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Polarization transfér®37 petween different nuclear species
mediated by dipolar couplings is used extensively in magic angle
spinning (MAS}Y® experiments to perform chemical shift assign-
ments and to measure distarfcéd17-21 and torsion angle¥-25
Heteronuclear dipolar recoupling sequences can be classified into
two categories depending on their behavior with respect to dipolar
truncation. The first group includes the double CP sequence3¥CP
and its variants (SPICP RFDRCP*iDCP) which lead to noncom-
muting terms in the effective Hamiltonian, and thus are mainly
used to perform one-bond transfers (NCO, NCA) sometimes
followed by a homonucledfC—13C recoupling period for obtaining
15N —13C multiple-bond contac®:2°The second group of sequences
(REDOR? TEDORYREPT}® GATEY) vyields a longitudinal
effective Hamiltonian and enables measurement of long distances
(<4 A)_20,21

High magnetic fields¥ 600 MHz) are an important experimental
component for improving sensitivity and resolution in biomolecular
MAS studies involving*®N—13C magnetization transfer, provided
that experiments can be performed at high MAS frequenciéds (
kHz) to compensate for increases in chemical shift anisotropies
(CSA). Unfortunately, the application of the sequences mentioned
above becomes problematic in this regime as the applied high rf
powers lead to increased sample heating and jeopardize the integ
rity of the probe, but often do not provide sufficiéit decoupling.

Here we present an efficieBtN—13C heteronuclear recoupling
technique that involves nearby protons in the transfer and is
applicable at high MAS frequency{/2zr > 20 kHz). This new
scheme, proton assisted insensitive nuclei cross polarization (PAIN-
CP), reduces dipolar truncation and therefore is particularly well
suited for obtaining long distance contacts. PAIN-CP demonstrates
thatthe involvement of protons in the polarization transfer between
low-y nuclei does not hae to be deleterious in naturegn the
contrary’H’s can be usetb enhance the rate and efficiency of the
transfer.The PAIN-CP experiment utilizes a mechanism which we
refer to as third spin assisted recoupling (TSAR). Its extension to
the homonuclear case is straightforward and will be discussed
elsewhere. Note that the use % irradiation has been reported
previously for13C—13C recoupling experiments 32 but that the
underlying mechanism is different.

Even though PAIN-CP and DCPhave similar pulse sequences
(see Figure 1 and Supporting Information sectior81S.1.-7, -8)),
they rely on very different mechanisms. The PAIN-CP mechanism
corresponds to a second-order recoupling in an interaction frame
defined by the three C.W. rf fields involving cross terms between
heteronuclear NH and C-H dipolar couplings (see S.I.-2). In this
process, nearbiH’s are used to create trilinear (N, C, H) terms in
the effective Hamiltonian that can lead to ZQ and BFQ—1C
polarization transfer. In this publication we explore only the ZQ
transfer.

Figure 2 shows simulations comparidgN—13C polarization
transfer for the PAIN-CP, DCP, TEDOR, and GATE sequences at
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Figure 1. PAIN-CP 15N—-13C correlation pulse sequence. The proper
combination of!®N, 13C, and!H rf power results in enhanced rates and
efficiency of 'H mediated*>N—13C polarization transfer.
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Figure 2. Comparison of°N—13C two-bond polarization transfer for PAIN-
CP, DCP, TEDOR, GATE AC sequencesai2r = 20 kHz. Note that
variants of DCP such as RFDRCP, SPICP, @&@P are not considered
here as they mainly improve the recoupling bandwidth, which is not the
major concern in this simulation.

w12t = 750 MHz andw,/2t = 20 kHz. The model spin system
consists of seven spin®K, 13C,, 13Cs, 4 H's). Simulations were
performed with SPINEVOLUTIORE (see S.l.-1 for details).

DCP simulations utilized typical rf field strengthsoio/27 =
45 kHz, win/2n = 25 kHz, w14/27 = 100, and 150 kHz ofH
C.W. decoupling, respectively, illustrating that rf power levels
should satisfy the conditiom;/wic = 3 to ensure adequatédl
decoupling®* However, even for 150 kHz ofH decoupling, a
challenge for most triple resonance probes, the two-bond transfer
from 15N to C; reaches only about 6.5% efficiency in 6.5 ms, a
result of the dipolar truncation effect (see S.l.-4). Longitudinal
recoupling sequences such as TEDOR or GATE, where there is
no dipolar truncation, do not provide efficient two-bond transfer
in the presence of strong one-bond coupling. For example, GATE
reaches about 7% transfer in 2.3 ms for extremely demanding
experimental settings. On the other hand, the PAIN-CP buildup
obtained with3C and N fields set to the same valua & 0,
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Figure 3. Aliphatic region of 2D'N—13C correlation spectra obtained at
750 MHz with 20 kHz MAS: (a) DCP with 3 ms mixing, (b) PAIN-CP
with 4 ms mixing. The'H rf field strength was 112 and 62 kHz for data in
a and b, respectively. In graphic a the= 1 ZQ Hartmanr-Hahn condition
was matched with 45 KHEC rf and 25 kHZ®N rf. In graphic b,w/27 =
50 kHz for both!3C and'SN. All spectra were acquired and processed in
exactly the same manner. The contour levels are set to the same value.

Hartmannr-Hahn$°36 reaches 16.5% transfer efficiency in 4 ms,
an improvement of 3 to 8 times when compared to DCP with high
power!H decoupling. In addition, contrary to TEDOR and GATE

results, the transferred magnetization achieves an equilibrium value

simplifying the choice of the mixing time in a correlation experi-
ment.

In practice, it is possible to utilize the PAIN-CP mechanism
provided thatH—15N and'H—13C Hartmanr-Hahn (H.H.) as well
as rotary resonang€R.R.) conditions are avoided. TH&N and
13C rf fields do not necessarily have to match the= 0 H.H.
condition (see S.l.-2, -6). Optimal PAIN-CP settings are a com-
promise between avoiding destructive H.H. or R.R. recoupling
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Note Added after ASAP Publication.Due to a production error,
a reference was cited incorrectly in the first sentence in the version
of this paper published ASAP on January 3, 2007. The properly
formatted version was published ASAP on January 4, 2007.

Supporting Information Available: Experimental and simulation
details; discussion of PAIN-CP mechanism with additional SPINEVO-
LUTION simulations; quantitative comparison between DCP and PAIN-
CP. This material is available free of charge via the Internet at http://
pubs.acs.org.
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