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Abstract

We present a systematic study of proton linewidths in rigid solids as a function of sample spinning frequency and proton density, with
the latter controlled by the ratio of protonated and perdeuterated model compounds. We find that the linewidth correlates more closely
with the overall proton density (qH) than the size of local clusters of 1H spins. At relatively high magic-angle spinning (MAS) rates, the
linewidth depends linearly upon the inverse MAS rate. In the limit of infinite spinning rate and/or zero proton concentration, the line-
width extrapolates to a non-zero value, owing to contributions from scalar couplings, chemical shift dispersion, and B0 field inhomoge-
neity. The slope of this line depends on the overall concentration of unexchangeable protons in the sample and the spinning rate. At up to
30% protonation levels (�2 1H/100 Å3), proton detection experiments are demonstrated to have a substantial (2- to 3-fold) sensitivity
gain over corresponding 13C-detected experiments. Within this range, the absolute sensitivity increases with protonation level; the opti-
mal compromise between sensitivity and resolution is in the range of 20–30% protonation. We illustrate the use of dilute protons for
polarization transfer to and from low-c spins within 5 Å, and to be utilized as both magnetization source and detection spins. The inter-
mediate protonation regime enhances relaxation properties, which we expect will enable new types of 1H correlation pulse sequences to
be implemented with improved resolution and sensitivity.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Recent advances in biomolecular solid-state NMR
(SSNMR) are highlighted by partial or full assignment of
several small globular proteins (BPTI, ubiquitin, SH3
domain of a-spectrin, Crh, thioredoxin, mastoparan,
GB1) [1–9] and the determination of complete high-resolu-
tion structures for peptides [10–12] and global folds of pro-
teins (SH3 and kaliotoxin) [13,14]. Studies of membrane
proteins at very low concentration (when reconstituted into
liposomes) [15] or high molecular weight [1] illustrate the
power of SSNMR to lend insight into previously inaccessi-
ble systems, but concurrently illustrate the fact that such
1090-7807/$ - see front matter � 2005 Elsevier Inc. All rights reserved.
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experiments generally suffer from low sensitivity. This fact
frustrates applications of sophisticated 3D experiments to
many larger proteins and ultimately limits the impact of
SSNMR on modern biology.

Sensitivity in solids is compromised primarily by the
usual requirement of directly detecting low c (gyromagnet-
ic ratio) nuclei such as 13C and 15N. Indirect detection via
1H is 8 and 30 times more sensitive than direct 13C and 15N
detection, respectively, assuming the signal-to-noise ratio
(SNR) is proportional to c3/2 [16]. Therefore, proton detec-
tion has become an indispensable component in most bio-
logical and organic solution NMR sequences [16]. The
enhancement is inversely proportional to the square root
of proton linewidth [17]; therefore the sensitivity gain is
not always achievable in solid samples, because strong
1H–1H dipolar interactions broaden linewidths to the order
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Fig. 1. 500 MHz 1H spectra of a D2O-recrystallized 10:90 mixture of
CD3CHND3

+COO�/CD3CDND3
+COO� at 20 kHz MAS frequency. On

top is the one pulse 1H Bloch decay (or direct polarization, DP) spectrum
(32 scans). The bottom spectrum is acquired with reverse cross-polariza-
tion (RCP) from 2H to 1H (512 scans) [43]. The RCP spectrum is free of
background signals seen in the DP spectrum. Spectra were processed
without apodization. The inset is expansion around the amine peak in the
RCP spectrum. Asterisks mark spinning side bands.
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of 40 kHz. The reduction of 1H linewidth is key to the suc-
cess of proton detection in SSNMR.

Historically, line narrowing has been achieved by several
different approaches. Windowed homonuclear decoupling
for static solids [18] was the first approach, subsequently
adapted for magic-angle spinning (MAS) experiments
and dubbed CRAMPS (combined rotation and multiple-
pulse spectroscopy) [19–22]. This approach yields high res-
olution but suffers from the requirement of large receiver
bandwidths, which allow audio frequency noise to fold into
the spectral region and compromise overall sensitivity. The
relatively long pulse sequence cycle times of most
CRAMPS sequences also interfere with spatial averaging
by MAS. Pulsed spin-locking sequences enlarge the data
sampling windows for static samples [23], increasing sensi-
tivity by a factor of 1.8–2.5 for 15N spectra. However, 1H
chemical shift resolution is sacrificed. This application is
therefore best suited to samples for which resolution is
not required in the directly detected 1H dimension. In
recent years, high speed (>20 kHz) MAS technology has
become available, and enhancements of 1.5–2.5 versus
13C detection and 2.0–3.2 versus 15N detection have been
demonstrated for fully protonated solids [17,24]. Unfortu-
nately even at MAS rates >30 kHz, fully protonated sam-
ples still can have greater than 2 ppm homogeneous 1H
linewidths, so spinning alone is not sufficient to yield reso-
lution competitive with solution NMR, even with the fast-
est spinners currently available [25–27]. Ultimately, the
highest resolution and sensitivity have been demonstrated
by combinations of isotopic spin dilution with high-speed
MAS [28–32], yielding in optimal circumstances at
800 MHz a factor of �7 in sensitivity enhancement versus
15N detection and sub-ppm line widths in a highly ordered
protein sample (ubiquitin) [32]. With this spin dilution ap-
proach, very high-resolution proton-detected 1H–15N cor-
relation spectra have also been reported for two
perdeuterated small proteins [30,32].

Clearly very fast MAS yields the highest sensitivity per
unit sample, and is preferred in mass-limited scenarios; in
this case, 2.5 mm or smaller diameter rotors are best uti-
lized to maximize filling factor and MAS rate. However,
the optimal experimental conditions are less clear in cases
where sufficient quantities of protein can be prepared to fill
larger diameter (3.2–5.0 mm) rotors (volumes of �20 to
>100 lL). Likewise, very low (�1–3%) levels of proton
enrichment yield the best resolution [33–35], but since the
linewidths in that regime are dominated by other (princi-
pally inhomogeneous) factors, acceptable tradeoffs in reso-
lution might be possible with slightly higher 1H
concentrations (�10–30%); the larger number of total pro-
tons might also increase absolute sensitivity. The current
study aims to shed light on these fundamental issues, in
order to optimize absolute sensitivity for biological
macromolecules.

On a practical level, most 1H spin dilution schemes for
proteins so far have been implemented under the assump-
tion that a high level of 2H could be incorporated into
the bacterial growth media, and 1H exchange achieved dur-
ing purification and/or refolding. However, in tightly fold-
ed proteins and/or membrane proteins, this approach
suffers from the complication that rates of proton exchange
can vary by orders of magnitude, and up to 80% of total
amide sites, corresponding to those buried in the mem-
brane, have been reported to be protected from 1H/2H
exchange [36–42]. Therefore, it is not always possible to
control the level of protonation precisely on a site-by-site
basis. Understanding the resulting variations in linewidths
and signal intensities will be helpful for interpreting 1H
spectra in such systems.

To lend insight into this problem, and explore the gener-
al problem of 1H spectroscopy in the intermediate proton-
ation and MAS regimes, we have acquired and analyzed
spectra of several model compounds in which the level of
protonation could be well controlled. The use of relatively
simple model compounds permits precise measurements of
line widths and sensitivity to be made over a large range of
spinning rates, including several conditions where protein
signals are poorly resolved. The extracted linewidths and
peak heights as a function of spinning rate depend upon
protonation level in a systematic way that will aid future
sample and pulse sequence design in partially deuterated
solid proteins.

2. Results and discussion

In Fig. 1 for a D2O-recrystallized sample of 10:90
CD3CHND3

+COO�/CD3CDND3
+COO�, 1H spectra of

direct 1H polarization (DP) and reverse cross-polarization
(RCP) [43] from 2H to 1H are compared. The DP spectrum



Fig. 2. 500 MHz 1H spectra at several MAS frequencies of (A) CD3CHND3
+COO� and (B) a mixture of 20:80 13CH3

13CH15ND3
+COO�/

CD3CDND3
+COO�, recrystallized from D2O solution. Each spectrum was acquired with 1024 transients and processed without apodization. Asterisks

mark spinning side bands.
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suffers from a very strong probe background signal (in this
quadruple resonance probe, designed for 1H–13C–2H–15N
operation with 13C or 15N detection, the 1H background
has not been minimized). The spectrum contains a relative-
ly narrow component from around 2 to 12 ppm and a very
broad component from �30 to 45 ppm. Peaks from sam-
ples of small quantity or low proton content are barely
apparent above the background signal. RCP essentially
removes such background signal since the rotor parts are
not deuterated. Therefore, only RCP 1D 1H spectra are
used in the following linewidth characterization. (The b-
proton peak comes from residual protons in
CD3CDND3

+COO�, not from CD3CHND3
+COO� since

this peak is absent for the 100% CD3CHND3
+COO� sam-

ple in Fig. 2A.)
Fig. 2 shows 1H MAS spectra as a function of MAS rate

for two samples: CD3CH(ND3
+)COO� (‘‘1H1-Ala’’) and a

20:80 mixture of 13CH3
13CH(15ND3

+)13COO� (‘‘13C,15N,
1H4-Ala’’) and CD3CD(ND3

+)COO� (‘‘U-2H-Ala’’). In
Fig. 2A, spectra of the 100% 1H1-Ala sample show the
residual amine proton peak (around 9 ppm) besides the
a-proton peak (�4 ppm). The peaks progressively become
broader as the spinning rate decreases; the full width at half
maximum (FWHM) of the amine peak is 420, 585, and
1085 Hz, and of Ha is 270, 410, and 825 Hz at spinning
rates 20, 12.5, and 5 kHz, respectively. These 1D 1H spectra
follow the well-understood trend of narrowing in propor-
Table 1
Slope k and intercept b parameters from Fig. 3, with standard errors in paren

Sample Proton density (1H/100 Å3)

Nominal q (HC) q (HN)

30% 13C,15N,1H4-Ala 1.12 1.12 0.87
100% 1H1-Ala 0.92 0.92 0.39
20% 13C,15N,1H4-Ala 0.74 0.74 0.66
10% 13C,15N,1H4-Ala 0.38 0.38 0.75
5% 13C,15N,1H4-Ala 0.18 0.18 1.36
10% 1H1-Ala 0.09 0.13 0.79
5% 1H1-Ala 0.05 0.06 0.69

Nominal, carbon-attached [q (HC)], and nitrogen-attached [q (HN)] proton den
tion to the MAS rate [44–47]. In Fig. 2B, the 20%
13C,15N,1H4-Ala sample has three peaks (HN, Ha, and
Hb). The linewidths at the three spinning rates are 217,
237, and 368 Hz for the amine protons, 379, 512, and
940 Hz for Ha, and 352, 447, and 583 Hz for Hb.

The amine peak in Fig. 2B for the 20% 13C,15N,1H4-Ala
sample clearly manifests an asymmetric lineshape as has
been observed by McDermott et al. [28] for a 99% deuter-
ated alanine sample. It was attributed to incompletely aver-
aged dipolar coupling to the quadrupole 14N nuclei, similar
to the well known 13C–14N asymmetric doublet [48]. The
same peak asymmetry is observed for all other samples,
including 10% 1H1-Ala in Fig. 1 inset, except for the
100% 1H1-Ala sample (Fig. 2A). We attribute the symme-
try for the latter sample to the strong dipolar coupling with
a-proton, which has maximal density in this sample. In
each 100 Å3 volume, the 10% and 100% 1H1-Ala samples
have an average of 0.79 and 0.39 amine protons, and
0.09 and 0.92 a-protons, respectively (see Table 1 below).
Therefore, for a molecule in the 10% sample, most amine
protons (1HN) have an a-deuteron (2Ha) while in the
100% sample every amine proton has an a-proton. If the
residual dipolar coupling to a-proton is stronger than that
to 14N, we would expect the greatest line width in the 100%
1Ha-Ala sample, as observed in the experiments.

In Fig. 3, the Ha and Hb center band linewidths as a
function of rotor period are shown for alanine of various
theses

Ha Hb

k (Hz/ms) b (Hz) k (Hz /ms) b (Hz)

6728 (1000) 189 (64) 5177 (346) 188 (22)
4302 (92) 62 (8) NA NA
4097 (695) 181 (45) 3083 (280) 188 (22)
1155 (118) 170 (10) 1323 (205) 190 (18)
1331 (261) 158 (19) 816 (336) 201 (25)
1053 (37) 80 (3) 777 (58) 59 (5)
970 (57) 66 (5) 673 (39) 60 (3)

sities are defined in the text.



Fig. 3. Alanine (A) Ha and (B) Hb linewidths as a function of inverse spinning rate for samples of various proton densities. Spinning frequencies range
from 7.5 to 20 kHz in step of 2.5 kHz. Linear fit parameters are summarized in Table 1. Data points under the dotted lines were not used in the fits.
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proton densities. The linewidths are extracted by simulta-
neously fitting all peaks in a spectrum by Lorentzian com-
ponents, whose width, position, and amplitude are subject
to optimization, using spectrum modeling software
DMFIT [49]. For both Ha and Hb, the linewidth is linear
with the inverse spinning rate above 7.5 kHz; the 5 kHz
data tend to be inaccurate due to low resolution and are
therefore excluded from further analysis. Previously it has
been reported for a small peptide, adamantane and poly-
carbonate that in the fast spinning regime the residual
dipolar linewidth is inversely proportional to the spinning
rate [29,44,45]. We observe a similar trend; however, the
y-intercepts of the fitted lines in Fig. 3 do not vanish,
implying that even infinite MAS rate cannot remove all line
broadening. We attribute this line broadening to inhomo-
geneous factors, including static field inhomogeneity
(�16 Hz at the 1H frequency, based on 4 Hz 13C linewidth
in the adamantane standard used for shimming this probe)
sample heterogeneity (chemical shift dispersion) and scalar
couplings to 2H, 15N, and 13C. The intercepts are very dif-
ferent for the two sample series: �60 Hz for 1H1-Ala sam-
ples and �190 Hz for 13C,15N,1H4-Ala samples; their
difference is close to the expected one bond 1H–13C cou-
pling (�135 Hz). As in the 2D experiments shown below,
Fig. 4. The slope parameter k in Table 1 plotted as a function of (A) carbon-a
were extracted from experiments shown in Fig. 3.
the 1H–13C scalar coupling can be decoupled by rotor syn-
chronized p pulses on the 13C channel.

The slope k and intercept b parameters for the linear fits
are listed in Table 1, in the order of decreasing nominal
proton density (qH, expressed as the number of protons
per 100 Å3). The nominal proton density is calculated
assuming each constituent of the mixture was 100% pure
and all amine protons are exchanged with deuterons, and
using qH = 6.5 1H/100 Å3 for fully protonated Ala accord-
ing to crystal structure [50]. The nitrogen-attached proton
density q(HN) is calculated by multiplying the nominal
density by a correction factor, which is the ratio of inte-
grated intensities for the amine peak and the anticipated
peaks under the ideal conditions assumed above (Ha peak
for 1H1-Ala, Ha and Hb peaks for 13C,15N,1H4-Ala). The 10
and 5% 1H1-Ala samples have a small Hb peak, resulting
from an isotopic impurity in CD3CDND3

+COO�; they
are taken into account to when calculating carbon-attached
proton density q (HC).

The slope parameters k in Table 1 are plotted as a func-
tion of carbon-attached and total proton densities (sum of
q (HC) and q (HN)) in Figs. 4A and B, respectively. The
parameter k correlates very well with q (HC) as shown in
Fig. 4A. For example, the slope k (Ha) for the 100% 1H1-
ttached proton density q (HC) and (B) total proton density. Fit parameters
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Ala sample (q (HC) = 0.92) falls in between the values of
1.12 and 0.74 observed for 30 and 20% 13C,15N,1H4-Ala,
respectively. This trend follows the order of proton density,
even though the linewidth of the 100% 1H1-Ala is less than
those of the two 13C,15N,1H4-Ala samples. The correlation
to total proton density (Fig. 4B) or amine proton density
alone (not shown) is poorer.

Fig. 4 also illustrates that the slope k depends more on
the overall average carbon-attached than local proton den-
sity; for example, the 10% 13C,15N,1H4-Ala (0.38 1H/
100 Å3 carbon-attached proton density) has k = 1155 Hz/
ms, despite nearby methyl protons, whereas the 100%
1H1-Ala sample has (with no strong couplings yet a 0.92
1H/100 Å3 density) k = 4302 Hz/ms.

2.1. 2D experiments

The narrow proton linewidth of the diluted samples
makes indirect detection advantageous. First, this is dem-
Fig. 5. HETCOR spectra of alanine samples. 1H-detected spectra of 10% 13C,
recrystallized with deuterated alanine, and (C) 13C-detected spectrum of the sec
each row, and a recycle delay was 1 s. The 1H-detected experiments have 22 ls
coupling was removed via a rotor-synchronized 13C p pulse decoupling sch
11 ls · 4096 pts in t2 (13C). Spectra were processed with 0.5 ppm Lorentzian
0.7 ppm Gaussian line broadening). Contours were drawn starting from 20 tim
slices are drawn at identical scales.

Table 2
Signal-to-noise ratio for proton- (SNH) and carbon-detected (SNC) HETCOR

HN Ha

a b c d e a b c

Cb

SNH 342 482 971 1951 553 359 930 192
SNC 75 51 126 277 277 125 324 72
n 4.6 9.5 7.7 7.0 2.0 2.9 2.9

Ca

SNH 191 226 485 882 305 791 1975 424
SNC 53 39 85 173 146 364 906 196
n 3.6 5.8 5.7 5.1 2.1 2.2 2.2

CO
SNH 146 189 377 763 284 47 115 24
SNC 104 95 224 520 250 82 220 51
n 1.4 2.0 1.7 1.5 1.1 0.6 0.5

Samples a to d are 5, 10, 20, and 30% 13C,15N,1H4- Ala in U-2H-Ala, sample e
matched line broadening of 0.5 ppm in each dimension.
onstrated by the 1H-detected HETCOR spectra of a fully
protonated Ala sample and the 10% 13C,15N,1H4-Ala sam-
ple in Figs. 5A and B, respectively. Though the diluted
sample has only around 10% proton content of the fully
protonated sample, it has up to 3.5-fold enhancement in
sensitivity and resolution. These comparisons are for the
same number of scans and pulse delay. The longitudinal
relaxation time T1�s (ranging from 0.3 to 0.5 s for samples
of 10% and higher proton content) of the magnetically
diluted samples is only marginally greater than the natural
abundance samples; similar results were observed recently
in extensively deuterated ubiquitin [51]. Furthermore, this
is demonstrated by the comparison of the 1H- and 13C-de-
tected HETCOR spectra in Figs. 5B and C, respectively.
The 1H detection significantly improves sensitivity for near-
ly all peaks, including Ca–Ha (1975 for 1H-detection vs. 906
for 13C-detection, 2.2-fold enhancement) and Cb–Hb (5789
vs. 2349, 2.5-fold). The SNR of the peak at (9, 23) ppm for
the correlation of the amine 1HN and methyl 13Cb increases
15N,1H4-Ala mixed with (A) protonated alanine, (B) 10% 13C,15N,1H4-Ala
ond sample. Spinning frequency was 22.727 kHz, 4 scans were acquired for
· 512 pts in t1 (

13C, TPPI) 22 ls · 2048 pts in t2 (
1H). The 13C–1H scalar

eme. The 13C-detected experiment has 11 ls · 512 pts in t1 (1H, TPPI)
-to-Gaussian apodization in each dimension (�0.2 ppm Lorentzian plus
es the root mean square noise level, and separated by a factor of two. The

spectra and enhancement factor (n = SNH/SNC) for five alanine samples

Hb

d e a b c d e

8 2610 676 2330 5789 10191 13270 1621
1 1137 362 1012 2349 4331 5935 934
2.7 2.3 1.9 2.3 2.5 2.4 2.2 1.7

6 5795 870 358 899 1916 2687 632
5 2792 518 153 378 741 1012 243
2.2 2.1 1.7 2.3 2.4 2.6 2.7 2.6

2 358 276 119 303 618 974 445
1 808 243 109 278 563 881 251
0.5 0.4 1.1 1.1 1.1 1.1 1.1 1.8

is 10% 13C,15N,1H4-Ala in protonated Ala. All spectra are processed with



Fig. 6. 1H MAS spectra at 22.7 kHz of various N-acetyl-valine (NAV)
samples: (A) residual protons (<1%) in uniformly deuterated NAV (U-2H-
NAV) (B) 5% 13C,15N-NAV in U-2H-NAV, (C) 10% 13C,15N-NAV
in U-2H-NAV, (D) 20% 13C,15N NAV in U-2H-NAV, and (E) 20%
13C,15N-NAV in fully protonated NAV. (A–D) Acquired with 2H to 1H
reverse CP, 1024 scans, 0.25 s recycle delay. (E) Single pulse proton Bloch
decay, 8 scans. The asterisk marks a residual water peak.
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by 9.5 times (482 vs. 51). We attribute a factor of �2.5 to
the gain of 1H- vs. 13C-detection sensitivity (as seen for
other peaks). Another factor of �4 comes from the more
favorable starting polarization in the 1H-detected experi-
ment, in which all protons transfer polarization to the
methyl 13C, while in the 13C-detected experiment only
polarization from amine protons is transferred. The 5.8-
fold (226 vs. 39) increase for the amine 1HN and the 13Ca

correlation peak at (9 ppm, 53 ppm) can be explained
similarly.

The SNR�s for all nine peaks are listed in Table 2 for five
samples of various proton density. The absolute SNR�s
(both SNH for proton detection and SNC for carbon
detection) are largest for the four heteronuclear correlation
peaks among Ha, Hb and Ca, Cb, which are one or two
bonds apart. These peaks also have large enhancement fac-
tor n from 2.1 to 2.9 for all the four proton diluted samples
(5, 10, 20, and 30% 13C,15N,1H4-Ala). Nevertheless, these
values are much smaller than the predicted factor of 8,
which has been achieved by solution NMR. Two factors
may contribute to this less than ideal result: (1) the proton
linewidth remains broader than in solution state, (2) only
about 40% of the polarization transfers back from 13C to
1H, due to B1 inhomogeneity among other factors
[24,32,52].

For the four proton diluted samples, the absolute SNR
continued increasing linearly with the percentage of the 13C
and 1H labeling up to approximately 1 1H /100 Å3. The
SNR decreases with higher proton densities; for example,
the 10% 13C,1H4-Ala in fully protonated Ala sample has
much lower SNR than the 10% 13C,15N,1H4-Ala in deuter-
ated Ala, only 28% SNR in the worst case for the Hb–Cb

peak. Even for the fully protonated sample, n ranges from
1.7 to 2.6, in agreement with the 1.5–2.5 enhancements
observed in the high speed MAS study by Ishii et al.
[17,24]. Our results show that an additional factor of 4
can be achieved (per 13C,15N-labeled spin) by diluting the
sample in 2H-labeled material. In this context, the absolute
sensitivity of the 1H-detected HETCOR experiment on the
1H,13C,15N-labeled molecule will be higher than if the
entire sample volume had contained 1H,13C,15N material.
Furthermore, the resolution will be substantially better.
The average proton linewidths in 13C–1H spectra are 200,
260, 310, and 1100 Hz for the 10, 20, 30, and 100% (here
the 10% 13C,15N-labeled Ala in proton background) pro-
tonated samples, respectively. To consider both sensitivity
and resolution, we define a merit score to be SNH divided
by proton line width. The scores are 29, 39, 42, 15 for the
Cb–Hb peak and 10, 16, 19, and 8 for the Ca–Ha peak, in
the order of increasing proton levels 10, 20, 30, and 100%
(the scores for the 100% sample has been multiplied by a
factor of 10 to extrapolate to 100% 13C labeling). The best
merit score is found at approximately 50% 13C,1H; at 30%
protonation there is only a marginal sacrifice in sensitivity,
but with improved resolution. Erring on the side of lower
protonation will be favorable for samples containing fewer
methyl groups.
Examining the 13C sites that are not directly bonded to
protons reveals smaller enhancements. All peaks correlat-
ing to CO have very low SNR and n, especially n < 1 for
the Ha to CO correlation. This is due to inefficient CO to
1H cross-polarization transfer. HN to 13C correlation peaks
also have rather low absolute SNR, due to lower CP effi-
ciency from the rotating amine group. For instance, both
HN and Hb are two bonds away from Ca, but SNR of
HN to Ca peak is approximately five times weaker than
the Hb to Ca peak.

2.2. N-Acetyl-valine

To examine the properties described above on a larg-
er molecule, a series of samples was prepared by dilut-
ing uniformly 13C,15N-labeled N-acetyl valine (13C,15N-
NAV) in deuterated NAV (U-2H-NAV); this system
has substantial local clusters of 13 protons. Fig. 6
shows 1H MAS spectra at 22.7 kHz for NAV samples
with various proton densities. The b-proton (3.3 ppm)
and the acetyl methyl peaks (2.7 ppm) are close to each
other, and indistinguishable at even relatively small
(5%) protonation levels. In contrast, the two c peaks
(1.8 and 1.3 ppm) can be resolved even at 20%
protonation.

HETCOR spectra for NAV samples are shown in Fig. 7.
Proton detection significantly increases the SNR as demon-
strated by 13C–1H HETCOR (Fig. 7A) and 1H–13C



Fig. 7. HETCOR spectra of NAV samples. 1H-detected spectra of (A) 10% 13C,15N-NAV in deuterated background, (C) 20% 13C,15N-NAV in deuterated
background, (E) 30% 13C,15N-NAV in deuterated background, and (F) 20% 13C,15N-NAV in protonated background; 13C-detected spectra of the first
sample (B) and second sample (D). In all cases, the stated percentage of 1H,13C,15N-NAV was diluted in perdeuterated (or protonated) NAV, and the
mixture recrystallized from deuterated (or protonated) methanol, as described in Section 3. Spinning frequency was 22.727 kHz, with 4 scans per row, and
a recycle delay of 1 s. Spectra were acquired and processed with the same parameters as in Fig. 5. Contours were drawn starting from 10 times the root
mean square noise level, and separated by a factor of two. The slices are drawn at identical scale.
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(Fig. 7B) spectra for the sample of 10% 13C,15N-NAV in
deuterated background, and Figs. 7C and D for the sample
of 20% 13C,15N-NAV in deuterated background. The sig-
nal intensity increases with content of 13C and 1H, as dem-
onstrated by the 13C–1H HETCOR spectra in Figs. 7A, C,
E for 10, 20, and 30% 13C and 1H labeling, respectively.
Fig. 7F is a 13C–1H HETCOR spectrum for the sample
of 20% 13C,15N-NAV in proton background. The high den-
sity of protons results in very broad linewidths and low
sensitivity as compared to Fig. 7C for the 20% 13C,15N-
NAV in deuterated background.

SNR for 25 selected peaks are listed in Table 3 for four
samples: the 10, 20, and 30% 13C,15N-NAV in deuterated
background, and 20% 13C,15N-NAV in protonated back-
ground. For the three proton diluted samples, the pro-
ton-detection enhances SNR by n = 2.0–3.1 for most
peaks. The peaks correlating CO or HN have weak SNR.
In general, the same trends follow as for the Ala samples
discussed in detail above, and despite the relatively large
size of this proton cluster, the overall sensitivity and reso-
lution enhancements observed in the intermediate proton-
ation regime are substantial. Furthermore, the methyl
protons are well correlated to all 13C nuclei in the NAV
molecule, even though the longest distance is 5 Å between
c-protons and the carbonyl carbon. This proves the feasi-
bility of using methyl protons as polarization source and
detection target in methyl-specific protonated protein
samples.
3. Experimental section

Alanine samples were prepared with defined proton den-
sity by diluting 13CH3

13CH(15ND3
+)13COO� (13C,15N,1H4-

Ala) or CD3CH(ND3
+)COO� (1H1-Ala) into

CD3CD(ND3
+)COO� (U-2H-Ala). Exchangeable 1H sites

were exchanged to 2H by several recrystallizations from
2H2O in a desiccator continuously purged with nitrogen
gas. Crystals were crushed and packed into NMR rotor
at atmospheric conditions. N-Acetyl valine (NAV) was
synthesized via solution methods and recrystallized in deu-
terated methanol and 2H2O. All amino acids were L-chiral,
98% isotopically labeled (except for the 99% 3,3,3-D3 Ala)
and purchased from Cambridge Isotope Laboratories
(Andover, MA). Samples were packed in 3.2 mm NMR
rotors (Varian NMR, Palo Alto, California).

Experiments were carried out at a nominal temperature
of 10 �C on a 500 MHz Infinity Plus spectrometer (Varian
NMR) equipped with a 1H–13C–2H–15N probe. This probe
is optimized for 13C detection with BH

1 =B
C
1 ¼ 0:26, where

BH
1 and BC

1 are the radio frequency magnitude normalized
for unit input power for 1H and 13C channels, respectively
[32]. Proton p/2 pulse widths were typically 3 ls in the
Bloch decay experiments. In the RCP experiments, the
2H p/2 pulse width was 5 ls; reverse cross-polarization
was achieved by setting the 2H field to �46 kHz and opti-
mizing the 1H power level for each spinning frequency. The
HETCOR 2D experiments employed pulse sequences sim-



Table 3
Signal-to-noise ratio for proton- (SNH) and carbon-detected (SNC) HETCOR spectra and enhancement factor (n = SNH/SNC) for four N-acetyl-valine (NAV) samples

HN Ha Hb Hacetyl methyl Hc1

a b c d a b c d a b c d a b c d a b c d

Cc1

SNH 58 125 155 128 201 477 615 217 550 1332 1759 587 333 1577 2174 739 1372 2628 3474 1056
SNC NA 12 23 84 34 93 138 125 216 489 611 418 280 628 776 484 621 1300 1610 624
n NA 10 6.7 1.5 5.9 5.1 4.5 1.7 2.5 2.7 2.9 1.4 1.2 2.5 2.8 1.5 2.2 2.0 2.2 1.7

Cacetyl met

SNH 60 118 139 161 87 310 418 214 Not resolved with Hacetyl methyl 2995 5235 6343 1079 333 928 1833 1057
SNC 9 14 33 121 8 27 52 99 972 2029 2396 594 185 552 861 447
n 6.7 8.4 4.2 1.3 11 11 8.0 2.2 3.1 2.6 2.6 1.8 1.8 1.7 2.1 2.4

Cb

SNH 35 84 93 98 209 504 710 189 465 1036 1478 411 Not resolved with Hb 469 1025 1466 562
SNC 9 24 34 73 64 154 225 126 210 463 595 258 205 461 596 265
n 3.9 3.5 2.7 1.3 3.3 3.3 3.2 1.5 2.2 2.2 2.5 1.6 2.3 2.2 2.5 2.1

Ca

SNH 41 88 103 101 400 864 1211 277 217 559 851 275 Not resolved with Hb 229 577 871 356
SNC 16 40 63 104 158 381 519 224 90 206 277 155 89 204 277 151
n 2.6 2.2 1.6 1.0 2.5 2.3 2.3 1.2 2.4 2.7 3.1 1.8 2.6 2.8 3.1 2.4

CO
SNH 72 87 132 201 54 127 196 178 276 610 869 467 383 739 1049 587 179 439 793 756
SNC 29 42 67 218 60 167 228 157 211 482 582 331 274 608 733 355 140 360 500 351
n 2.5 2.5 2.1 2.0 0.9 0.9 0.8 0.9 1.1 1.3 1.3 1.5 1.4 1.4 1.2 1.4 1.7 1.3 1.2 1.6

Samples a to c are 10, 20, 30% 13C,15N-NAV in U-2H-NAV, sample d is 20% 13C,15N-NAV in protonated NAV. All spectra are processed with 0.5 ppm line broadening in each dimension.
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ilar to those of Ishii at 22.7 kHz spinning frequency [17]
with 75 kHz TPPM decoupling during 13C evolution [53].
To remove 13C–1H scalar couplings in the proton-detected
HETCOR, a train of rotor-synchronized 13C p pulses
(width 8 ls) was applied during acquisition; in the 13C-de-
tected HETCOR, a single 13C p pulse was applied in the
middle of 1H evolution period. For cross-polarization, 1H
was at 75 kHz and 13C tangent-ramped from 50 to
75 kHz; a 1 ms contact time was used for the 1H to 13C
polarization transfer, and in the proton detection experi-
ment 3 ms was used for the 13C to 1H transfer to maximize
overall intensity. In the 13C–1H experiments, 512 points in
t1 (

13C, TPPI) and 2048 points in t2 (
1H) were acquired with

22 ls dwell time in both dimensions. In the 1H–13C exper-
iments, 512 points in t1 (

1H, TPPI) and 4096 pts in t2 (
13C)

were acquired with dwell time of 11 ls in both dimensions.

4. Conclusions

In this study, samples with defined proton densities were
prepared by diluting protonated Ala or NAV into a per-
deuterated background, enabling examination of resolu-
tion and sensitivity in solid-state proton detection in
clusters consisting of 4 or 13 protons. The proton linewidth
is linear with rotor period at spinning rates above 10 kHz.
The slope of this line increases with overall proton density;
the size of local cluster has a lesser effect. The non-zero
intercept is attributed to scalar couplings, B0 field inhomo-
geneity, and sample heterogeneity. As a caveat, the Ala and
NAV samples studied here have relatively high content of
methyl protons. The rapid rotation of CH3 renders the
1H–1H dipolar interaction within the methyl group inho-
mogeneous. Systems with more CH and CH2 content
might have broader linewidths and a stronger dependence
on the local cluster size.

Satisfactory resolution (�0.6 ppm) has been achieved
even with relatively high proton density (30%) with 13C
decoupling, moderate Larmor frequencies (500 MHz) and
standard sample spinning rates (�20 kHz). In this study,
a factor of 2–3 gain in sensitivity has been demonstrated
for indirect detection via protons that are attached to car-
bon atoms. Even better enhancement has been observed for
amine and amide protons due to a more favorable starting
polarization in the proton-detected experiments.

Absolute SNR increases further with protonation level
above 30% (�2 1H/100 Å3) but full protonation results in
inferior SNR. The optimal combination of resolution and
sensitivity is observed to be in the range of 30–50% proton-
ation; to favor resolution and to translate these results to
samples containing fewer methyl groups, the lower end of
this range will likely be most generally applicable. This
strategy is likely to be useful for studies of host–guest
chemistry if the guest molecules can be deuterated, or in
cases where synthesizing deuterated material (e.g., by cata-
lytically exchanging protons) is less expensive than
13C,15N-labeled material. Whether the results are applica-
ble to larger peptides or proteins are still an open question.
Applicability to randomly factional deuteration is also yet
to be explored due to higher ratio of CH and CH2.

We have focused here on two samples containing methyl
groups. The strategy of methyl-specific protonation has
been established by previous solution NMR studies
[54,55]. Polarization transfer from 1H to 13C is effective
even for distances of about 5 Å, as evident in NAV corre-
lations observed (Fig. 7 and Table 3) the methyl and amide
protons couple to all 13C nuclei. This demonstrates the fea-
sibility of using methyl protons as both polarization source
and readout spins even for backbone 13C signals. In per-
deuterated proteins which are then back-exchanged with
protons, the total proton density is usually well below 1.0
1H/100 Å3, which is calculated for a highly compact pro-
tein GB1 with complete exchange [56], or 0.66 1H/100 Å3

for a-spectrin SH3 domain [57]. For membrane proteins
the exchange efficiency is expected to be much lower. In
comparison, protonating all methyls (but not exchangeable
protons) in GB1, for example, would result in 0.81 1H/
100 Å3. This number will typically be higher for membrane
proteins, which contain a higher percentage of methyl-
bearing residues.

The dilute spin reservoir will open up many new possi-
bilities for pulse sequence design. Hohwy [58] has
described a general approach to multiple-pulse homonu-
clear decoupling that works well in the regime of moder-
ate-to-fast MAS. This formalism is based on the
symmetry principles of Levitt et al. [59]. Both approaches
require analysis of higher order AHT terms, whose con-
vergence requires the cycle time to be much less than
the inverse of the proton line width (�200 ls under
�20 kHz MAS for fully protonated sample). In our spin
diluted samples with �0.5 1H/100 Å3, we observe a homo-
geneous decay time of �5 ms, or 100 rotor periods at
20 kHz MAS. This fact permits the use of MAS as a
first-order averaging process, and multiple pulse trains
as the second-order process, inverting the symmetry tradi-
tionally imposed upon this problem.

We expect that the results shown here will be advanta-
geously combined with new probe designs that emphasize
1H channel performance (e.g., sensitivity and rf efficiency
and B1 homogeneity, even in the limit of high sample salt
concentration) [60]. The combination of higher magnetic
fields, high speed MAS, improved probe designs, and spin
dilution will yield substantial gains in sensitivity and reso-
lution for protein solid-state NMR.
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O. Durand, B. Bujoli, Z. Gan, G. Hoatson, Modelling one- and two-
dimensional solid state NMR spectra, Magn. Reson. Chem. 40 (2002)
70–76.

[50] H.J. Simpson, R.E. Marsh, The crystal structure of L-alanine, Acta
Cryst. 20 (1966) 550–555.

[51] C.R. Morcombe, V. Gaponenko, R.A. Byrd, K.W. Zilm, 13C
CPMAS spectroscopy of deuterated proteins: CP dynamics,
lineshapes, and T1 relaxation, J. Am. Chem. Soc. 127 (2005)
397–404.

[52] E.K. Paulson, R.W. Martin, K.W. Zilm, Cross polarization, radio
frequency field homogeneity, and circuit balancing in high field solid
state NMR probes, J. Magn. Reson. 171 (2004) 314–323.

[53] A.E. Bennett, C.M. Rienstra, M. Auger, K.V. Lakshmi, R.G. Griffin,
Heteronuclear decoupling in rotating solids, J. Chem. Phys. 103
(1995) 6951–6958.

[54] M.K. Rosen, K.H. Gardner, R.C. Willis, W.E. Parris, T. Pawson,
L.E. Kay, Selective methyl group protonation of perdeuterated
proteins, J. Mol. Biol. 263 (1996) 627–636.

[55] N.K. Goto, K.H. Gardner, G.A. Mueller, R.C. Willis, L.E. Kay, A
robust and cost-effective method for the production of Val, Leu, Ile
(1H-d1) methyl-protonated 15N-, 13C-, 2H-labeled proteins, J. Bio-
mol. NMR 13 (1999) 369–374.

[56] T. Gallagher, P. Alexander, P. Bryan, G.L. Gilliland, Two crystal
structures of the B1 immunoglobulin-binding domain of streptococcal
protein G and comparison with NMR, Biochemistry 33 (1994) 4721–
4729.

[57] A. Musacchio, M. Noble, R. Pauptit, R. Wierenga, M. Saraste,
Crystal-structure of a Src-homology-3 (Sh3) domain, Nature 359
(1992) 851–855.

[58] M. Hohwy, Multiple pulse methods in solid-state NMR: methodol-
ogy for structure determination of proteins and peptides in the solid
phase, Ph.D. Thesis, Department of Chemistry, University of Aarhus,
2000.

[59] P.K. Madhu, X. Zhao, M.H. Levitt, High-resolution 1H NMR in the
solid state using symmetry-based pulse sequences, Chem. Phys. Lett.
346 (2001) 142–148.

[60] J.A. Stringer, C.E. Bronnimann, C.G. Mullen, D.H. Zhou, S.A.
Stellfox, Y. Li, E.H. Williams, C.M. Rienstra, Reduction of RF-
induced sample heating with a scroll coil resonator structure for solid-
state NMR probes, J. Magn. Reson. 173 (2005) 40–48.


	Sensitivity and resolution in proton solid-state NMR at intermediate deuteration levels: Quantitative linewidth characterization and applications to correlation spectroscopy
	Introduction
	Results and discussion
	2D experiments
	N-Acetyl-valine

	Experimental section
	Conclusions
	Acknowledgments
	References


