio for the spectrum taken with DNP. Spectra were taken at 90 K

with a MAS frequency of 4.4 kHz. Figure courtesy of T. Maly.

Four of the mechanisms that mediate DNP are: 1) the Overhauser effect 2) the

solid effect (SE), 3) the thermal mixing effect (TM), and 4) the cross effect (CE). [1, 4]

Unlike the other mechanisms of DNP, the Overhauser Effect relies on time dependent

electron-nuclear and electron-electron interactions, which simultaneously flips an

electron and a nuclear spin. [1] In solution, these relaxation processes are from the time

dependent dipolar and scalar interactions between the electrons and the nuclei. In

insulating solids, the presence of mobile electrons such as those found in metals, are

not available.

considered here.

Hence, this mechanism is not relevant in the DNP experiments

The latter three mechanisms, SE, TM and CE, are distinguished by comparing

the EPR spectrum breadth, A, to the size of the nuclear Larmor frequency, wn. In

particular, the SE dominates when A < w,, whereas the CE and TM mechanisms are

important when A > w,. The CE and TM are further differentiated by whether or not the
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EPR spectrum is inhomogeneously broadened by the g-anisotropy and electron cross
relaxation or by homogeneous broadening from the electron-electron dipolar coupling,
respectively.

The solid effect is the simplest of the DNP mechanisms and involves the
simultaneous spin flips of an electron and a coupled nucleus. [7] The solid effect is
useful as a pedagogical tool to understand DNP as it is a simple mechanism. The

Figure below illustrates the solid effect.

l S |> Boltzmann Zero quantum Double quantum

——

.........

'H enhancement

200 300 200 -100 O 100 200 300 400

Y.(B,.-By)2n (MHz)

Figure 2-2. lllustration of the solid effect. SE dominates when A < w,. Zero quantum transition results in
negative enhancement and double quantum transitions in positive enhancement. The mixing of the
wavefunctions can be determined using first order perturbation theory. The admixture coefficient is q.
The radical, trityl can be used to achieve the solid effect.
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It is governed by the following time independent Hamiltonian

H) = w,S, —wy1, +AS,I, + BS,I, (1)

where ®wosS; and wgil; are the electron and nuclear Zeeman terms in the laboratory
frame, respectively and A and B are the secular and non-secular parts of the hyperfine

coupling.

For the solid effect, a dipolar coupling between the electron and the nucleus is

required. The Hamiltonian, which governs this interaction, is

H;’,’;’*"=ZL7/2’"—h[A+B+C+D+E+F] (2)
r

A= (1-3cos%6)S,1,

1

B = —Z(l —3c0s?0)(STI™ +571Y)
3 i —igp + +

C = —Esmecosee S, I7+571L)

3 .
D=-— Esinﬂcosee“” S~ +S71L)

3 )
E = —Zsinzﬁe_z“”S*l+

3
F = —ZSLnZBeZ“”S‘I‘

The terms A and B commute with the Zeeman interaction and are referred to as the
secular terms; one spin-flip terms are described by C and D and double quantum two

spin flip terms are described by E and F. The off-diagonal terms, C, D, mix the electron
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and nuclear eigenstates (resulting in an admixture). This enables a microwave field (in
the case of DNP) to induce transitions which are weakly allowed due to the first order

perturbation of the non-secular dipolar interaction. The admixture coefficient is given

by [1]:
q= %%sin@cos Oe™** (3)

It is also interesting to note that as the nuclear Larmor frequency, w,, increases (larger

magnetic fields), g becomes smaller giving rise to a smaller DNP effect.

Polarization is generated by irradiating the electrons at w, + w, which generates
negative zero quantum and positive double quantum enhancements, respectively. To
determine how the enhancement of the solid effect scales with the B, field, the

Hamiltonian from equation 2 can be diagonalized by the unitary transformation
U = exp[—i(n,S°1,+1,5°I )] (4)

where

WﬁzéﬂEi%)

to give the Hamiltonian
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H = wpsSz + wil; + ASzI; + w;cos(n) S, + 2w, sin(n) S, 1, (5)

where

770(_77/3

T2
The last two terms arise from the microwave excitation and are responsible for the

allowed and forbidden transition, respectively. The microwave Hamiltonian can be re-

written as
H = w; cos(n) S, +ya;sin(n) [STI™ + 571 ] =S wsin(n) [STI+ +5717] (6)

Since n is very small, sin(n) ~ n, the forbidden transition probability is proportional to n

As n is small,

( -B )
T | A2
( -B )
s - LA—Za),)

Thus,

na—n,;z_B( I R
2 kA+2a), A—2a),J
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Since A is the secular term, w, dominates and this can be simplified to

(1)
=5 %,)

Thus, the forbidden transition probability (which is proportional to n? as mentioned
previously) is proportional to w2 As w is also proportional to the B, field, the

enhancement for the solid effect scales as B,™.

Thermal mixing was first described in the 1970’s by Goldman, et al, followed by
Wenckebach et al and Duijvestijn et al. [12-14] Thermal mixing is a multi spin process
operative when the breadth of the EPR exceeds the nuclear Larmor frequency. [8]
When these multi spin criteria are met, the nuclear and electron Zeeman reservoirs are
indirectly coupled by their mutual interaction with the reservoir corresponding to the
secular part of the dipolar interaction Hamiltonian. Cooling of the latter reservoir can

then result in increased nuclear polarization.

For thermal mixing to take place, the relation, A~d > wo, where A is the
inhomogenous breadth, 3 the homogenous linewidth and o, nuclear Larmor frequency

must be met and this enables the following matching condition to be obtained:
Wosy — Wos1 = Wy (7)

where wos1 and woes; are the EPR frequencies of two dipolar coupled electrons,
respectively. To satisfy the condition, 6 > wg, at low magnetic fields, it is necessary that
the concentration of the polarizing agent be high which affects the resolution of an
SSNMR experiment. At high fields, however, the inhomogeneous breadth is much

greater than the homogenous linewidth and so we do not really observe thermal mixing.
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The cross effect involves a three-spin process, involving the interaction between
two unpaired electrons and a single nuclear spin. [4] As shown in Figure 2-2, this
results in eight energy levels. Microwave irradiation can drive polarization transfer by
irradiating the transitions shown in Figure 2-2. The states, |2> and |7>, are coupled
through electron-electron and electron-nucleus interactions, allowing this transition to
take place. Note that when the matching condition from equation 5 is satisfied, then the

DNP efficiency improves as the energy levels, |2> and |7>, become degenerate.
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Figure 2-3. Energy levels associated with the cross effect (CE). There are 8 energy levels
associated with the CE as this mechanism involves paired electrons. The probability of
electron-nuclear transitions can be large in the CE (or TM), especially when there is degeneracy
between the states with alternating nuclear spin quantum numbers. Cross effect is shown for

both low and high field. The radical, BT2E can be used to achieve enhancement via the CE.
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Recently, the biradical, TOTAPOL, consisting of two TEMPO moieties tethered by
a three-carbon chain, was introduced and substantial enhancement in nuclear spin
polarization has béen observed. In general, biradicals yield larger DNP enhancements
over shorter polarizing times and at lower concentrations (~10 mM). Other biradicals
that have been studied include BTnE, BTurea, and BTOXA. Although B2TE has
demonstrated superior DNP performance, it is not soluble in glycerol/water. Thus, the
biradical of choice is TOTAPOL which provides enhancements very close to what BT2E

has shown. The Figure below illustrates the some of the radicals used in DNP.

¢ 3
H0H2c:>/S s CH,OH . O
HOH,c — s 5>CCH20H O |
COO'Na* O'O

Trityl BDPA
.O\N .O\N O\N N,O
Ol/\/o 0 Y HN
oH
0
TEMPO BTnE TOTAPOL

Figure 2-4. lllustration of the radicals used in DNP.

33



The electrons involved in the cross-effect do not necessarily need to come from
the same radical; Hu et. al. demonstrated that using a mixture of two radicals, TEMPO
and trityl (or BDPA and trityl) resulted in greater enhancement than by using solely
TEMPO. [9] The ideal polarizing agent for CE experiments consists of two radicals with
isotropic g-values separated by |we1 — We2| = Wy Which is closely met by the mixture of

two radicals.

Instrumentation

Performing modern solid-state NMR experiments with high frequency microwave
irradiation for DNP requires several pieces of instrumentation. A source of microwaves
at the electron Larmor frequency, a means to deliver the microwaves to the sample, and
a cryogenic MAS probe allowing mechanical rotation of the sample rotor as well as
application of strong B fields at the nuclear Larmor frequency are required. [4, 10-11]

Below are photographs of a rotor, gyrotron, magnet, and transmission line.

34



Rotor

/

Figure 2-5. Photographs of rotor, gyrotron, transmission line and magnet

MAS NMR- DNP experiments were conducted on a 211 MHz spectrometer connected

to a 140 GHz gyrotron.
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CHAPTER 3. Introduction to Amyloids and Kinetic Studies of

WT-TTR105-115

Introduction to Amyloids

Amyloid proteins are insoluble fibrous protein aggregates. Accumulation of
amyloid in organs can lead to amyloidosis and causes diseases such as Alzheimer's
disease and type |l diabetes. [1-2] At least 25 clinical disorders are associated with
amyloid protein aggregation. [3] A table of various diseases associated with amyloids is

shown below. [4-5]

Disease Protein Featured
Alzheimer’s disease Beta amyloid
Type |l diabetes IAPP (Amylin)
mellitus
Parkinson’s disease Alpha-synuclein

Rheumatoid Arthritis Serum amyloid A

Dialysis related B-2-Microglobulin
amyloidosis
Atherosclerosis Apolipoprotein Al
Huntington’s disease Huntington

Table 3-1. A list of some of the diseases associated
with amyloids

Many amyloid fibrils have a common core structure; significant numbers of them

are long and straight without branching and have diameters of 70-120 A which gives a
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characteristic birefringence upon binding with Congo Red dye. Numerous amyloid

fibrils also display a cross-f diffraction pattern. [6]

Amyloid fibrils have been characterized by electron microscopy, [7] mass
spectrometry, [8] cryo-EM reconstruction, [9] atomic force microscopy, x-ray diffraction,
[10] circular dichroism, [6] and NMR spectroscopy. [11-12] The process of amyloid
formation is known to involve the individual polypeptide monomer units which are held
together by non-covalent interactions. The peptide monomers form B-sheets, either
parallel or anti-parallel which are stabilized by the hydrogen bonding forces. [13] One or
more of the B-sheets then associate into a protofilament, and the winding of the
protofilaments results in assembly of the microscopic fibril. [13] Amyloid fibrils are able
to be formed from small polypeptide fragments of fully denatured conformations; larger
sequences comprising of 80 to 150 residues require the presence of more compact or

partially folded states to form amyloids. [14]

It is important to understand the mechanism of amyloid fibril formation. To
understand this mechanism, the structure of the fibrils, the unfolded protein and its
native state must be determined. The structural information from fibrils and proteins
may provide indications of the mechanism of amyloid fibril formation, which could
subsequently lead to more effective treatment and prevention of various diseases.

6, 15-17]

A protein fragment of interest is transthyretinips.11s (TTR10s5.115). This protein
fragment forms amyloid fibrils at pH =2.0 and has the sequence YTIAALLSPYS. [7] It

has been studied extensively in R.G. Griffin’s laboratory [18] and is a suitable model
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system because many of its interstrand distances have been reported. WT-TTR1¢s5.115
contains a stack of B-sheets, which consist of in register, parallel peptide fibers. The
interstrand distances, determined experimentally, within a B-sheet vary between 4.41 A
and 4.59 A. The stacked sheets are anti-parallel, -1 residue out of register. AFM
measurements of the protofilaments heights have shown that each protofilament
consists of four sheets. However, recent STEM data indicates that there are two sheets

per protofibril, consistent with MAS NMR spectra.

TTR105.115 is @ serum protein, which is synthesized primarily in the liver, as well
as the choroid plexus and retina. TTR41gs.115 can form amyloid fibrils, which are then
deposited in extracellular regions, causing neuro-degeneration and organ failure. The
treatment of TTR4¢s.115 amyloid diseases is currently limited to liver transplantation.

[18-20]

WT-TTR10s5.115 is @ model system that can be used to conduct initial MAS NMR-
DNP experiments as described in chapter 5. Developed DNP methods on WT-TTRgs.

115 can then be used on larger systems, such as PI13-SH3.
Kinetic Studies of WT-TTR1¢s5.115 and L111M-TTR¢5.115

The kinetics of fibril formation can be assessed by monitoring optical turbidity,
binding of amyloid fibrils to a fluorescent dye such a thioflavin T, dynamic light
scattering, time-resolved circular dichroism, or NMR [6, 21]. In all cases, kinetic
measurements in a wide variety of systems show that fibril formation is preceded by a
characteristic lag or nucleation phase, followed by a period of rapid growth and then

fibrit maturation.
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Solution NMR can be used to study fibril formation kinetics because the
completely formed amyloid fibril precipitates as a solid and does not contribute to the
NMR spectra in solution; the disappearance of signal intensity can be used to monitor
fibril growth. Kinetic studies using solution NMR were conducted by dissolving the WT-
TTR10s.115 (obtained from CS Bio) at 15 mg/mL concentration in 10% deuterated
acetonitrile at pH =2.0 .The kinetics of fibril formation was monitored by 'H solution
NMR at 591 MHz. The pulse sequence used incorporated presaturation for water
suppression, allowing the peptide signal to be observed. Experiments were conducted
at 37°C. Each experiment was repeated several times. Figure 3-1 below shows two of
the kinetics studies for the WT-TTR1¢5.115 as well as a 1D spectrum of WT-TTRps.11s.
Note that the lag time for WT-TTR1¢s.115 Seems to vary. This difference in lag phase is
most likely associated with the amount of impurities present in the sample that may act
as a seeding mechanism. The initial phase is called the lag or nucleation phase of fibril
formation. The next phase is the rapid fibril growth phase which is similar for both
curves. The final phase is the fibril maturation phase. Further studies can be
conducted to study the kinetics of L111M and compare these kinetic results with those
of WT-TTR05.115. Also, further studies can be conducted to investigate the effect of

impurities on fibril growth kinetics.
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Figure 3-1. a) 1D 'H spectrum of WT-TTRgs.115 fibrils with solvent suppression before fibril growth b)
the kinetics of amyloid fibril formation in WT-TTRgs.115 monitored by solution state NMR. Although
the lag phase is different, which is most likely due to seeding, the kinetics are the same.
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CHAPTER 4. Distance Measurements by DNP-enhanced

double-quantum filtered DRAWS experiments

Adapted from a manuscript in preparation for submission to Communication by

Thorsten Maly, Rebecca Mayrhofer and Robert G. Griffin.

Francis Bitter Magnet Laboratory and Department of Chemistry Massachusetts Institute

of Technology Cambridge, MA, 02139, USA,

NMR signal intensities of solids and liquids can be enhanced by several orders of
magnitude with dynamic nuclear polarization (DNP). DNP, therefore, is potentially an
important tool for a variety of applications, ranging from particle physics [1, 2] and
pharmaceutical applications [3, 4] to structural and mechanistic studies of biologically
relevant molecules [5, 6]. During a DNP experiment, microwave irradiation of the
sample drives the transfer of the large thermal polarization of a paramagnetic polarizing
agent to the nuclei of interest with the maximum expected enhancement given by the

gyromagnetic ratios, ys/y , of the electrons (S) and the nuclei (1) (660 for e”/'H).

The largest signal enhancements in solids at high magnetic fields (>5 T) are
observed in experiments that exploit the cross-effect (CE) as the dominant DNP
mechanism [7, 8]. The underlying mechanism is a three-spin process that is operative
when the nuclear Larmor frequency (wq) is smaller than the inhomogeneous breadth, A,
of the EPR spectrum of the paramagnetic polarizing agent. The cross effect involves

two electrons with Larmor frequencies wps1 and wgs2 and the enhancement is
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maximized when the difference between the electron Larmor frequencies approximates

the nuclear Larmor frequency (|wos1 - wosz2| = wo, matching condition).

In recent years, solid-state NMR (ssMR) has become an important technique to
determine structures of biological macromolecules. The technique relies on high
precision measurements of distances and torsion angles, thus allowing the
determination of high-resolution structures, comparable to those obtained by x-ray
crystallography. SSNMR techniques are especially important for macroscopically
disordered or complex systems, such as membrane proteins or amyloid fibrils [7-9],

whose structures are not accessible by x-ray crystallography.

However, many SSNMR experiments to measure distances or torsion angles are
based on the excitation and reconversion of double-quantum coherences, which are
notoriously inefficient to excite and detect, and therefore requiring extensive signal
averaging [9]. For example, the double-quantum efficiency in a double-quantum filtered
version of DRAWS (dipolar recoupling with a windowless sequence, DQF-DRAWS) is
typically of the order of 20-30 %. The situation is further aggravated by the intrinsic low
sensitivity of SSNMR for large biological molecules due to their size and limited sample
amount in the rotor. Therefore, the overall low sensitivity of SSNMR techniques dictates
the necessity to combine these methods with DNP for signal enhancement and to

acceleration of acquisition times.

In this communication, we demonstrate that the DQF-DRAWS experiment can be
significantly accelerated when combined with DNP. From the experimental data the "*C-

3C-distance in a model compound is determined by numerical simulation and the
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results are compared with measurements performed on crystalline material without
DNP. Both experiments yield similar results and no influence of the paramagnetic

polarizing agent and the low temperature was found.

Results and Discussion

Figure 4-1 (top trace) shows the DNP-enhanced *C-CPMAS spectrum of a
frozen solution of 500 mM 1,3-"°C-"*C malonic acid and 10 mM TOTAPOL in de-
DMSO/D,0/H,0. A single line at 175.4 ppm is observed, because only the two carbon
atoms of the carbonyl groups are isotopically labeled. At a temperature of 90 K and a
microwave power of 2.5 W (estimated at the position of the sample), an enhancement of
€ > 120 is observed. This is slightly lower than the factor of € ~ 180 typically measured
for a solution of 2M 'C-Urea and 10 mM TOTAPOL in de-DMSO/D>0/H,0O under
similar conditions [10]. The lower enhancement, which is the ratio of signal intensities
recorded with and without DNP (off-signal), can be attributed to the following two
factors. First, it was difficult to acquire an off-signal with sufficient signal-to-noise ratio
because of the dilute sample that was used to suppress any intermolecular dipolar
interactions, which would compromise distance measurements. Second, the signal from
the malonic acid overlapped with the signal from trace amounts of *C contained in the
stator material (Figure 4-1, asterisk). The signal arising from the impurity further
complicated estimation of signal enhancement due to DNP, but had no affect on the

actual distance measurements.
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Figure 4-1. 1D "*C-CPMAS NMR spectrum of a frozen solution of 500m M 1,3-">C, malonic
acid (labeling positions are given in the inset) and 10 mM TOTAPOL in dg-DMSO/D,0/H,0.
Top trace: spectrum recorded with DNP. Bottom trace: spectrum recorded without DNP (off
signal). The asterisk indicates stator impurities. Experimental parameters: w/2m = 5.882 kHz,
T =90 K, 4 scans are averaged, microwave polarization time 30 s.

The steady-state bulk-polarization in the DNP experiment is reached after 30 s of

microwave irradiation and a build-up constant 1z of 5s was determined (data not

shown). Based on this result, the polarization time was set to 6.25s (1.25* 18) to

achieve the maximum enhancement per unit time.

Double-quantum build-up curves for 1,3-">C-"3C malonic acid measured with and
without DNP are presented in Figure 4-2 and both experiments yield identical results.
Using numerical simulations, a distance of 2.85 A was determined, which is in good
agreement with previously reported distances of 2.56 to 2.67 A determined by SSNMR

[9, 11, 12]. To accurately fit the experimental data points, a Gaussian distribution of

distances was assumed and the optimum value for o was found to be o = 0.25 A.

49



0.05
30 I ’fb s % § 0.04
— ’ \J w
X 25} g,' ﬂ‘\‘ = 0.03 ]
> : \ 0.02
2 o0 8 )
ko) ! 1 0 01 02 03 04 05
O S :
Y— ! ‘\ o] 8] [A]
E 151 0 1
8 10} 4 o DNP 8 y
h o] RT Filig @_ o
L ---- Simulaton = Tg--=- . |
5 'l O B .,g - A
i 3
0 4 8 12 16

Mixing time [ms]

Figure 4-2. DQF-DRAWS curve of 1,3-*C, malonic acid with and without DNP and numerical
simulation. The inset shows the fitting error for different values of o. Experiment parameters:
wr/2m = 5.882 kHz, 100 kHz 'H decoupling, 50 kHz '*C power, T = 90 K, microwave
polarization time 6.25s, 16 scans (for DNP). For room temperature measurements 80
transients were average and the recovery delay was set to 60 s.

With the large signal enhancements available through DNP, it is possible to
accelerate dramatically the otherwise very time-consuming DQF-DRAWS
measurements. Here, the total acquisition time for DNP-enhanced DQF-DRAWS
experiments was < 30 minutes, while more than 20 hours of signal averaging was
necessary in the case of the crystalline material. In parts, the long averaging times for
the crystalline material are due to the fact that malonic acid has a longer 'H T, than the
ammonium salt that is typically studied [13]. However, approximately factor 30 more
sample material had to be used for measurements on the crystalline sample. Therefore

the overall gain of the DNP experiment over measurements on the crystalline material is

still factor > 120.
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The emphasis of this study is on DNP-enhanced DQF-DRAWS experiments that
are performed in frozen glassy solutions at low temperatures (< 90 K). Therefore, the
sample material was not re-crystallized to obtain a single conformation, which would be
necessary for measurements of the crystalline material. However, glassy frozen
solutions can induce different conformations of a small molecule as already seen in
pulsed EPR measurements performed on tyrosine molecules in a glycerol/water mixture
[14]. Since the malonic acid molecule is not planar [15] it is most likely that the observed
distance distribution is a result of the glassy environment. This is not the case for larger
molecules or bio-macromolecules and no distance distributions are expected for such

systems.

In this short communication we presented DNP-enhanced DQQ-DRAWS
measurements performed on a model system. We showed that DNP-enhanced
experiments yield identical results compared to measurements performed at room
temperature even in the presence of 10 mM TOTAPOL, the paramagnetic polarizing

agent.

Experimental

1,3-3C-13C - Malonic acid (99 %) was purchased from Cambridge Isotopes
(Andover MA, USA) and used without further re-crystallization. For DNP experiments,
the material was dissolved in a mixture of ds-DMSO/D,O/H,0 (60/34/6, w/w/w) with a
final concentration of 500 mM. The sample also contained 10 MM TOTAPOL as the
polarizing agent [10] and was packed in a 2.5 mm sapphire rotor (~6 pl). For room-
temperature experiments 1,3-'>C-*C - Malonic acid was packed in a 2.5 mm zirconia

rotor.
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DNP experiments were performed on a custom-designed 211 MHz DNP/NMR
spectrometer, using a 2.5 mm triple-resonance (e’, 'H, '>C), cryogenic MAS probe
equipped with a commercial stator (Revolution NMR, Inc.). The spectrometer operates
at a magnetic field of 5 T, corresponding to an electron Larmor frequency of 140 GHz.
High-power microwave radiation (> 10 W) was generated by a gyrotron, a vacuum-
electronic device, operating at a frequency of 139.662 GHz [16-18]. Cryogenic
temperatures were achieved by spinning with cold drive and bearing gas [19, 20].

Room-temperature experiments were performed on the same instrument.

Numerical simulations of the dg-DRAWS experiment were performed using

SpinEvolution simulation software [21].
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CHAPTER 5. Probe Construction and Testing for MAS NMR-DNP

Performing solid state NMR experiments with concurrent high frequency
microwave irradiation at cryogenic temperatures requires several new pieces of
instrumentation in addition to the traditional ones. In solid state NMR experiments, the
sample is contained in a probe allowing mechanical spinning at the “magic angle” of the
sample rotor as well as application of strong By fields at the nuclear Larmor frequency.
Spinning at the “magic angle” averages anisotropic interactions that otherwise would
lead to broad spectral linewidths and low resolution and sensitivity. Microwaves
generated by a gyrotron are delivered to the probe via a corrugated waveguide (see
Figure 2-3). [1] The sample rotor is spun with cooled nitrogen gas, which brings the
probe top to a temperature of 80 K. Cooling of the nitrogen gas is achieved by passing
the gas through a pressurized heat exchanger can, allowing for continual filling and
operation. A custom made sample eject system allows for sample changes at

cryogenic temperatures without disturbing the probe. [2].

MAS NMR DNP experiments on a 2.5 mm probe were conducted on Ala-108
3CO WT-TTR10s.115 fibrils to determine the enhancement and the performance of the
probe for DNP experiments on a small fibril system. Enhancements of 80-100 were
achieved with 15 mM TOTAPOL in a mixture of 60%/32%/8% ds glycerol/D,O/H,0O
(v/iviv). The Figure below shows a spectrum of Ala-108 BCO WT-TTR105.115 fibrils with
and without DNP. This cross polarization spectrum was taken at 90 K at a MAS

frequency of 4.5 kHz.
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Figure 5-1. DNP on Ala-108 Bco WT-TTRgs.115fibrils. The off spectrum (bottom spectrum)
does not contain a carbonyl peak, circled in red, whereas the on spectrum (top spectrum)
does. The glycerol in the sample also gets enhanced as shown. The enhancement achieved
with 15 mM TOTAPOL in a mixture of 60/32/8 dg glycerol/D,O/H,0 (v/v/v) is 80-100.

As can be seen by the absent signal in the off spectrum, the signal to noise ratio
is too low to detect any peaks without DNP. This is because the 2.5 mm probe has a
very small sample volume (6 pL) resulting in poor signal to noise ratio. A larger
sample volume, such as that of a 4 mm rotor, would improve the signal to noise ratio,
providing a better off-signal and allowing for less efficient experiments such as
DQDRAWS (see chapter 1). Thus, a partially constructed 4 mm probe was finished for
the purpose of conducting a wide range of MAS NMR DNP experiments with a good

signal to noise ratio (less data acquisition time).
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Parts Construction

Sample Eject

A sample eject system, which saves valuable time between sample changes, was
designed, following closely the design produced by Alexander Barnes for the 380 MHz
spectrometer. [2] The sample eject system consists of a sample eject pipe, a funnel and
a tube which guides the rotor out of the spectrometer and into a receiving box.
Therefore, it is not necessary to disturb the probe during sample changes and a new
sample can be inserted within a few minutes. Figure 5-2 below shows a photograph of

the sample eject, funnel and transfer tube.

Figure 5-2. Photograph of the sample eject system.
During sample eject, the rotor is forced out of 1) the
stator into the 2) sample eject, through the 3) funnel,
the 4) transfer tube and finally out of the probe into a
receiving box.
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The sample eject pipe and the funnel were designed in Autodesk Inventor™ and
were made by AGS, Inc. using 3D printing. Both of these pieces are made of
acrylonitrile butadiene styrene (ABS), the same material used for electronic equipment
cases such as computer monitors and keyboards. It is a common thermoplastic used
to make light, rigid, molded products. This material combines both the strength and
rigidity of the acrylonitrile and styrene polymers with the toughness of the polybutadiene
rubber even at low temperatures. As the sample eject must work at temperatures
ranging from 75 Kelvin to 298 K, this material is ideal. The tube that leads the rotor out
of the spectrometer is made of G-10 plastic, also resistant to low temperatures. This
material was chosen because it is readily available. The sample eject pipe, funnel and

transfer tube make up the sample eject system designed for the 4 mm probe.

In Solid State NMR probes, the sample spins at a magic angle. The sample is
spun by providing both drive and bearing pressures which allows the sample to be spun
at fast MAS frequencies. The drive and bearing gas is room temperature nitrogen gas
for room temperature experiments and cooled nitrogen gas for cryogenic experiments.
The sample eject is driven by the room temperature nitrogen gas — the rotor ejects
through the dewar into a transfer tube which then leads the sample out of the magnet
and into a receiving box. Before the receiving box, the rotor’'s speed is slowed by
passing through some Teflon tubing which prevents damage of the rotor. During
ejection, the rotor must be turned from an angle of 54.7° (the magic angle) with respect
to the magnetic field to 0° with respect to the magnetic field to exit the magnet. The
sample eject design allows for the rotor to make this turn smoothly during exit and entry.

The funnel on top of the sample eject allows for magic angle adjustments. [2]
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During the sample exchange process, the spinning is stopped and the bearing
and drive gas valves are closed. A high pressure burst of room temperature nitrogen
gas is injected into the exhaust pipe which enters the sample chamber, forcing the rotor
out of the stator, into the sample eject pipe, through the funnel, into the transfer tube
and finally into the receiving box. The eject pipe is sealed with GORE-TEX to ensure
that the nitrogen gas flows out of the stator, through the sample eject pipe, funnel and

transfer tube.

To insert the rotor into the stator, a small flow of room temperature nitrogen gas
enters the exhaust pipe to help ease the rotor into the stator, preventing damage of the
rotor. Although room temperature gas is used for the sample exchange process during
cryogenic temperature operation, it does not raise the temperature of the sample cavity
significantly. This is because the heat capacity of the sample cavity is large enough that
the temperature does not increase significantly. The whole sample exchange process

and bringing the probe back to its desired temperature takes no more than 10 minutes.
Exhaust Pipe

The exhaust pipe was designed using Autodesk Inventor™ and was built by
Jeffrey Bryant of the Griffin Lab. The Figure below shows the Autodesk drawing of the

exhaust pipe.
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stainless steel brass

Figure 5-3. Autodesk drawing of the vacuum jacketed exhaust
pipe for the 4 mm 211 MHz probe. The exhaust pipe is made of
stainless steel and brass as indicated. The end of the exhaust
pipe is not vacuum jacketed to allow the lower part of the probe to
cool down efficiently without cooling the entire probe which would
result in a cooling power loss.

As shown in the Figure, the vacuum jacketed exhaust pipe consists of stainless
steel and brass. The conductivity of stainless steel is 16 W/m K and the conductivity of
brass is 100 W/ m K. This allows the lower part of the probe, where the sample is
located, to cool down efficiently. The decreased conductivity of the stainless steel
prevents the upper part of the probe from cooling down too much which would result in
frost buildup and cooling power loss. Note that the bottom of the exhaust pipe is not
vacuum jacketed. This assists in cooling the lower part of the probe quickly and

efficiently, allowing the probe to reach a desirable temperature of ~80 Kelvin.
Magic Angle Adjust Changes

In previous designs, the magic angle could not be adjusted at cryogenic
temperatures. This is because the delrin plastic threads bind to the copper threads in
the copper base plate, making it impossible to adjust the magic angle. As the plastic
shrinks during the cool down process, the magic angle is shifted slightly. Accordingly,

the section of the plastic MAS adjust piece which runs through the copper base plate
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was replaced with brass and also larger threads following the preliminary tests done by
Evgeny Markhasin. Cold temperature tests conducted with the 4 mm 211 MHz probe
has shown that binding at cryogenic temperatures is dramatically decreased, allowing
the magic angle to be adjusted at these low temperatures. The Figure below shows a
spectrum of KBr after magic angle adjustments at cold temperature. Prior to adjusting
the magic angle, the KBr rotational echoes went out to approximately 6 ms. After
adjusting the magic angle, the rotational echoes extended beyond 10 ms, a vast

improvement.
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Figure 5-4. Rotational echoes of KBr after adjusting the magic angle at 83 K. Prior to adjustment,
the rotational echoes extended to 6ms; after adjustment, the rotational echoes extended beyond
10ms. Sample was spun at a MAS frequency of 3.7 kHz MAS, the recycle delay was 1 second and
32 scans were acquired.

Room Temperature Experiments

Upon completion of the remaining parts of the probe as well as modifications to

the probe, room temperature experiments were conducted to determine the
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performance of the probe. After successfully tuning and calibrating the probe powers,
shimming was conducted using 1-'°C glycine. The Figure below shows a 1-'*C- glycine
spectrum before and after shimming. The linewidth before shimming was 200 Hz and

after shimming, 25 Hz.
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Figure 5-5. 1D '°C spectrum of 10% 1-'°C glycine before shimming (bottom
spectrum) and after shimming (top spectrum). The sample was spun at a MAS
frequency of 4.125 kHz. The linewidth decreased from 200 Hz to 25 Hz.

Cold Temperature Tests

After completion of room temperature tests, the performance of the probe was
tested at cryogenic temperatures. The final temperature achieved after cooling was 83
K. After tuning, adjusting the magic angle, and calibrating the powers at cryogenic

temperatures, DNP on U-"*C, "N urea was conducted. The Figure below shows the
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signal enhancement obtained at various microwave powers. The maximum signal

enhancement achieved is 160 which can be seen in the power dependence curve.
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Figure 5-6. a) Microwave power dependence curve b) 1D '>C CP-DNP spectra of U-"°C, '°N Urea at 4W,
6W, 8W, and 10W microwave power. The off signal is included and scaled by a factor of 50. The sample
was spun at a MAS frequency of 4.125 kHz at a temperature of 85 K.
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Future Experiments

The partially built 4 mm 211 MHz probe was completed and its performance was
tested at room temperature and cryogenic temperatures. The maximum DNP
enhancement obtained is 160. The 4 mm 211 MHz probe can be used to further
investigate MAS NMR-DNP on amyloids such as WT-TTR1es.115. This probe is a
powerful tool for obtaining high signal to noise ratio spectra in a short time and can be

utilized for fast elucidation of structural information of proteins and fibrils.
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