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Enhancement of sensitivity in solid state 15N NMR by indirect
detection through 1H NMR signals under high-speed magic angle
pinning and high-field conditions is demonstrated experimentally
n two 15N-labeled peptides, polycrystalline AlaGlyGly and the

helix-forming, 17-residue peptide MB(i 1 4)EK in lyophilized
form. Sensitivity enhancement factors ranging from 2.0 to 3.2 are
observed experimentally, depending on the 15N and 1H linewidths
and polarization transfer efficiencies. The 1H-detected two-dimen-
ional 1H/15N correlation spectrum of AlaGlyGly illustrates the

possibility of increased spectral resolution and resonance assign-
ments in indirectly detected experiments, in addition to the sen-
sitivity enhancement.

Key Words: solid state NMR; magic angle spinning; indirect
detection; nitrogen-15 NMR; peptides.

Sensitivity enhancement by indirect detection in het
nuclear double-resonance NMR measurements has been
sively employed in solid state NMR by high-field (1–5) and
eld-cycling (6, 7) techniques, as well as in high-resolut

iquid state NMR (8–12). Indirect detection of15N and 13C
pectra via1H NMR signals now forms the basis of mod

multidimensional spectroscopic techniques for resonanc
signment and structure determination of biopolymers in li
state NMR. The large sensitivity enhancements in liquid
NMR result from the efficiency and specificity of heteronuc
polarization transfer techniques that are based on scala
plings, and from the narrowness of1H NMR lines in liquids. In
contrast, measurements of15N and 13C spectra in solid sta
NMR of organic and biomolecular systems, as well as sp
of other nuclei with low magnetogyric ratios, are convent
ally carried out with direct detection. This is because the1H
NMR lines in solids are usually so broad that there is
sensitivity advantage to indirect detection. However, re
technological developments, in particular the comme
availability of magic angle spinning (MAS) probes capabl
stable spinning frequencies in excess of 30 kHz and the a
ability of homogeneous magnets with fields of 17.6 T
higher, led us to reexamine the possibility of sensitivity
199
-
ten-

s-
d
te
r
ou-

ra
-

o
nt
al
f
il-
d
-

hancement by indirect detection in solid state NMR. In
Communication, we show that significant sensitivity enha
ments are indeed possible in15N NMR spectroscopy o
polypeptides in solid form at high fields and with high-sp
MAS.

In this section, we derive the frequency-domain signa
noise (S/N) ratios (per root time) for a signal from sp12
nucleus X in directly detected one-dimensional (1D) and
rectly detected two-dimensional (2D) NMR measureme
The S/N of the directly detected experiment may be derive
accordance with the treatment of Ernstet al. (13) as

~S/N!DD 5
^sX~t!wX~t!&

^wX~t! 2& 1/ 2 ~Rtmax! 1/ 2
AX

rX
, [1]

where wX(t) is an apodization window function,tmax is the
length of the acquired time domain signal, and^z& denotes th
time average ofz over the interval [0,tmax]. R is the repetition
rate for signal averaging. The normalized 1D time-dom
NMR signal of X is assumed to be of the fo
AXsX(t)exp(2ivXt), where sX(t) is a nonnegative envelo
function withsX(0) 5 1, andvX is the resonant frequency f
the X nuclei.rX is the square root of the noise power spec
density per unit frequency. Following Abragam (14), AX/rX

can be expressed as

AX

rX
5 SpvXVQX

kT D 1/ 2

hMX, [2]

whereMX is the initial X spin magnetization (i.e., magne
moment per volume),T is temperature, andV, h, andQX are
the volume, filling factor, and quality factor of the sample
for X detection. Assuming thatMX is created by cross pola
ization from1H spins with polarization transfer efficiencyf, we
find MX 5 fgHgX\ 2B0NX/4kT, whereNX is the number den
sity of X nuclei,g andg are the magnetogyric ratios of t
H X
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X and 1H nuclei, andB0 is the applied magnetic field. Equati
[1] then becomes

~S/N!DD 5 f~gXB0!
3/ 2gH

^sX~t!wX~t!&

^wX~t! 2& 1/ 2 ~t max! 1/ 2QX
1/ 2CX,

[3]

where CX is a constant that subsumes properties suc
temperature, coil geometry, filling factor, receiver noise fig
spin density, and repetition rate for signal averaging.

The frequency-domain signal-to-noise ratio in a 2D indi
detection measurement, in which the1H NMR signals detecte
in t 2 are modulated at the X NMR frequencies int 1, may be
derived similarly from the expression (13)

~S/N! ID 5
^s~t1, t2!w~t1, t2!&

21/ 2^w~t1, t2!
2& 1/ 2 ~Rt2

max! 1/ 2
AH

rH
, [4]

wheres(t 1, t 2) is the normalized envelope function of the
time-domain signal withs(0, 0) 5 1, w(t 1, t 2) is a window
function for the 2D data,t k

max(k 5 1, 2) is the maximumt k

value, and̂ z(t 1, t 2)& denotes the time average ofz over the
intervals [0, t 1

max] and [0, t 2
max]. AH is the 1H NMR signa

amplitude att 1 5 t 2 5 0 andrH is the square root of the noi
power spectral density per unit frequency for1H detection. In
analogy to Eq. [2],

AH

rH
5 SpvHVQH

kT D 1/ 2

hMH, [5]

hereMH denotes the1H magnetization att 1 5 t 2 5 0, vH is
the 1H NMR frequency, andQH is the quality factor of th
ample coil for1H detection. Additionally assuming that sp
olarization is transferred from X nuclei to1H nuclei betwee

thet 1 andt 2 periods with efficiency (NX/NH) f, whereNH is the
number density of1H nuclei that contribute to the detected1H
NMR line (NH $ NX), we find MH 5 f 2gH

2\ 2B0NX/4kT.
quation [4] becomes

~S/N! ID 5 221/ 2f 2~gHB0!
3/ 2gH

3
^s~t1, t2!w~t1, t2!&

^w~t1, t2!
2& 1/ 2 ~t 2

max! 1/ 2QH
1/ 2CH, [6]

whereCH is a constant analogous toCX. If direct and indirec
detection experiments are performed at the same tempe
using a probe with a single double-tuned sample coil for X
1H nuclei, we can assumeCH ' CX.

When the 2D signal can be separated ass(t 1, t 2) 5
sX(t 1)sH(t 2) and w(t 1, t 2) 5 wX(t 1)wH(t 2), Eq. [2] can be
rewritten as
as
,

t

ure
d

~S/N! ID 5
f 2

Î2
~gHB0!

3/ 2gH

3
^sXwX&^sHwH&

^wX
2 & 1/ 2^wH

2 & 1/ 2 ~t 2
max! 1/ 2QH

1/ 2CH. [7]

ssumingCX 5 CH and tmax 5 t 1
max, the sensitivity enhanc

ment factorj for indirect detection becomes

j ;
~S/N! ID

~S/N!DD

5
f

Î2
SgH

gX
D 3/ 2 ^sHwH&

^wH
2 & 1/ 2 S t 2

max

t 1
maxD 1/ 2SQH

QX
D 1/ 2

. [8]

j is optimized when a matched filter is used forwH, i.e.,
sH(t) 5 wH(t). Then, Eq. [8] becomes

j 5
f

Î2
SgH

gX
D 3/ 2S ^sH

2 &t 2
max

t 1
max D 1/ 2SQH

QX
D 1/ 2

5
f

Î2k
SgH

gX
D 3/ 2SWX

WH
D 1/ 2SQH

QX
D 1/ 2

[9]

ith

k ; 2pt 1
maxWX [10]

WX ; ~2pt 1
max^sX

2 &! 21 [11a]

WH ; ~2pt 2
max^sH

2 &! 21. [11b]

The expressions in Eqs. [11] represent general definitio
the NMR linewidths (units of Hz) in the X and1H spectra
These expressions reduce to the conventional full-widt
half-maximum (FWHM) for Lorentzian lineshapes and to
FWHM times (2p ln 2)21/2 ' 0.479 for Gaussian lineshapes
the limit of large t k

max. When a matched filter is applied
maximize the sensitivity,t 1

max andtmax are typically selected
be ;1/(2WX), which yieldsk ; p. In static or slow MAS
experiments on a rigid organic solid,WH is typically 40 kHz. If
f 5 0.5, k 5 p, QH/QX 5 2, andWX 5 100 Hz, which ma

e typical values, thenj 5 0.112 for X5 13C andj 5 0.437
for X 5 15N. There is no gain in sensitivity. However, ifWH 5
500 Hz, thenj 5 1.00 for X5 13C andj 5 3.91 for X5 15N.
Thus, substantial sensitivity gains are possible for nuclei
low g if the 1H NMR lines can be made narrow and polar
tion transfer can be made efficient.

Experiments were carried out on a Bruker DMX-750 sp
trometer, using a Bruker double-resonance MAS probe
rotor diameters of 2.5 mm. This probe has a double-tu
single coil design withQX ' 76 andQH ' 220. Figure 1 show
1H MAS NMR spectra of a 9 mg sample of polycrystallin
L-alanylglycylglycine (AlaGlyGly), acquired at 17.6 T (749
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201COMMUNICATIONS
MHz 1H NMR frequency) with spinning frequenciesnR rang-
ing from 5 to 29 kHz. In this sample, 15% of the AlaGlyG
molecules are15N-labeled at the amino nitrogen of Ala1 a
the amide nitrogens of Gly2 and Gly3. The labeled molec
are diluted in unlabeled AlaGlyGly by recrystallization. Hig
speed MAS produces a dramatic enhancement in reso
and sensitivity, as previously shown by other groups (15–22).

t nR 5 29 kHz, three lines with widths of 1.2 to 1.5 ppm
resolved, arising from the amino and amide protons (8.2 p
the alpha protons (3.8 ppm), and the methyl protons (1.1 p

Figure 2 shows a radiofrequency (RF) pulse sequenc
1H-detected two-dimensional (2D)1H/15N correlation spectro
opy. Polarization transfer from1H to 15N is accomplished wit

adiabatic cross-polarization (23), using a tangential pulse sha
t the 15N frequency. During thet 1 period, a weak proto

decoupling field (10 kHz amplitude), which gives the b
resolution in the15N NMR spectrum at largenR, is applied. A
pair of p/2 pulses are applied to15N spins at the end of thet 1

period to spin-lock either the real or imaginary componen
the 15N polarization for transfer back to1H spins. 1H free-
nduction decay signals are acquired duringt 2 without hetero
nuclear decoupling. The tangential pulse shape for15N spins is
given by v1X(t) 5 v 1

0 6 vDtan[a(t 2 t / 2)]/[2 tan(at/2)],
wherev1

0 is the average RF amplitude,vD is width of modu
lation of the RF amplitude,a is the rate of modulation, andt
is the pulse length, where 0# t # t.

FIG. 1. Dependence of the1H MAS NMR spectrum of AlaGlyGly powde
(9 mg) on spinning frequency, observed at 749.6 MHz (17.6 T field). S
was excited by a 7.5ms p/2 pulse. Spinning speeds are indicated. The ve
scale of the figure is expanded by a factor of 1.5, 5, and 15 in (b), (c), an
respectively.
s

on
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or
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Figure 3a shows the15N NMR spectrum of the triply15N-
labeled AlaGlyGly sample atnR 5 29 kHz, as obtained wit
direct 15N detection (76.0 MHz NMR frequency) followin
adiabatic cross-polarization using the tangential pulse
scribed above. The lines at 38.9, 104.5, and 108.6 ppm
from the nitrogens of Ala1, Gly2, and Gly3, respectiv
Figure 3b shows the1H-detected15N NMR spectrum of th
same sample, with the same total number of scans, the
spinning frequency, and the same NMR probe and spec
eter, extracted as a single slice from the full 2D1H/15N corre-
lation spectrum shown in Fig. 3c. Under the conditions of t
measurements, the15N NMR linewidths are 1.0 ppm and the1H

MR linewidths are as shown in Fig. 1. Lorentzian line bro
ning of 1.0 ppm is applied in Fig. 3a. The maximumt 1 value

for Figs. 3b and 3c is 6.4 ms. Gaussian line broadening o
ppm in t 2 and Lorentzian line broadening of 1.0 ppm int 1 are
applied in Figs. 3b and 3c. The signal-to-noise ratio in
indirectly detected15N spectrum (Fig. 3b) is higher than tha
the directly detected spectrum (Fig. 3a) by a factor ofj 5 2.0.

In addition to sensitivity enhancements, 2D indirect de
ion experiments can provide information that is potent
seful for assignments and structural studies. For instance
c shows a weak crosspeak between methyl1H (1 ppm) and

amino15N (39 ppm), reflecting the proximity of the amino15N
and methyl1H. This crosspeak confirms the assignment o
15N resonance at 39 ppm to Ala1 of AlaGlyGly. Indir
detection could be used as an aid to resonance assignm
larger peptides and proteins that are15N-labeled at multipl
sites. A longer cross polarization period or an additional1H–1H

ixing period may permit us to obtain longer-range dista
nformation. Moreover,1H chemical shifts are available
indirect detection experiments, possibly providing usefu
formation on the hydrogen bonding state of NH groups. In
3c, 1H chemical shifts of NH groups (8.25 ppm) are resol
from that of the NH3 group (8.0 ppm), while these chemi
shifts are not resolved in the 1D spectra in Fig. 1.

FIG. 2. Pulse sequence for1H-detected 2D1H/15N correlation spectro
copy. Magnetization of15N spins is prepared with adiabatic cross polariza
using a tangential shaped pulse at the15N frequency. During thet 1 period, a1H

ecoupling field is applied. After thet 1 period, a pair ofp/2 pulses are applie
to select the real or imaginary component of the15N magnetization, which
transferred back to1H spins with the reversed tangential pulse.
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The enhancement factorj increases with increasing15N
linewidths. The15N linewidths in polycrystalline AlaGlyGl
are narrower than those in typical noncrystalline sam
which show inhomogeneous broadening due to structura
order. Therefore, additional experiments were performed
5 mg lyophilized sample of the synthetic helical pep
MB(i 1 4)EK (24–26) (amino acid sequence Ac–A

AAKEAAAKEAAAKA–NH 2, where Ac represents
acetyl group), with15N labels at the amide nitrogens of Al
and Ala10. Figure 4a shows the directly detected15N NMR
spectrum of this sample, obtained atnR 5 28.3 kHz. The two
15N labels give rise to a single line at 118 ppm with a width
4.9 ppm. No line broadening is applied in Fig. 4a to show
maximum resolution. Figure 4b shows the1H-detected15N
spectrum of the same sample, obtained as a single slice f

FIG. 3. 15N MAS NMR spectra of a 9 mg polycrystalline sample o
triply- 15N-labeled AlaGlyGly (15% labeled molecules diluted in 85% u
beled molecules), with 28.9 kHz spinning frequency. (a) Directly dete
spectrum.15N magnetization was prepared using adiabatic cross polariz
with a tangential shape pulse, with parametersv1

0/2p 5 20 kHz,vD/2p 5 16
Hz, a 5 750 rad/s, andt 5 4 ms.1H RF field amplitude was 49 kHz durin
ross polarization and 10 kHz during15N signal acquisition. Matched filter w

applied with 1.0 ppm Lorentzian broadening to maximize the sensitivity
Indirectly detected spectrum, obtained with the pulse sequence in Fig.1H

ecoupling amplitude int 1 was 10 kHz. Gaussian line broadening of 1.2 p
n t 2 and Lorentzian line broadening of 1.0 ppm int 1 were applied. Thi
spectrum is a one-dimensional slice at 7.4 ppm from the 2D1H/15N correlation
spectrum shown in (c). A total of 256 scans were acquired for each o
spectra in (a) and (b), andt 1

max 5 tmax 5 6.4 ms.
s,
is-
a

f
e

a

2D 1H/15N correlation spectrum, again with the same t
number of scans, the same spinning frequency, and the
NMR probe and spectrometer.15N/1H cross peaks for th
15N–1H pairs in Ala9 and Ala10 are not resolved in the
15N/1H correlation spectrum. The15N NMR linewidth is 4.9
ppm and the1H NMR linewidth for amide protons is 1.2 pp
The maximumt 1 value for Fig. 4b is 2.7 ms. Gaussian l
broadening of 1.2 ppm is applied int 2. No line broadening i
applied in t 1. The signal-to-noise ratio in the indirectly d
tected spectrum (Fig. 4b) is higher than that in the dire
detected spectrum (Fig. 4a) by a factor ofj 5 3.2.

The experimental results for AlaGlyGly and MB(i1 4)EK
emonstrate that significant enhancements in sensitivit
ossible for15N MAS NMR with indirect detection at hig

spinning speeds. The observed values ofj (2.0 and 3.2) ar
significantly greater than one, but are somewhat less tha
theoretical values (3.6 and 5.5) calculated under the ass
tions leading to Eq. [9], withf 5 0.4 and theQH, QX, t 1

max, and
Gaussian1H linewidths stated above. The value off is esti-

ated by comparing15N signal intensities obtained with ad
batic cross polarization and fast MAS to those obtained
standard cross polarization (i.e., with unmodulated RF am
tudes) and slow MAS, and assumingf 5 0.5 in the latter cas
The differences between experimental and theoretical enh
ment factors may arise in part from uncertainties inf and from
the fact that some15N polarization is lost through polarizati
transfer from15N to 1H nuclei that are not directly bonded, i.
that contribute to1H NMR lines other than the amino/amide li
d
n

)

e

FIG. 4. 15N MAS NMR spectra of a 5 mgsample of doubly-15N-labeled
B(i 1 4)EK obtained with direct detection (a) and indirect detection
xperimental conditions were the same as in Fig. 3, except that 512 scan
cquired for each spectrum, spinning frequency was 28.3 kHz andt 1

max 5
tmax 5 2.7 ms. Matched filter was applied only to1H dimension in the indirectl
detected spectrum. The indirectly detected spectrum is a single slice at 7
from a 2D 1H/15N correlation spectrum, as in Fig. 3c.
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With 1H NMR linewidths of approximately 1.0 kHz, indire
detection of 13C MAS NMR spectra is unlikely to afford
sensitivity advantage. Further increases inj may be possibl
through more efficient polarization transfer. Ideal adiab
polarization transfer yieldsf 5 1.0 for an isolated13C–1H pair.
Higher MAS frequencies may produce narrower1H lines and
make indirect detection advantageous.j is expected to increa
with increasingB0 in many cases, both because spin diffus
among protons is suppressed by chemical shift difference
becauseWX/WH will increase whenWX is determined b
inhomogeneous broadening andWH is determined by residu
proton–proton couplings. Even if indirect detection does
increase sensitivity,13C/1H correlations available from ind
rectly detected spectra may provide useful structural or as
ment information. Sensitivity enhancements for other, lowg
nuclei may be even larger than those observed for15N. Among
spin-12 nuclei, 57Fe, 89Y, 103Rh, 107Ag, 109Ag, 169Tm, 183W, and
187Os may be interesting candidates for indirect detection

With indirect detection, the sensitivity of15N solid state
NMR of biopolymers becomes comparable to the sensitivi
13C solid state NMR. Because available quantities of iso
cally labeled biochemical samples are usually severely lim
13C-based structural measurements have usually been
ferred. Indirect detection promises to make15N-based measur
ments, such as measurements of15N–15N distances or15N–15N
correlations with dipolar recoupling techniques (27–38), feasi-

le in many biochemical systems. Measurements of he
uclear interactions (39), such as15N–13C and15N–1H dipole–
ipole couplings, or heteronuclear correlations (21, 40, 41)
ay also benefit from indirect detection.
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