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Enhancement of sensitivity in solid state "N NMR by indirect hancement by indirect detection in solid state NMR. In thi
detection through "H NMR signals under high-speed magic angle  Communication, we show that significant sensitivity enhanc:
spinning and high-field conditions is demonstrated experimentally ments are indeed possible iiN NMR spectroscopy of

on two *N-labeled peptides, polycrystalline AlaGlyGly and the polypeptides in solid form at high fields and with high-spee
helix-forming, 17-residue peptide MB(i + 4)EK in lyophilized MAS.

form. Sensitivity enhancement factors ranging from 2.0 to 3.2 are
observed experimentally, depending on the *N and ‘H linewidths
and polarization transfer efficiencies. The "H-detected two-dimen-

In this section, we derive the frequency-domain signal-tc
noise (S/N) ratios (per root time) for a signal from spin-
sional "H/®N correlation spectrum of AlaGlyGly illustrates the nucleus X in directly d_EteCte.d one-dimensional (1D) and ind
possibility of increased spectral resolution and resonance assign- rectly detected .two-dlmensmnal (ZD? NMR measurement
ments in indirectly detected experiments, in addition to the sen- 1h€ S/N of the directly detected experiment may be derived

sitivity enhancement. accordance with the treatment of Ermestal. (13) as
Key Words: solid state NMR; magic angle spinning; indirect
detection; nitrogen-15 NMR; peptides.
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Sensitivity enhancement by indirect detection in hetero-
nuclear double-resonance NMR measurements has been exj@iere w,(t) is an apodization window functiort™ is the

sively employed in solid state NMR by high-field<5 and |ength of the acquired time domain signal, aayl denotes the
field-cycling 6, 7) techniques, as well as in high-resolutionime average of over the interval [01™]. R is the repetition
liquid state NMR 8-12. Indirect detection of°N and C rate for signal averaging. The normalized 1D time-domai
spectra via'H NMR signals now forms the basis of moderrNMR signal of X is assumed to be of the form
multidimensional spectroscopic techniques for resonance ags,(t)exp(—iwyt), wheres,(t) is a nonnegative envelope
signment and structure determination of biopolymers in liqui@inction withs,(0) = 1, andwy is the resonant frequency for
state NMR. The large sensitivity enhancements in liquid stattee X nuclei.py is the square root of the noise power spectrz
NMR result from the efficiency and specificity of heteronucleaiensity per unit frequency. Following Abragarb4), A,/py
polarization transfer techniques that are based on scalar coan be expressed as

plings, and from the narrowness & NMR lines in liquids. In
contrast, measurements 6N and *C spectra in solid state
NMR of organic and biomolecular systems, as well as spectra =
of other nuclei with low magnetogyric ratios, are convention- Px
ally carried out with direct detection. This is because tHe

NMR lines in solids are usually so broad that there is nghere My is the initial X spin magnetization (i.e., magnetic
sensitivity advantage to indirect detection. However, recemioment per volume)T is temperature, and, n, andQy are
technological developments, in particular the commercitile volume, filling factor, and quality factor of the sample coi
availability of magic angle spinning (MAS) probes capable dbr X detection. Assuming tha¥l, is created by cross polar-
stable spinning frequencies in excess of 30 kHz and the avatation from*H spins with polarization transfer efficientywe
ability of homogeneous magnets with fields of 17.6 T aniihd My = fy,vx%°BNy/4kT, whereN, is the number den-
higher, led us to reexamine the possibility of sensitivity ersity of X nuclei, y, andyy are the magnetogyric ratios of the
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X and*H nuclei, andB, is the applied magnetic field. Equation f2 .
[1] then becomes (SIN)p = 5 (Y1Bo) **yu
A%
(Sx W) (SWiy)
Sx(t)wy(t NPXTIXAASHTIH - maxy 1/2 172,
(SIN)op = f(yxBo) ¥ *yi W (1™ H2Q3/°Cy, X (W2) 22y 12 (t2%) 7 °QH Ch. [7]
X

[8] AssumingC, = C,, andt™ = tI", the sensitivity enhance-
ment factoré for indirect detection becomes
where C, is a constant that subsumes properties such as

temperature, coil geometry, filling factor, receiver noise figure, _ (SIN)p
spin density, and repetition rate for signal averaging. ~ (SIN)pp
The frequency-domain signal-to-noise ratio in a 2D indirect
. . . . f 3/2 <S W, > tm 1/2 Q 1/2
detection measurement, in which ti& NMR signals detected _ <W> HWH <2ED> (H) 8]
in t, are modulated at the X NMR frequenciestin may be V2 V) (w2 e Qx/

derived similarly from the expressioiJ)
¢ is optimized when a matched filter is used fay, i.e.,

S(ty, to)w(ty, t A Su(t) = wy(t). Then, Eqg. [8] becomes
(SIN)p = ;ﬁzzwfi (tl)zﬁ),i (Rg=¥2- " (4]
bt P - f ('YH) 3/2<<S'2_‘>t5nal) 1/2(QH> 1/2
wheres(t,, t,) is the normalized envelope function of the 2D V2 \vx tr Qx
time-domain signal witts(0, 0) = 1, w(t,, t,) is a window £y 32 Wy Y2/ Qy) V2
function for the 2D datat*(k = 1, 2) is the maximunt, = e () (W) (Q) [9]
value, and(z(t,, t,)) denotes the time average pfover the VK A X H x
intervals [0, t1™] and [0, t*]. A, is the '"H NMR signal .
amplitude at, = t, = 0 andp, is the square root of the noiseith
power spectral density per unit frequency fét detection. In .
analogy to Eq. [2], K = 27t Wy [10]
Wy = (27t 7*(s%)) ~* [11a]
A TwyV vz m B
B (o) 5] W, = (2mt(s3)) . [11b]

The expressions in Eqgs. [11] represent general definitions
whereM,, denotes théH magnetization at, = t, = 0, w4 IS  the NMR linewidths (units of Hz) in the X andH spectra.
the 'H NMR frequency, andQy is the quality factor of the These expressions reduce to the conventional full-width-z
sample coil for'H detection. Additionally assuming that spinhalf-maximum (FWHM) for Lorentzian lineshapes and to the
polarization is transferred from X nuclei &1 nuclei between F\wWHM times (27 In 2) Y2 ~ 0.479 for Gaussian lineshapes in
thet, andt, periods with efficiencyx/Ny) f, whereNy isthe  the |imit of larget™. When a matched filter is applied to
number density ofH nuclei that contribute to the detectdd  maximize the sensitivity;™ andt™" are typically selected to

NMR line (Ny = Ny), we find My = fyih’BoNy/4kT.  pe ~1/(2Wy), which yieldsk ~ . In static or slow MAS

Equation [4] becomes experiments on a rigid organic soli, is typically 40 kHz. If
f=0.5k=m Q4/Qx = 2, andWy = 100 Hz, which may
(SIN)p = 2 Y2%%(y,Bg) ¥ %y, be typical values, theg = 0.112 for X = *°C and¢ = 0.437

for X = ®N. There is no gain in sensitivity. However W, =
(St WL, ) oy 2yaoc 6] 500 Hz, thert = 1.00 for X = “C andé = 3.91 for X = *N.
(W(ty, tp) %)™ ? n Thus, substantial sensitivity gains are possible for nuclei wi
low v if the "H NMR lines can be made narrow and polariza
whereC, is a constant analogous @. If direct and indirect tion transfer can be made efficient.
detection experiments are performed at the same temperaturExperiments were carried out on a Bruker DMX-750 spec
using a probe with a single double-tuned sample coil for X anitbmeter, using a Bruker double-resonance MAS probe wil
"H nuclei, we can assum@, ~ C,. rotor diameters of 2.5 mm. This probe has a double-tune
When the 2D signal can be separated sis,, t,) = single coil design witlQy ~ 76 andQ, ~ 220. Figure 1 shows
sx(t)sy(t,) and w(ty, t,) = wy(t)wy(t,), Eg. [2] can be 'H MAS NMR spectra 6a 9 mgsample of polycrystalline
rewritten as L-alanylglycylglycine (AlaGlyGly), acquired at 17.6 T (749.6
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Figure 3a shows th€N NMR spectrum of the triply*°N-
labeled AlaGlyGly sample aty = 29 kHz, as obtained with
direct N detection (76.0 MHz NMR frequency) following
adiabatic cross-polarization using the tangential pulse d
scribed above. The lines at 38.9, 104.5, and 108.6 ppm ar

from the nitrogens of Alal, Gly2, and Gly3, respectively
b 20 kHz Figure 3b shows théH-detectedN NMR spectrum of the
x1.5 .
same sample, with the same total number of scans, the sa
spinning frequency, and the same NMR probe and spectro

eter, extracted as a single slice from the full 28/*°N corre-
lation spectrum shown in Fig. 3c. Under the conditions of thes
¢ 10kHz X5 measurements, tH&N NMR linewidths are 1.0 ppm and tHel
NMR linewidths are as shown in Fig. 1. Lorentzian line broad
ening of 1.0 ppm is applied in Fig. 3a. The maximtyvalue
for Figs. 3b and 3c is 6.4 ms. Gaussian line broadening of 1
d 5kHz «15 ppm int, and Lorentzian line broadening of 1.0 ppmtinare
applied in Figs. 3b and 3c. The signal-to-noise ratio in th
indirectly detected®N spectrum (Fig. 3b) is higher than that in
the directly detected spectrum (Fig. 3a) by a factog ef 2.0.
: : , : : ; In addition to sensitivity enhancements, 2D indirect dete
000 100020 tion experiments can provide information that is potentiall
H shift (ppm) useful for assignments and structural studies. For instance, F
FIG.1. Dependence of thtH MAS NMR spectrum of AlaGlyGly powder 3C Shows a weak crosspeak between methy(1 ppm) and
(9 mg) on spinning frequency, observed at 749.6 MHz (17.6 T field). Signamino >N (39 ppm), reflecting the proximity of the amiritN
was excited by a 7.s #/2 pulse. Spinning speeds are indicated. The verticagind methy|1H_ This crosspeak confirms the assignment of th
scale of_ the figure is expanded by a factor of 1.5, 5, and 15 in (b), (c), and (uf)N resonance at 39 ppm to Alal of AlaGlyGly. Indirect
respectively. . . .
detection could be used as an aid to resonance assignment
larger peptides and proteins that drdl-labeled at multiple
MHz ‘H NMR frequency) with spinning frequencieg rang- sites. A longer cross polarization period or an additidhai'H
ing from 5 to 29 kHz. In this sample, 15% of the AlaGlyGlymixing period may permit us to obtain longer-range distanc
molecules aré°N-labeled at the amino nitrogen of Alal andnformation. Moreover,'"H chemical shifts are available in
the amide nitrogens of Gly2 and Gly3. The labeled molecul@wirect detection experiments, possibly providing useful ir
are diluted in unlabeled AlaGlyGly by recrystallization. Highformation on the hydrogen bonding state of NH groups. In Fi
speed MAS produces a dramatic enhancement in resolut®r) ‘H chemical shifts of NH groups (8.25 ppm) are resolve:
and sensitivity, as previously shown by other groubs-22. from that of the NH group (8.0 ppm), while these chemical
At vy = 29 kHz, three lines with widths of 1.2 to 1.5 ppm areshifts are not resolved in the 1D spectra in Fig. 1.
resolved, arising from the amino and amide protons (8.2 ppm),
the alpha protons (3.8 ppm), and the methyl protons (1.1 ppm).
Figure 2 shows a radiofrequency (RF) pulse sequence for 'H
'H-detected two-dimensional (2B#/*°N correlation spectros- (®2)y
copy. Polarization transfer frof to *°N is accomplished with
adiabatic cross-polarizatio3), using a tangential pulse shape CPx Cp

at the N frequency. During the, period, a weak proton Decouple /\
decoupling field (10 kHz amplitude), which gives the best _\,/2 >
Adiabatic CPx— #4 9”

a 29kHz

resolution in the*N NMR spectrum at larger, is applied. A N
pair of 7/2 pulses are applied t6N spins at the end of thig
period to spin-lock either the real or imaginary component of
the N polarization for transfer back toH spins. 'H free- Y

. ) ; ; X M2} w2y
induction decay signals are acquired durtpgvithout hetero-

nuclear decoupling. The tangential pulse shapédrspins is ~ FIG. 2. Pulse sequence fdH-detected 2D'H/™N correlation spectros-

given by wlx(t) — wf + watan[a(t _ 7/2)]/[2 tan(aT/Z)], copy. Magnetizgtion of*N spins is prepared with adiapatic cross.polarizatior
herew? is the average RF amplitude. is width of modu- using a tangential shaped pulse at fiefrequency. During thé, period, a'H

w ! 9 P n decoupling field is applied. After thtg period, a pair ofr/2 pulses are applied

lation of the RF amplitudey is the rate of modulation, antl (o select the real or imaginary component of e magnetization, which is
is the pulse length, where & t = 7. transferred back t6H spins with the reversed tangential pulse.

Adiabatic CPx
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2D 'H/®N correlation spectrum, again with the same totz
number of scans, the same spinning frequency, and the sa
Noise x3 NMR probe and spectrometet’:N/*H cross peaks for the
Wu/bm ®N—'H pairs in Ala9 and Alal0 are not resolved in the 2C
®N/*H correlation spectrum. ThEN NMR linewidth is 4.9
L\Nb ppm and theH NMR linewidth for amide protons is 1.2 ppm.
The maximumt, value for Fig. 4b is 2.7 ms. Gaussian line
b broadening of 1.2 ppm is applied tp. No line broadening is
applied int,. The signal-to-noise ratio in the indirectly de-
tected spectrum (Fig. 4b) is higher than that in the directl
detected spectrum (Fig. 4a) by a factoréof 3.2.
kﬂ The experimental results for AlaGlyGly and MB{i 4)EK
demonstrate that significant enhancements in sensitivity &
150 100 2 possible for®N MAS NMR with indirect detection at high
13N shift (ppm) spinning speeds. The observed values 2.0 and 3.2) are
significantly greater than one, but are somewhat less than 1
theoretical values (3.6 and 5.5) calculated under the assun

Noise X3

0 tions leading to Eq. [9], withi = 0.4 and theQy, Qy, t7, and
] Gaussian'H linewidths stated above. The value fofs esti-
5 §=: mated by comparing’N signal intensities obtained with adia-
o batic cross polarization and fast MAS to those obtained wit
10'5 standard cross polarization (i.e., with unmodulated RF amp
= tudes) and slow MAS, and assumihg 0.5 in the latter case.
The differences between experimental and theoretical enhan

100 50

I5N shift (ppm) ment factors may arise in part from uncertaintie$ and from

the fact that soméN polarization is lost through polarization
FIG. 3. N MAS NMR spectra 6a 9 mg polycrystalline sample of transfer from™N to *H nuclei that are not directly bonded, i.e.,

triply-*N-labeled AlaGlyGly (15% labeled molecules diluted in 85% unla;[ at contribute tdH NMR lines other than the amino/amide line
beled molecules), with 28.9 kHz spinning frequency. (a) Directly detecteg ’

spectrum.”®N magnetization was prepared using adiabatic cross polarization
with a tangential shape pulse, with parametet®2m = 20 kHz, 0, /27 = 16

kHz, « = 750 rad/s, and = 4 ms.'H RF field amplitude was 49 kHz during
cross polarization and 10 kHz durifN signal acquisition. Matched filter was
applied with 1.0 ppm Lorentzian broadening to maximize the sensitivity. (b)
Indirectly detected spectrum, obtained with the pulse sequence in Fig. 2.
decoupling amplitude i, was 10 kHz. Gaussian line broadening of 1.2 ppm
in t, and Lorentzian line broadening of 1.0 ppm tin were applied. This
spectrum is a one-dimensional slice at 7.4 ppm from thél2f¥N correlation
spectrum shown in (c). A total of 256 scans were acquired for each of the
spectra in (a) and (b), and®™ = t™ = 6.4 ms.

The enhancement factaf increases with increasingN
linewidths. The™N linewidths in polycrystalline AlaGlyGly
are narrower than those in typical noncrystalline samples,
which show inhomogeneous broadening due to structural dis-
order. Therefore, additional experiments were performed on a
5 mg lyophilized sample of the synthetic helical peptide
MB( + 4)EK (24-26 (amino acid sequence Ac—AE- s 10 s0
AAAKEAAAKEAAAKA-NH ,, where Ac represents an 1SN shift
acetyl group), with®*N labels at the amide nitrogens of Ala9 shift (ppm)
and Alal0. Figure 4a shows the directly detectéd NMR FIG. 4. N MAS NMR spectra 6a 5 mgsample of doubly*N-labeled
spectrum of this sample, obtainedigt = 28.3 kHz. The two MB(i + 4)EK obtained with direct detection (a) and indirect detection (b)

15\ |labels give rise to a Single line at 118 ppm with a width Olfxpe_rimental conditions were thg sa_me as in Fig. 3, except that 512 scans w
acquired for each spectrum, spinning frequency was 28.3 kHztg&hd=

4.9 r_)pm. No line l_aroade_nlng is applied in Fig. 4a to SQSW tr}eﬁx: 2.7 ms. Matched filter was applied only'td dimension in the indirectly
maximum resolution. Figure 4b shows the-detected™N  getected spectrum. The indirectly detected spectrum is a single slice at 7.9 p
spectrum of the same sample, obtained as a single slice froma a 2D *H/*N correlation spectrum, as in Fig. 3c.
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