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Abstract

A new scheme combining a Lee–Goldburg (LG) sequence with frequency modulation is proposed for cross-polarization (LG-

FMCP) in solid-state magic-angle-spinning nuclear magnetic resonance. During the CP contact time, the 1H magnetization is spin-

locked along the magic angle by the LG sequence and the irradiation offset of the S spins (e.g., 15N) is modulated sinusoidally with a

constant RF amplitude. It is shown experimentally that the LG sequence significantly lengthens the proton spin–lattice relaxation

time in the tilted rotating frame and that the frequency modulation shortens the cross-polarization time for non-protonated S spins.

As a result of substantially increasing the difference in these relaxation rates, the non-protonated and protonated S spins can be

more efficiently and more uniformly polarized with a relatively long CP contact time, making quantitative CP measurements

possible. A sample of 15N-d1-LL-histidine lyophilized from a solution of pH 6.3 and a 15N-d1-LL-His labeled transmembrane helical

peptide in hydrated lipid bilayers were used to illustrate the advantages of this scheme.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Relaxation parameters too often represent the ‘‘in-

trinsic’’ property of the sample for which there is

nothing that can be done. They dictate line-widths,

recycle delays, polarization transfer rates, etc. A few
mechanisms over the years have been developed to

modify these rates such as partial deuteration of pro-

teins [1,2]. Alternatively, there are a few examples

where different relaxation rates have been substituted

for ones with poor properties such as PISEMA [3].

Cross-polarization (CP) [4], which dramatically en-

hances the polarization of dilute nuclei, S with low

gyromagnetic ratios from abundant nuclei, I with
higher gyromagnetic ratios, is an example where recycle

delays are no longer dependent on T S
1 but on TH

1 . These

spin–lattice relaxation times for the S and I spins

typically have values where T S
1 is much longer than TH

1 .
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However, one of the long-standing problems with

quantitation of CP has been the competition between

TIS and TH
1q during polarization transfer, where TIS and

TH
1q represent the cross-polarization time and proton

spin–lattice relaxation time in the rotating frame, re-

spectively. If these rates are quite similar, intensities for
sites having different TIS values will not be comparable.

Here, a mechanism for lengthening TH
1q is used so that

both uniform and increased spectral intensities are

achieved.

CP transfer [4] is generally achieved by spin-locking

both the I and S spins with radio-frequency (RF)

amplitudes that fulfill the Hartmann–Hahn match

condition D ¼ x1I � x1S ¼ nxr [5–7], where xr is the
spinning frequency and n an integer, while x1I and x1S

refer to the amplitudes of the RF fields applied to the I

and S spins, respectively. Spin dynamics of CP has

been extensively analyzed [5,8–11]. In general, the rate

of polarization buildup of the S spins can be charac-

terized by TIS and TH
1q, provided that the spin–lattice

relaxation time in the rotating frame for the dilute

mail to: rfu@magnet.fsu.edu


R. Fu et al. / Journal of Magnetic Resonance 168 (2004) 8–17 9
spins (T S
1q) is so long that it does not affect the CP

dynamics. TIS is primarily governed by the strength of

the I–S heteronuclear coupling and represents the po-

larization buildup process, while TH
1q is determined by

spin diffusion among protons and characterizes the 1H

polarization decay in the rotating frame (or spin-lock).

For S spins directly attached to protons such as 15N–

H, -13CH, and -13CH2, the I–S dipolar coupling is

strong and thus gives rise to a very short TIS , resulting
in a fast polarization buildup of the S spins. On the

other hand, for S spins that are not directly attached to

protons (e.g., non-protonated 15N spins) or whose

structural group experiences significant motion (e.g.,

-CH3), the I–S dipolar coupling becomes relatively

weak resulting in a rather long TIS and thus a slow

polarization buildup of the S spins. Other factors may

also affect the polarization buildup, for instance, any
Hartmann–Hahn mismatch D may slow the polariza-

tion buildup [10], and molecular motions may affect CP

dynamics in various ways [12]. Within molecules, there

usually exist different bonding structures for the dilute

spins, such as protonated and non-protonated S spins.

Since the CP spin dynamics is the result of competing

effects between TIS and TH
1q, it is almost impossible to

uniformly polarize all the S spins within a molecule at
any specific contact time, due to the very different

polarization buildup and proton decay rates. There-

fore, it is difficult to make quantitative analyses from

the resulting CP spectrum, although these features can

be very important. For example, TH
1q filtering experi-

ments [13,14] have been used to separate amorphous

(short TH
1q) and crystalline phases (much longer TH

1q) in

polymers.
A common approach for quantitative analyses from

CP spectra is to perform variable contact time CP ex-

periments [11]. These experiments have been intensely

used to analyze quantitative features of coals [15,16]. In

spin systems with weak I–S heteronuclear dipolar cou-

plings, such as non-protonated 15N spins, TIS is on the

same order as, or even shorter than, TH
1q, which was

widely observed in 15N labeled peptides in hydrated lipid
bilayers [17] as well as in other system [18,19]. Conse-

quently, the polarization of the S spins becomes rather

weak at any given contact time. Therefore, an approach

to further enhance the sensitivity of the non-protonated

S spins and to more uniformly cross-polarize all of the S

spins in a molecule at a given contact time is highly

desirable.

In this work, we propose a new CP scheme where the
1H magnetization is spin-locked at the magic angle by a

Lee–Goldburg sequence and the irradiation offset of the

S spins is modulated in a sine wave during the CP

contact time. The advantages of this scheme will be

demonstrated in the following section by using a 15N-d1-
histidine sample and a 15N-d1-LL-His labeled transmem-

brane helical peptide in hydrated lipid bilayers.
2. Materials and experiments

LL-Histidine specifically enriched in 15N at the d1 po-

sition was purchased from CIL and used to prepare an

aqueous solution whose pH value was adjusted to 6.3. A
15N-d1-histidine sample for NMR was prepared by ly-

ophilizing the aqueous solution. All NMR measure-

ments were carried out at room temperature on a Bruker

DMX300 NMR spectrometer with Larmor frequencies
of 300 and 30MHz for 1H and 15N, respectively. The

variation in spinning rates was controlled to within

�3Hz. In frequency modulation schemes, the 15N irra-

diation offset, DxSðtÞ is modulated sinusoidally over the

contact time sCP [20]

DxSðtÞ ¼ xD sinð2pt=sCPÞ; ð1Þ
where, xD is the depth of the frequency modulation. In

our experiments, we used xD=2p ¼ 50 kHz. The wave-

forms for frequency modulation were generated by a C

program and transferred to the waveform generator of
the NMR console. For the CP experiments, the

matching conditions were optimized experimentally by

monitoring the 15N NMR signals recorded at a fixed

power level for the 1H RF spin-locking field while

varying the power level for the 15N RF spin-locking

field. For each experiment, 16 scans were used to accu-

mulate the 15N signals and a two-pulse phase-modula-

tion (TPPM) sequence [21] was used for 1H decoupling
during the 15N acquisition. A saturated aqueous
15NH4NO3 solution was used as an external 15N chem-

ical shift reference at 0 ppm.
15N-d1-His37 transmembrane peptide of the M2

protein (M2-TMP) having the sequence of (NH2-Ser22-

Ser-Asp-Pro-Leu-Val-Val-Ala-Ala30-Ser-Ile-Ile-Gly-Ile-

Leu-His37-Leu-Ile-Leu40-Trp-Ile-Leu-Asp-Arg-Leu46-

COOH) was chemically synthesized by solid-phase
synthesis on an Applied Biosystems 430A Synthesizer.

The peptide was purified and examined as described

previously [22]. A unoriented sample for solid state

NMR was prepared by incorporated the 15N-d1-
His37M2-TMP into DMPC/DMPG liposomes at pH 8.8

through the detergent removal technique as described in

the literature [22,23] and then packed into a 7mm rotor

with a sealing cap.
3. Results and discussion

Fig. 1 shows the 15N MAS NMR spectra of the 15N-

d1-LL-histidine sample lyophilized from a solution of pH

6.3. Clearly, there exist two isotropic 15N chemical shifts
positioned at 231.0 and 171.8 ppm. As shown in Scheme

1, the histidine sample may have two neutral species (I)

and (II) and a cationic species (III). The neutral species

are the two tautomeric forms of the histidine [24,25].

The resonance at 231.0 ppm is from the non-protonated



Scheme 1.

Fig. 2. Pulse sequences used for indirect measurement of proton spin–

lattice relaxation times in the rotating frame in different spin lock

schemes. (A) Spin lock in the x–y plane by on-resonance continuous-

wave (CW) irradiation. (B) Spin lock at the magic angle by a Lee–

Goldburg (LG) sequence [28].

Fig. 1. 15N MAS NMR spectra of the 15N–d1-histidine sample ob-

tained using different excitation methods. A Bruker CPMAS NMR

probe with 7mm rotors was used in these experiments. The sample was

packed into a 7mm MAS rotor and was spun at 3.5 kHz during the

measurements. (A) A single-pulse excitation (BD) spectrum. A 15N 90�
pulse length of 11 ls was used to directly polarize the 15N magneti-

zation with a recycle delay of 7200 s. (B) A cross-polarization (CP)

spectrum with a contact time of 2ms. (C) A CP spectrum with a

contact time of 8ms. A recycle delay of 10 s was used in the CP ex-

periments. The 1H radio-frequency (RF) spin-lock amplitude was set

to 27.8 kHz and its CP matched 15N RF spin-lock amplitude was

22.7 kHz. (At such a spinning speed, the CP matching bandwidth was

very broad. The 15N RF amplitude used here was the maximum RF

amplitude generated by this probe at an input power of �250W.) The

asterisks and crosses indicate the spinning sidebands of the resonances

at 231.0 and 171.8 ppm, respectively.
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15N site and thus assigned to the species (I) [24,26], and

the peak at 171.8 ppm is from the protonated 15N site

corresponding to the species (III) [26]. No resonance was

observed for the species (II), which is consistent with

previous observations [24,25]. By using Bloch decay
(BD) experiment [27] with a recycle delay of 7200 s
(measured 15N T1 is about 600 s), a quantitative analysis

could be made from the spectrum. From Fig. 1A, the

ratio of the integrated non-protonated and protonated
15N signal intensities (including all the spinning side-

bands) was calculated to be 1.94, implying that the

population ratio of species (I) and (III) is 1.94 in the pH

6.3 solution. In conventional continuous-wave cross-

polarization (CWCP) experiments, the 15N signals were
significantly enhanced compared to that in the BD ex-

periment, as shown in Figs. 1B and C. At a CP contact

time of 2ms, the protonated 15N signal reached its

maximum and was enhanced by a factor of 8.1 in

comparison to that in Fig. 1A. However, the enhance-

ment factor was only 3.7 for the non-protonated 15N site

at that contact time. When the contact time was in-

creased to 8ms, the protonated 15N signal intensity de-
creased by 30% clearly indicating the TH

1q effect on the

polarized 15N signal and the non-protonated 15N signal

increased by 16% implying that the effect of the polari-

zation buildup (TIS) was still larger than that of the TH
1q

decay. The enhancement factors at a contact time of

8ms became 5.6 and 4.5 for the protonated and non-

protonated 15N sites, respectively. This illustrates how

difficult it is to quantify CP spectra at any given contact
time.

A pulse sequence commonly used for indirect TH
1q

measurements is diagramed in Fig. 2A. In the beginning

of the sequence, the 1H magnetization is rotated from

the z-axis to the y-axis in the rotating frame by a 90�



Fig. 3. Semilog plot of normalized magnetization intensities as a

function of spin-lock time using the pulse sequences diagrammed in

Fig. 2. In these experiments, a Bruker CPMAS double-resonance

NMR probe with 4mm rotors was used. The sample was packed into a

4mmMAS rotor and was spun at 6.0 kHz to reduce spinning sideband

intensities. A recycle delay of 10 s was used and sCP was set to 2ms in

the experiments. Experimental data are indicated by the solid circles

and squares for the peaks positioned at 231.0 and 171.8 ppm, respec-

tively. (A) Spin lock in the x–y plane where the 1H RF spin-lock am-

plitude during the spin-lock time s and contact time sCP was 50.0 kHz.

The 1H spin–lattice relaxation time TH
1q in the x–y plane obtained by

fitting the experimental data, as indicated by the solid lines, was 13.63

and 17.88ms for the resonance peaks at 231.0 and 171.8 ppm, re-

spectively. (B) Spin lock at the magic angle where the 1H RF amplitude

during the spin lock time s and the contact time sCP was 40.8 and

50.0 kHz, respectively, while the 1H carrier frequency was switched to

28.9 kHz away from the center of the 1H spectrum during the spin lock

time but changed back to the center of the 1H spectrum during the CP

contact and decoupling periods. Therefore, the effective 1H spin lock

amplitude during the spin lock time was the same as in (A). The 1H

spin–lattice relaxation time T T ;H
1q at the magic angle obtained by fitting

the experimental data (solid lines) was 28.92 and 37.40ms for the

resonance peaks at 231.0 and 171.8 ppm, respectively.
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pulse and then spin-locked along the y-axis by contin-
uous-wave on-resonance irradiation for a duration of s.
After that, the 15N signals are polarized by CWCP and

detected during high power proton decoupling. Conse-

quently, the proton magnetization as a function of spin-

lock time s can be indirectly monitored by the 15N signal

intensities. In Fig. 2B, the 1H magnetization is initially

flipped to the magic angle by a 54.7� pulse and then

spin-locked by a Lee–Goldburg (LG) sequence [28] for
the duration of s. Here, LG refers to an RF pulse with

amplitude x1H applied along the +y direction at an

offset of DxH away from the center of the 1H spectrum

fulfilling the condition of x1H ¼
ffiffiffi
2

p
DxH . Thus the ef-

fective field of the LG sequence lies along the magic

angle with an effective spin-lock amplitude of
ffiffiffiffiffiffiffiffi
3=2

p
x1H .

At the end of the spin-lock, a 35.3� pulse rotates the 1H

magnetization from the magic angle to the y-axis fol-
lowed by 15N detection via CWCP. Thus, the proton

spin–lattice relaxation time in the tilted rotating frame

(T T ;H
1q ) can be indirectly measured.

Fig. 3 shows the semilog plot of normalized 15N

signal intensities versus spin-lock time, s obtained from

the pulse sequences shown in Fig. 2. In these experi-

ments, the sample was packed into a 4mm MAS rotor

and was spun at 6.0 kHz to reduce the sideband inten-
sities. Only the centerband intensities were used for the

plot. By fitting the experimental data, it was found that

when the 1H magnetization was spin-locked on-reso-

nance the measured TH
1q was 17.88 and 13.63ms for the

protonated (i.e., the species III) and non-protonated

(i.e., the species I) 15N sites, respectively, while T T ;H
1q

became 37.40 and 28.92ms when spin-locked at the

magic angle for these sites, respectively. In other words,
the spin–lattice relaxation process in the tilted rotating

frame is slower by more than a factor of two along the

magic angle than in the x–y plane. This phenomenon

was observed before [29]. In fact, the on-resonance RF

irradiation scales down the proton homonuclear dipolar

interaction by 1/2 [30]. The truncated homonuclear di-

polar interaction results in decay of the 1H magnetiza-

tion along the spin-lock field, particularly in the
presence of a relatively weak RF irradiation. In our

experiments, the RF amplitude used was just 50.0 kHz,

comparable to the homonuclear dipolar interaction in

the system studied here. On the other hand, the RF field

at the magic angle, to the first order, suppresses the

strong proton homonuclear dipolar interaction so that

the spin-lock field becomes much larger than the internal

interactions in the spin system, thus resulting in a slow
T T ;H
1q process, even if the effective RF spin-lock ampli-

tude along the magic angle is the same as in the x–y

plane. Haeberlen and Waugh [31] theoretically analyzed

the two spin-locking situations by using relaxation the-

ory, indicating that in the ‘‘extreme narrowing’’ cases

T T ;H
1q can be longer than TH

1q. Table 1 lists the values of

TH
1q and T T ;H

1q at different RF spin-lock amplitudes in the
x–y plane and at the magic angle. Clearly, higher 1H RF

spin-lock amplitude in the x–y plane does not neces-

sarily increase the values of TH
1q but higher effective 1H

RF spin-lock amplitude along the magic angle prolongs

the T T ;H
1q values further.

Fig. 4 shows three CP pulse sequences where the RF

amplitudes used to spin-lock 1H and 15N spins are

rectangular but their carrier frequencies are different
during the contact time. For conventional CWCP (cf.



Fig. 4. Pulse sequences for cross-polarization with constant RF am-

plitudes used to transfer polarization from abundant 1H spins to dilute
15N spins. (A) CWCP, (B) CW-FMCP, and (C) LG-FMCP.

Table 1

Proton spin–lattice relaxation time in the rotating frame of the two 15N–d1-histidine species at different spin-lock amplitudes

Spin-lock amplitude (kHz) 38 50 57 67

TH
1q in the xy plane (ms) Non-protonated 15N (for species I) 13.15 13.63 14.49 14.50

Protonated 15N (for species III) 17.60 17.88 18.06 18.06

T T ;H
1q at the magic angle (ms) Non-protonated 15N (for species I) 23.72 28.92 30.72 33.83

Protonated 15N (for species III) 32.80 37.40 39.85 41.02
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Fig. 4A), both the 1H and 15N spins are locked with two

fixed RF carrier frequencies, normally positioned in the

center of the 1H and 15N spectra, respectively. In

Fig. 4B, the 1H carrier frequency is applied in the center

of the 1H spectrum while the 15N irradiation offset is
modulated sinusoidally, as described in Eq. (1), during

the contact time, sCP. The average of the frequency

modulation is positioned in the center of the 15N spec-

trum. In fact, this continuous-wave frequency modu-

lated cross-polarization scheme is one of the frequency

modulation schemes used to broaden the Hartmann–

Hahn matching condition in the presence of fast MAS

[20,32], and thus is dubbed CW-FMCP. In Fig. 4C, the
1H carrier frequency is switched to an offset of
DxH ¼ x1H=
ffiffiffi
2

p
away from the center of the 1H spec-

trum for a period of sCP during which the 15N irradia-

tion offset is modulated in a sine wave, where x1H is the
1H RF amplitude. Therefore, 1H magnetization is
flipped to the magic angle by a 54.7� pulse and then

spin-locked along the magic angle by the LG sequence

with the effective 1H spin-lock amplitude of

xeff H ¼
ffiffiffiffiffiffiffiffi
3=2

p
x1H , as in Fig. 2B, thus resulting in a

considerably longer T T ;H
1q . Since the CP occurs under the

LG sequence (for 1H) and frequency modulation (for
15N), it is abbreviated as LG-FMCP.

Fig. 5 shows the 15N CPMAS NMR spectra of the
15N-d1-LL-histidine sample at various contact times us-

ing the pulse sequences diagramed in Fig. 4. It can be

seen from Figs. 5A, C, and E that at a contact time of

2ms, both the CW-FMCP and LG-FMCP methods

result in about 28% more signal intensity for the non-

protonated 15N (at 231.0 ppm) compared to the CWCP

scheme, implying that the polarization buildup for the

non-protonated 15N is faster when the frequency
modulation scheme is used. While for the protonated
15N (at 171.8 ppm), the CWCP and CW-FMCP

schemes generated the same signal intensity, the LG-

FMCP method suffered about 20% signal loss com-

pared to the other two methods. As the CP contact

time increased from 2 to 8ms, for the CWCP scheme,

the non-protonated 15N signal intensities increased by

about 50%, but the protonated 15N signal intensity
decreased by as much as 20%. Similar behavior was

also observed in Figs. 1B and C, though the percent-

ages of the signal intensity variations were different,

which is attributed to the effect of the sample spinning

speed on CP dynamics and the differences in the RF

spin-lock amplitudes. For CW-FMCP, the signal in-

tensities for both the non-protonated and protonated
15N were almost identical to that for CWCP (cf. Figs.
5B and D). Interestingly, for LG-FMCP, the non-

protonated and protonated 15N signal intensities were

about 27 and 20% higher, respectively, than that ob-

tained in the CWCP and CW-FMCP experiments at

the same contact time of 8ms. It is worth noting that

the 1H RF amplitude during the LG sequence was

decreased to 40.8 kHz so that the effective 1H spin-lock

amplitude was kept the same as in CWCP and CW-
FMCP. On the other hand, for both the frequency

modulation schemes, the 15N RF amplitude during the

contact time was decreased to 31.0 from 50.0 kHz used



Fig. 5. 15N CPMAS NMR spectra of the 15N–d1-histidine sample recorded using various CP schemes as diagrammed in Fig. 4. Again in these

experiments, a Bruker CPMAS double-resonance NMR probe with 4mm rotors was used and the sample was spun at 6.0 kHz with a recycle delay of

10 s. Only the center-bands are shown in these spectra. (A) CWCP with a contact time of 2ms. (B) CWCP with a contact time of 8ms. (C) CW-

FMCP with a contact time of 2ms. (D) CW-FMCP with a contact time of 8ms. (E) LG-FMCP with a contact time of 2ms. (F) LG-FMCP with a

contact time of 8ms. For CWCP, both the 1H and 15N RF spin-lock amplitudes used during the contact time were 50.0 kHz. For CW-FMCP, the 1H

RF spin-lock amplitude during the contact time was kept 50.0 kHz while its CP matched 15N RF amplitude became 31.0 kHz due to the frequency

modulation. For LG-FMCP, during the contact time, the 1H carrier frequency was switched to 28.9 kHz away from the center of the 1H spectrum

and its RF amplitude was decreased to 40.8 kHz so that the effective 1H spin lock amplitude was 50.0 kHz, the same as in the CWCP and CW-FMCP

experiments. The 15N RF amplitude was set to 31.0 kHz for the best CP match condition.
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in CWCP in order to obtain maximum polarization

transfer.

Fig. 6 shows the 15N integrated signal intensities

(including all sideband intensities) as a function of CP

contact time, sCP. Assuming that the spin–lattice relax-
ation time of the 15N spins in the rotating frame T S

1q is

long, the polarization buildup of the 15N spins can be

rationalized by the classical I–S model [10], as follows:

MðsCPÞ ¼ M0 exp
�
� sCP=T H

1q

�
=ð1� kÞ

�f1� exp½�ð1� kÞsCP=TNH�g; ð2Þ

where k ¼ TNH=T H
1q and TNH is the cross-polarization

time between 1H and 15N spins. The experimental data

were fitted using Eq. (2), as indicated by solid lines in

Fig. 6A, where M0 and TNH were treated as variables and

the values of TH
1q obtained from Fig. 3A were used as

constants. The fitting yielded a TNH value of 4100� 118

and 390� 27 ls for the non-protonated and protonated
15N, respectively. In the system studied here, the TNH

value for the protonated 15N was much shorter than the

TH
1q value of 17.88ms so that the polarization for the

protonated 15N increased rapidly to its maximum before

TH
1q significantly reduced the polarization. However, for

the non-protonated 15N site the polarization buildup is

more than ten times slower than that for the protonated
15N site while the TH

1q value for the former one is smaller

than for the latter one, so that the polarization for the
non-protonated 15N becomes proportionately less due to
these competing effects. When the deviation ofMðsCPÞ in
Eq. (2) becomes zero, the observable magnetization

reaches its maximum, Mmax
obs

Mmax
obs ¼ nM0; ð3Þ

where, the weighting factor can be mathematically de-

rived as n ¼ kk=ð1�kÞ. Apparently, the weighting factor n
is decreased with an increase of k value. In addition, as
can be seen in Eq. (2), the polarization buildup rate

1/TNH is scaled by a factor of (1� k) so that a large value

of k further decreases the rate of the polarization

transfer. Therefore, polarized 15N signal intensities can

be sufficiently enhanced by shortening the TNH value

and/or lengthening the TH
1q value. For the non-proton-

ated and protonated 15N signals measured here, the

weighting factor n was calculated to be 0.596 and 0.918,
respectively.

For CW-FMCP, the classical I–S model (cf. Eq. (2))

was used to fit the experimental data, as indicated by the

solid lines in Fig. 6B. The fittings yielded a TNH value of

2871� 162 and 399� 19 ls for the non-protonated and

protonated 15N, respectively. Surprisingly, the value of

TNH for the protonated 15N was virtually the same in

both the CW-FMCP and CWCP schemes. However, the
TNH value for the non-protonated 15N significantly de-

creased from 4100 ls in CWCP, implying that the po-

larization buildup for the non-protonated 15N is faster

in CW-FMCP than in CWCP. The weighting factor n
became 0.660 and 0.918 for the non-protonated and



Fig. 6. Integrated 15N signal intensities recorded as a function of

contact time sCP using different CP schemes. All intensities were nor-

malized to the integrated signal intensities at 171.8 ppm recorded by

their respective CP schemes at a contact time of 2ms. The solid circles

and squares indicate the experimental data for the resonances at 231.0

and 171.8 ppm, respectively. (A) CWCP, (B) CW-FMCP, and (C) LG-

FMCP.
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protonated 15N signals, respectively. In fact, it is evident

that the non-protonated signal in Fig. 5C is about 28%

higher than that in Fig. 5A at a contact time of 2ms.

However, as can be seen in Figs. 5B and D, although a

longer contact time (e.g., 8ms) enhanced the non-pro-

tonated 15N signal further, it sacrificed the protonated
15N signal because of the TH

1q effect.

Fig. 6C shows the 15N polarization buildups under
the LG-FMCP scheme. Since the non-protonated 15N

signal was cross-polarized from remote protons via

weak heteronuclear dipolar interactions [17], Eq. (2) was

used to fit the experimental data (solid circles) where TH
1q

is simply replaced by T T ;H
1q , resulting in a TNH value of

2981� 238 ls, which is within the error bar for that

obtained by CW-FMCP and much smaller than that
obtained by CWCP. Clearly, this observation indicates
that the direction of the 1H spin-lock field has little effect

on the cross-polarization time TNH, even if the 1H off-

resonance spin-lock scales the heteronuclear 1H-15N

dipolar coupling. In fact, the rate of the polarization

buildup can be rationalized by [4,12]

1

TNH

/ M2;NHffiffiffiffiffiffiffiffiffiffiffiffi
M2;HH

p ; ð4Þ

where M2;NH and M2;HH are the second moments, which

reflect the 15N–1H and 1H–1H dipolar couplings, re-

spectively. The LG sequence scales the 15N–1H dipolar

coupling by a factor of 0.57 so that the second moment

M2;NH is reduced accordingly. However, the LG se-
quence also removes the 1H homonuclear dipolar cou-

pling to the first order and attenuates the proton second

moment M2;HH. Therefore, the overall effect on the rate

of the polarization buildup could become rather small.

Because the value of T T ;H
1q for the non-protonated 15N

site was significantly increased by the LG sequence, the

weighting factor n for the non-protonated 15N signal has

become 0.770, much larger than that for CWCP and
CW-FMCP. Therefore, lengthening T T ;H

1q not only min-

imizes the proton relaxation effect on the 15N polariza-

tion buildup, but also increases the weighting factor n,
thus effectively reducing the rate of the 15N polarization

buildup and increasing the polarization intensity as well.

For the protonated 15N, the I-I�-S CP model [33,34]

should be used to describe the CP dynamics due to the

fact that the 1H–1H homonuclear dipolar coupling is
largely attenuated by the LG sequence, where the as-

terisk denotes protons in close proximity to the 15N, as

formulated in the following [35]:

MðsCPÞ ¼M0 exp
�
� sCP=T

T ;H
1q

�

� 1

�
� 1

2
expð � sCP=TdfÞ �

1

2
expð � 1:5sCP=TdfÞ

� exp
�
� 0:5s2CP=T

2
2

��
; ð5Þ

where, Tdf refers to the proton spin diffusion constant
and the decay rate of 1/T2 may be considered as a root-

mean-square average of the heteronuclear dipolar

couplings weighted by the fraction of I�=RiIi over all

orientations. Again, with the measured T T ;H
1q of 37.4ms

as a constant, the experimental data (solid squares) were

fitted using Eq. (5), resulting in Tdf of 5004� 836 and T2
of 261� 19 ls, as indicated by the solid line in Fig. 6c. In

Lee–Goldburg cross-polarization experiments [36,37],
the polarization buildup is in an oscillatory manner

corresponding to the heteronuclear dipolar coupling

constant owing to the use of a sideband of the Hart-

mann–Hahn match condition. However, such a time-

oscillatory buildup is not apparent in our LG-FMCP

experiments because FMCP fulfills the adiabatic cross-



Fig. 7. 15N CPMAS NMR spectra of 15N–d1-His37 transmembrane

peptide of the M2 protein in unoriented hydrated DMPC/DMPG bi-

layers at pH 8.8 recorded at 277K using different CP schemes. A

Bruker CPMAS NMR probe with 7mm rotors was used in the ex-

periments. The sample was packed into a 7mm MAS rotor and was

spun at 3.1 kHz during the measurements. The CP contact time used

was 3ms. 15,000 scans were used for signal accumulation with a recycle

delay of 6 s. (A) CWCP. The 1H RF spin-lock amplitude was set to

27.8 kHz and the 15N RF spin-lock amplitude was 22.7 kHz. (B) LG-

FMCP. The 1H RF spin-lock amplitude was set to 22.7 kHz and its

carrier frequency was switched to 16.1 kHz away from the center of the
1H spectrum during the contact time. While the 15N RF spin-lock

amplitude was 18.0 kHz and the depth of the frequency modulation

was 50 kHz. The asterisks indicate the spinning sidebands.
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polarization condition [20,32]. It was known that the
adiabatic passage Hartmann–Hahn condition could lead

to negligible transient oscillations [38]. As seen in

Fig. 6C, the 15N polarization buildup can be rationalized

in three stages. In the first 500 ls or so, the 15N signal

increases rapidly with a time constant of T2, which is

similar to TNH in the CWCP and CW-FMCP schemes,

and then slowly gains more intensity with a time con-

stant of Tdf . Finally, the decay of the 15N signal due to
T T ;H
1q becomes apparent. Since T T ;H

1q along the magic an-

gle is much longer than Tdf , the TH
1q effect is very small at

a relatively short CP contact time. As can be seen in

Fig. 5f, the protonated 15N signal intensity at a contact

time of 8ms is almost the same as the maximum po-

larized 15N signal obtained at a contact time of 2ms by

using the CWCP scheme (cf. Fig. 5A). Therefore, with a

relatively long CP contact time (e.g., 8ms), LG-FMCP
allows one to obtain nearly maximal signals for both

protonated and non-protonated 15N.

As an example, Fig. 7 shows the 15N CPMAS spectra

of 15N–d1-His37 labeled transmembrane peptide of the

M2 protein in hydrated DMPC/DMPG bilayers at pH

8.8 recorded at 277K with the CWCP and LG-FMCP

schemes. Again, the resonance at 231 ppm is from the

neutral species (I) and the broad peak at 147 ppm is
assigned to the protonated 15N signals resulting from the

neutral species (II) [24]. The signal at around 100 ppm

stems from the natural abundant 15N peptide bonds.

The rate of the polarization buildup for the non-pro-

tonated 15N is so slow that there is a need to use a

relatively long contact time (e.g., 3ms) to polarize the

non-protonated 15N signal of species (I), although the

maximum signal intensity for the protonated 15N was
achieved at a contact time of 1ms. However, the value

of TH
1q in the hydrated peptide sample is on the order of a

few milliseconds [17,29] so that even a 3ms contact time

results in a significant attenuation of the protonated 15N

signal intensity, as shown in Fig. 7A. In contrast, by

lengthening T T ;H
1q LG-FMCP dramatically improves the

protonated 15N signal intensity while slightly increases

the non-protonated 15N signal intensity, as illustrated in
Fig. 7B.

For both CWCP and CW-FMCP, the protonated
15N signal from the amino acid powder reached its
Table 2

Population ratio of the two 15N–d1-histidine species calculated from 15N NM

Experimental scheme BD CWCP

2msa 5msb

Species I vs. Species III 1.94 0.71 1.32

% of maximum intensityd 70 84

aA contact time (CT) used to obtain the maximum protonated 15N sign
bA CT to achieve the maximum 15N polarization (i.e., a combined inten
c A CT for the maximum non-protonated 15N signal intensity.
dA percentage of the combined intensity of the protonated and non-proto
maximum at a contact time of 2ms, while the maximum

non-protonated 15N signal intensity was achieved at a

contact time of �6ms. Optimal CP contact time for

accurate quantitation with CWCP and CW-FMCP is at

10ms or more where signal intensities are only 72% of
the intensities achieved with LG-FMCP, where it is

optimized for quantitation at 8ms. In the amino acid

sample studied here, the sums of the non-protonated

and protonated 15N signals reached a maximum at a

contact time of 5 and 4ms for CWCP and CW-FMCP,

respectively. Even these maximal values represented

only 84 and 88% of the signal intensities obtained with

LG-FMCP at 8ms. Table 2 lists the population ratios of
the two 15N–d1-histidine species calculated from the 15N

MAS NMR spectra obtained with those contact times.
R spectra recorded using different experimental schemes

CW-FMCP LG-FMCP

6msc 2msa 4msb 6msc 8msa ;b ;c

1.43 1.02 1.55 1.78 1.74

83 83 88 86 100

al intensity.

sity of the protonated and non-protonated 15N signals).

nated signals compared to that obtained by LG-FMCP at an 8ms CT.
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Clearly, with a contact time of 2ms, the ratio obtained
in either the CWCP or CW-FMCP scheme is much

smaller than that in the BD experiment and the value of

the ratio increases as the contact time becomes longer at

the expense of the protonated 15N sensitivity. However,

for LG-FMCP both the non-protonated and protonated
15N signals reached their maximal values at the same

contact time of 8ms. Therefore, it appears that a contact

time can be chosen in practice by maximizing signals for
different structural groups using LG-FMCP. With an

8ms contact time, the population ratio calculated from

the resulting LG-FMCP spectrum was 1.74, about 10%

lower than that in the BD experiment.

Theoretically, quantitative CP measurements can be

achieved at a relatively long contact time while main-

taining maximal spectral intensities only when the 1H

spin–lattice relaxation effect becomes negligible, i.e.,
T T ;H
1q or T T ;H

1q � TIS . For systems where TH
1q is compara-

ble with, or shorter than, the cross-polarization time TIS ,
such as the membrane proteins in hydrated lipid bilay-

ers, cross-polarized signal intensities are greatly attenu-

ated by the proton relaxation effect. By spin-locking the
1H magnetization along the magic angle, T T ;H

1q can be

significantly lengthened. In addition, the cross-polari-

zation time TIS is also greatly shortened by the frequency
modulation. Consequently, LG-FMCP not only greatly

enhances the polarized signal intensities but also in-

creases the probability to fulfill the condition of

T T ;H
1q � TIS. In case that T T ;H

1q is still comparable with, or

shorter than, TIS , the quantitation may have to be ob-

tained by combining LG-FMCP with variable contact

time CP experiments [15,16]. For dilute nuclei with

higher gyromagnetic ratios such as 13C this may be
relatively easy to accomplish because the nuclei with

higher gyromagnetic ratios exhibit stronger dipolar

couplings with protons and typically give rise to a

shorter value of TIS . It is worth noting that, due to the

frequency modulation, the 15N RF amplitude during the

contact time was decreased to 31.0 kHz in order to

match the effective 1H RF spin-lock amplitude of

50 kHz for maximizing 15N polarization. Since higher
effective 1H RF spin-lock amplitude at the magic angle

can lengthen the values of T T ;H
1q , it would be preferable to

perform the LG-FMCP experiments at higher RF am-

plitudes so as to further minimize the T T ;H
1q effect on the

CP dynamics and to increase the weighting factor.
4. Conclusion

We have demonstrated that Lee–Goldburg frequency

modulated cross-polarization (LG-FMCP) provides an

efficient means for polarizing dilute S spins from pro-

tons, especially for those weakly coupled to protons.

Frequency modulation on the S channel greatly shortens

the cross-polarization time for the non-protonated S
spins, but has a limited effect on polarization buildup of
the protonated S spins. Spin-locking 1H magnetization

at the magic angle by the LG sequence significantly

prolongs the proton spin–lattice relaxation time in the

tilted rotating frame T T ;H
1q . Although the LG sequence

scales the heteronuclear dipolar interaction, it has very

little effect on the cross-polarization time for the non-

protonated S spins. A long T T ;H
1q not only minimizes the

deleterious effect of proton decay on polarization
transfer, but also increases the weighting factor, thus

allowing one to more efficiently polarize the non-pro-

tonated S spins with a relatively long CP contact time

without sacrificing the polarization of the protonated S

spins. Importantly, the contact time for achieving the

most accurate assessment of relative intensities is when

the individual intensities are maximized in the LG-

FMCP experiment, in sharp contrast to CWCP and
CW-FMCP. Not only is this true for the amino acid

sample used here, but also this amino acid incorporated

into a peptide and characterized in hydrated lipid bi-

layers, two situations with very different dynamics.

Consequently, the LG-FMCP experiment enhances the

probability for achieving more accurate relative inten-

sities in cross-polarized solid-state NMR spectra.
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