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Abstract

Cross-effect (CE) dynamic nuclear polarization (DNP) is a rapidly developing technique that
enhances the signal intensities in magic angle spinning (MAS) NMR spectra. We report CE DNP
experiments at 211, 600 and 800 MHz using a new series of biradical polarizing agents referred to
as TEMTriPols, in which a nitroxide (TEMPO) and a trityl radical are chemically tethered. The
TEMTriPol molecule with the optimal performance yields a record 1H NMR signal enhancement
of 65 at 800 MHz at a concentration of 10 mM in a glycerol/water solvent matrix. The CE DNP
enhancement for the TEMTriPol biradicals does not decrease as the magnetic field is increased in
the manner usually observed for bis-nitroxides. Instead, the relatively strong exchange interaction
between the trityl and nitroxide moieties determines the magnetic field at which the optimum
enhancement is observed.

Graphical abstract

A series of biradicals consisting of a nitroxide chemically tethered to a trityl are employed for
cross-effect DNP at 211, 600 and 800 MHz. The relatively strong exchange interaction between
the trityl and nitroxide moieties determines the field strength at which the enhancement is
optimized, and yields a record 1H NMR signal enhancement of 65 at 800 MHz.

Correspondence to: Guinevere Mathies; Yangping Liu; Robert G. Griffin.

#Current address: Dr. Kan-Nian Hu: Vertex Pharmaceuticals Incorporated, 50 Northern Avenue, Boston, MA 02210 (USA); Dr. Marc
A. Caporini: Amgen Inc., 360 Binney Street, Cambridge, MA 02142 (USA)

Supporting information for this article is given via a link at the end of the document.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Mathies et al.

Keywords

Page 2

'"H Enhancement

798.0 799.0 800.0 801.0
'H Larmor Frequency (MHz)

solid-state NMR spectroscopy; dynamic nuclear polarization (DNP); cross-effect; polarizing
agents; biradicals

Over the last decade dynamic nuclear polarization (DNP) has emerged as a powerful method
to enhance the sensitivity of magic-angle spinning (MAS) nuclear magnetic resonance
(NMR) spectroscopy. Recent literature provides several elegant examples of new structural
insights into complex chemical and biological systems that could not have been obtained
without the extra sensitivity provided by DNP. [11 [21 [31 [41 [5] [6] [7] [8] [9] [10] | these
experiments, unpaired electrons (introduced into the NMR sample in the form of polarizing
agents) are irradiated with microwaves at or near the electron Larmor frequency, and induce
mutual electron-nuclear spin flips effecting a transfer of the electron spin polarization to the
surrounding nuclei. Since its first application to MAS NMR at high field, [1] the efficiency
of the DNP method has been increasing steadily through the development of dedicated high-
power, high-frequency gyrotrons as microwave sources, specialized NMR/DNP cryo-probes,
and optimization of sample preparation. Moreover, major increases in the enhancement
factors have been derived from the chemical synthesis of improved polarizing agents.

The DNP mechanism that is currently most successful in high-field MAS NMR experiments
is the cross-effect (CE). [121 [13] [14] [15] [16] [17] |t requires two interacting electrons, one of
which interacts with a nearby nucleus, commonly a proton. The difference between the
electron Larmor frequencies of these two electrons must be equal to the H Larmor
frequency, wge — wge2 = Twp1H- At this simplified CE matching condition (vide infra),
strong state mixing occurs and consequently there is a high probability that microwave
radiation resonant with electron 1 will flip electron 2 and'the coupled proton together. [18]

Initially, CE DNP experiments were performed with samples containing high concentrations
of nitroxide monoradicals, up to 40 mM. [118l.[11b] The g-anisotropy of nitroxide radicals (g
=2.0085, gy = 2.0061, g, = 2.0022) results in an electron paramagnetic resonance (EPR)
frozen solution spectrum with a width of about three times the 1H Larmor frequency. Thus,
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within the frozen solution pairs of nitroxide radicals satisfy the CE matching condition. In
2004 Hu et al. realized that the most efficient way to introduce nitroxides into the MAS
NMR sample is in pairs, in the form of biradicals. [191 A higher enhancement of the NMR
signal, defined as the amplitude ratio of the DNP-enhanced and the non-enhanced signal, e =
lon/loff - 1, could be accomplished at a lower radical concentration, typically 10 mM. This

spawned a series of new nitroxide biradicals further optimized for CE DNP leading yet to
higher enhancements. [20] [21] [22] [23] [24] [25] [26]

The most recent milestone is the nitroxide biradical AMUPol. [26] At a concentration of 10
mM in the DNP-optimized glycerol/water matrix of dgglycerol:D,0:H>0 60:30:10 v:v:v
(a.k.a. “DNP juice”) AMUPol gives enhancements on 1 M 13C-urea of 250 at 211 MHz, 235
at 400 MHz, 158 at 600 MHz, 60 at 700 MHz.1 At 800 MHz, where enhancements up to 15
have been reported for complex biomolecules,[19] this sample preparation results in an
enhancement of 30. Clearly, enhancements decrease as the magnetic field is increased. In the
literature this has been connected to broadening of the EPR spectrum of a frozen solution of
nitroxide radicals by g-anisotropy, which decreases the fraction of the radicals in the sample
that contributes to the CE roughly with 1/By. [18a 27]

In this communication we report CE DNP experiments at 211, 600 and 800 MHz with a new
series of biradicals in which a nitroxide and a trityl radical are chemically tethered, hereafter
referred to as TEMTriPols. This approach was inspired by Hu et a/,[281 who noted that the
difference between gy, of a nitroxide radical and the nearly isotropic g-value of trityl (g = gy
=2.00319, g, = 2.00258) [2%] satisfies the simplified CE H matching condition. They
performed CE DNP experiments at 211 MHz on a sample containing a mixture of 20 mM
TEMPO and 20 mM trityl and observed a *H NMR enhancement of 160. [28] The structures
of six TEMTriPol biradicals we studied for CE DNP are shown in Scheme 1. 301 DNP
enhancements were measured on a sample containing 1 M 13C-urea in “DNP juice” doped
with 10 mM of TEMTriPol at a temperature of 103 K via 13C-1H cross-polarization. Details
on the experiments and instrumentation are contained in the Supporting Information. At 211
MHz the performance of all TEMTriPols we tested is inferior to AMUPol and the mixture of
TEMPO and trityl, with a maximum e = 75 observed with TEMTriPol-PPT. At 600 MHz the
TEMTriPol biradicals perform surprisingly well, with TEMTriPol-1 yielding e = 87, which
is less than AMUPol, but higher than the mixture, e = 38. At 800 MHz TEMTriPol-1 yields
e = 65, which is more than a factor of two higher than AMUPol for the same sample
preparation. Thus, the TEMTriPol biradicals show that the CE DNP enhancement does not
necessarily decrease at higher fields.

Figures 1(a-c) show the CE H DNP enhancement field profiles for TEMTriPol-1 at fields
corresponding to 800, 600, and 211 MHz 1H Larmor frequencies. Figure 1(d) illustrates the
echo-detected EPR spectrum of TEMTriPol-1 at 140 GHz. The narrow line between 4.990
and 4.995 T is due to the trityl moiety, while the broad feature spanning from 4.977—5.001
T is due to the nitroxide. Comparison of the EPR spectrum of a trityl monoradical (Figure
S5) reveals a broadening of the trityl line due to interaction with the nitroxide in the

1The enhancement at 400 MHz reported by Sauvée et al. was on 0.25 M U-130,15N-proline. Enhancements on proline tend to be
slightly lower than those on urea. Sauvée et a/. report an enhancement of 128 at 600 MHz on 0.25 M U-13C,15N-proline.
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TEMTriPol-1 biradical. The field profiles at 800 and 600 MHz differ drastically from the
field profile at 211 MHz. The 211 MHz field profile resembles field profiles observed for
bis-nitroxides. [201 [21] These profiles extend over the entire width of the nitroxide EPR
spectrum (Figure 1d) and the profile is relatively symmetric (lemaxl/leminl is between 1 and
2). In contrast, the field profiles at 600 and 800 MHz show a narrow peak around 14.10 and
18.80 T, respectively, roughly at the position of the EPR resonance of the trityl radical. The
ratio |emaxl/|emin| is 5.8 at 600 and 8.1 at 800 MHz. A similar narrow peak and asymmetry
appears in the 211 MHz field profile of the nitroxide-trityl mixture reported by Hu et af. [28]
and arises from the CE between a trityl and a nitroxide. We conclude that at 211 MHz the
enhancement for the TEMTriPol-1 mainly arises from an intermolecular nitroxide-nitroxide
CE and that the contribution from the intramolecular trityl-nitroxide CE is small. At 600 and
800 MHz, however, the intramolecular trityl-nitroxide CE dominates and generates a large
positive enhancement. The Sl contains the field profiles of TEMTriPol-2, TEMTriPol-4, and
TEMTriPol-PPT at 211 and at 600 MHz together with the 140 GHz EPR spectra. These field
profiles show a similar rise of a narrow line associated with the trityl moiety and increased
asymmetry when going from 211 to 600 MHz.

We believe that the remarkable field dependence of the CE efficiency for the TEMTriPol
biradicals is related to the strength of the exchange interaction between the trityl and the
nitroxide. Thus far the exchange interaction has played no role in biradical development for
CE DNP. For nitroxide radicals the unpaired spin density is localized mainly on the N-O
bond [32] and in a bis-nitroxide the exchange interaction between the nitroxides is smaller
than the dipolar coupling, which is about 35 MHz for AMUPol. [26] However, the unpaired
spin density in a trityl radical is highly delocalized, [33] [34] which means that in a
TEMTriPol biradical the exchange interaction between the two radical moieties can easily
be large. Using X-band EPR spectroscopy in solution at T = 279 K, Liu et a/. determined the
average strength of this interaction for the TEMTriPol biradicals (see Table 1). [30¢] The
observed exchange interaction depends on the length, flexibility, and rotational freedom of
the chemical linker and can become as large as 820 MHz.

The exchange interaction, -2JS;-S,, contributes to the state mixing required for CE DNP in
the same way as the dipolar interaction, d(3S1,S2,-S1-Sp). The non-secular terms S1,Sox and
S1ySyy introduce the off-diagonal term Dy = -(d+2)). [18a] Therefore it seems advantageous
for CE DNP to maximize the interaction between the two radical moieties. The good
performance of AMUPol is in part contributed to its relatively strong dipolar interaction. [26]
The strength of the interaction, however, should not be raised indefinitely. The simplified
matching condition, wge1 — Woe2 = w1, Which is generally used in discussions of the CE
in the literature, assumes Dy <K wq1H. When Dg and wqp are of similar size, as is the case
for TEMTriPols, it should be amended to wq1H * ((wge1 — wWoe2)? + Dp2) 2. [351 [361 [37]
Hence, |Dg| < wo1H, Or otherwise the degeneracy required for CE DNP cannot be
accomplished.

It is now clear why TEMTriPol-0 (|J| = 441 MHz) and ProxTriPol (|J] = 820 MHz) are
inefficient for CE DNP at all field strengths. Their exchange interaction is too strong to
fulfill the CE matching condition, even at 800 MHz. Also, TEMTriPol-1 clearly owes its
superior performance at 800 MHz at least in part to a relatively strong exchange interaction
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(] = 73 MHz). The field dependence of the enhancements observed for TEMTriPol-1,
TEMTriPol-PPT and the TEMPOL-trityl mixture, however, suggests that the theoretical
description given in the paragraph above is incomplete. At 211 MHz e(mixture) >
e(TEMTTriPol-PPT) > e(TEMTriPol-1), while |J|(mixture) < |J[(TEMTriPol-PPT) < |J|
(TEMTriPol-1) < 211/2 MHz (assuming d is negligible), see Table 1. On the other hand, at
600 MHz e(TEMTTriPol-1) > e(TEMTriPol-PPT) > e(mixture) and also at 800 MHz
e(TEMTriPol-1) > e(TEMTriPol-PPT). The data thus suggest that there is an optimum |
Dgl/wo1 With Dy considerably smaller than wgzp. It is possible that we approach this
optimum at 600 and 800 MHz with TEMTriPol-1.

The origin of this optimum is currently not fully understood. Numerical simulations of static
CE DNP on bis-nitroxide biradicals performed by Hu et a/. [38] (Figure S6) show that the CE
enhancement is maximum for d 26 MHz when wqe; = 140 GHz and for d ~ 46 MHz when
wee1 = 250 GHz. These optimal d-values were obtained with a T4 of 2 us. As T4, becomes
longer, dopt becomes smaller. Possibly a stronger electron-electron interaction reduces the
steady-state polarization difference between the two electrons and thereby the CE
enhancement.

The average strength of the exchange interaction determined for TEMTriPol-2 is similar to
that of TEMTTriPol-1, as is the field dependence of the enhancement, i.e. an optimal
enhancement at 600 MHz (Table 1). The enhancement factor is, however, much lower. For
TEMTriPol-4 the average exchange interaction approaches that of TEMTriPol-PPT. Again,
the field dependence is similar, i.e. a moderate decrease in enhancement going from 211 to
600 to 800 MHz, but the enhancement itself is lower. The poor performance of TEMTriPol-2
and -4 might be related to the increased length and flexibility of the chemical linker (Scheme
1). The solution X-band EPR and frozen solution EPR at 140 GHz suggest a broad
distribution in |J|-values for both TEMTriPol-2 and -4 (Reference [30¢] and Figures S1 and
S2), which means that at any field only a small fraction of the biradicals has the optimal
interaction strength.

The asymmetry of CE DNP field profiles is associated with different electronic relaxation
rates for electrons 1 and 2. If the directly excited electron is more easily saturated, this alters
the steady state populations of the magnetic sublevels such that the final nuclear polarization
increases. This effect was observed experimentally in CE DNP experiments on mixtures of
two different types of radicals [281[3%] and is reproduced in simulations in which the
relaxation is included via the stochastic Liouville equation. [281 [180] EPR experiments show
that the electronic relaxation rates Tq¢ and Ty, both are shorter for a nitroxide than for trityl
in frozen solution around 100 K. [401 [411[42] [29] The asymmetry of the field profiles of the
TEMTriPol biradicals varies: |emaxl/|eminl = 5.8, 5.4, 3.3, and 4.3 for TEMTriPol-1, -2, -4,
and -PPT, respectively at 600 MHz (see Sl). For TEMTTriPol-1 the asymmetry increases to
8.1 at 800 MHz. Clearly the asymmetry is influenced by other factors as well.

To conclude, these de novo TEMTTriPol biradicals show that CE DNP can efficiently
enhance the sensitivity of MAS NMR experiments at high magnetic fields (7.¢e., = 600 and
800 MHz). The H NMR signal enhancement of 65 we observe with TEMTriPol-1 at 800
MHZz is the largest enhancement achieved by any DNP mechanism at 18.8 T to date. As
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resolution, and also sensitivity, in NMR increase with field, CE DNP with TEMTriPol-1
opens up the possibility to investigate yet larger and more complex chemical structures. The
observed influence of the electron-electron interaction on the field dependence of the
enhancement suggests that polarizing agents should be tailored appropriately for the field at
which the CE DNP experiment is performed.

We are currently working to obtain more in-depth and quantitative understanding of the
effects of strong electron-electron interaction and a difference in electronic relaxation rates
between the radical moieties by means of numerical simulation of CE DNP under MAS.[43]
This will be the topic of a forthcoming publication.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Magnetic field (Tesla)

Cross-effect 1H DNP field profiles of the TEMTriPol-1 at a) 800 MHz, gyrotron frequency
527.043 GHz, b) 600 MHz, gyrotron frequency 395.299 GHz, and c) 211 MHz, gyrotron
frequency 139.60 GHz. In d) the echo-detected 140 GHz EPR spectrum of TEMTriPol-1 is
shown, microwave frequency 139.997 GHz. The x-axes showing the magnetic field in the
field profiles are scaled to match the 140 GHz EPR spectrum. Instrumentation and
experimental details are given in the Supporting Information, as well as field profiles at 600
and 211 MHz and 140 GHz EPR spectra for the other TEMTriPol biradicals.
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Scheme 1.

Molecular structures of the TEMTriPol biradicals tested for cross-effect 1H DNP. [30]
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