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A method for enhancing the sensitivity of >N spectra of nonspin-
ning solids through *H indirect detection is introduced. By sampling
the 1H signals in the windows of a pulsed spin-lock sequence, high-
sensitivity 'H spectra can be obtained in two-dimensional (2D) spec-
tra whose indirect dimension yields the ®N chemical shift pattern.
By sacrificing the *H chemical shift information, sensitivity gains
of 1.8 to 2.5 for the °N spectra were achieved experimentally. A
similar sensitivity enhancement was also obtained for 2D ®N-H
dipolar and *N chemical shift correlation spectroscopy, by means of
a 3D 'H/*N-1H/*>N correlation experiment. We demonstrate this
technique, termed PRINS for proton indirectly detected nitrogen
static NMR, on a crystalline model compound with long *H T;,, and
on a 25-kDa protein with short *H T;,,. This *H indirect detection
approach should be useful for enhancing the sensitivity of N NMR
of oriented membrane peptides. It can also be used to facilitate the
empirical optimization of ®N-detected experiments where the in-
herent sensitivity of the sample is low. © 2001 Academic Press

Key Words: sensitivity enhancement; pulse spin-lock sequence;
indirect detection; separated local field spectroscopy; °N static
NMR.

INTRODUCTION

H signals in the windows of a multiple-pulse train whose pulse
phase is along the magnetization direction (Fig. 1). Heig-
nals decay with the rotating frame spin—lattice relaxation time
Ta, 1 (6). Fourier transformation of the exponential decay yields
asingletH peak at the zero frequency of the spectrum, the inten
sity of which equals the integrated intensities of the time signal
Since no'H chemical shift dispersion is detected, til spec-
trum is contained in a single cross section at the center of th
'H spectral dimension. Therefore, increase sensitivity can
be achieved at the expense'#f site resolution, as the latter is
irrelevant for the purpose of obtaining sensitivity-enhan®ad
spectra. We show here that the width of tHiszero-frequency
peak is sufficiently small for typical crystalline solids and pro-
teins to make sensitivity enhancements over ditddtetection
possible. For convenience, we call this technique PRINS, whicl
stands for proton indirectly detected nitrogen static NMR.

Two PRINS pulse sequences, one for the!PRdetected®N
experiment and the other for a 3Bi-detected®N-H dipo-
lar and®>N chemical shift correlation experiment, are shown
in Fig. 1. In both sequences, cross polarization (CP) is use
to transfer the magnetization frohi to >N and back. Sign-
sensitive detection of tH€N chemical shift spectrum is achieved

H indirect detection is commonly used in solution NMR tdy changing the phase of the secdPidl CP pulse. Az-filter af-
enhance the sensitivity of heteronuclear spectjaRecently, ter the first CP removes the direldi magnetization that was
this approach was also introduced to solid-staiteexperiments not transferred from th&°N spins. The'H pulse length in the
where the samples undergo fast magic-angle spinrthgX multiple-pulse train is optimized to be shorter than the@dse
sensitivity enhancement factor of 2.0 to 3.2 was observed de&ngth, as it has been shown that a smaller flip angle increase
perimentally. The enhancement relied on the ability to narrative decay constants, thereby increasing the intensity oftihe
the'H lines significantly, even for rigid solids, by using spinningero-frequency pealéy.

speeds of about 30 kHz.

The PRINS technique can be extended to enhance the sensit

While MAS experiments are clearly important for siteity of 2D dipolar chemical-shift correlation spectroscopy, which
resolved studies of solids, stafietN NMR has found an im- is traditionally performed with heteronuclear detection. By ap-
portant application in the structural investigations of peptidgending the'>N-to-'H polarization transfer and th¢4 pulsed
and proteins immobilized in lipid bilayer8(4). The sensitivity spin-lock detection to the end of a standard separated-local-fiel
of the!®N spectra of these membrane peptides is usually low, d(®_F) sequence?( 8), we obtain &H-detected 3D SLF experi-
to the limited amount of isotopically labeled samples availablment, the theoretical sensitivity enhancement factor of which is
Therefore, it is of interest to improve the sensitivity of statithe same as that for the 2D experiment in sequence (a).
15N spectra throughH indirect detection. To achieve sensitivity We can estimate the sensitivity enhancement due to'Hhis
gains, the linewidths of th&H spectra must be small. Withoutpulsed spin-lock detection in a similar manner to that shown ir
sample spinning, the only practical way to achieve this is ®efs. @, 9). Factors that increase the sensitivity*bf detection
employ a pulsed spin-lock detection scheme. This techniquglude the higher gyromagnetic ratipg)(of *H, the higher qual-
demonstrated recently f8H NMR (5), involves detecting the ity factor (Q) of the radiofrequency (RF) coil fdH detection,
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15N Chemjc'a, shift The'H decay constant under the pulsed spin-lock tréip 4,
is tens of milliseconds forrigid solid4 {) and a few milliseconds
for mobile systems such as membrane-bound peptidz4.4).

experiments. Combining these factors, we obtain

o M ﬁ However, samples with smalléH decay constants also tend to

" W""w * * have broade?‘f’pN lines for the same rgason of dynamics, thus
180% 90y 90y the ratio in Eq. [2] may not differ as significantly for various
15Nvﬂ IZ l ol CPs systems. In general, tHéN decay constant for a static solid is

T V_ta, almost alw_ays less than about 5 ms. Even for a very well ori

15N-1H dipolar 15N chemical shift ented peptide, a 3-ppm resonance line at a Larmor frequency |

40.59 MHz has a decay constant of 2.6 ms. In other words, afte
FIG. 1. PRINS pulse sequences used in this work. (a)_ll}Dindirectly 7.8 ms, the signal decays to 5% of the full intensity. Thie
detected*N experiment. (b) 30H indirectly detectedN-H dipolarand*N 5 iition time decreases even further with increasing mac
chemical shift correlation experiment. TRl time signal is detected during - L1 L .
the windows of the multiple-pulse train. Typical pulses oft-duration and netic field §trengths. Assuming &N acquisition t'meTanq of
windows of about Qus were used in the spin-lock train. 4 ms, we findé = 3.5 for Ty, 4y = 20 ms and = 1.9 for
T, = 6 ms. In practice, we find that an enhancement fac
tor of roughly twofold is obtained on powder samples by the
and the longer decay constaf () of *H due to the pulsed PRINS technique, in reasonable agreement with the estimate
spin-lock detection. Factors that reduce the sensitivity gatilby sensitivity enhancement.
detection include the less-than-unity cross-polarizatidi ¢f-
ficiency (f), the frequency discrimination of the indirect dimen- RESULTS AND DISCUSSION
sion necessary for 2D acquisition, and the incred$tdoise
due to the use of a largéH filter width (FWy) than the spectral ~ The directly detected®N spectrum of a powder sample of
width (SWy), which is necessitated by detection in the windowS'N-tBoc-Gly is shown in Fig. 2a. From the powder lineshape,
of the multiple-pulse sequence. The key sample-dependent pa-anisotropy oAc = 121 ppm and an asymmetry parameter
rameters that determine the degree of sensitivity enhancemedm = 0.71 were extracted, which agree well with the literature
are the decay constants of theé(Ty, 1) and*®N (Tx ag) Signals. Vvalues {5). The spectrum was acquired in 4.8 h after coadding
Combining these factors, the PRINS enhancement fgotan 6144 scans. To show the noise level more clearly, the spectr
be written as region between-100 and—250 ppm was amplified and dis-
played in the inset. The signal-to-noise rat® ), calculated
f 32 1 Qu\ 2/ i\ { SWiy \ Y2 TipH 172 from the intensity of the powder maximum (71.4 ppm) relative
—= < ) ( ) (—)( ) ( : ) . tothe 150-ppm noise range {00 to—250 ppm), is 102. Incom-
2v2 \rx Qx FWh parison, the PRIN®N spectrum (Fig. 2b) acquired in the same
[1] amount of time gave &/N of 250. Thus, a 2.5-fold sensitivity
enhancement was achieved By detection. When comparing
ForlH-detected®N NMR, the gyromagnetic ratios contributethe signal-to-noise ratios of the two spectra, care was taken |
a factor of 31.6 to the sensitivity gain. For a double-resonaneasure that the maximutmevolution time of the 2D experiment
probe, théH Q-factor is typically about twice th®N Q-factor. was identical to the FID acquisition time in the directly detected
The electronic filling factor of th&H channel g) for the Bruker 1°N experiment.
probe used in this work is lower than that of thechannel The slight deviation in the lineshape between the indirectly
(nx), based on information provided by the manufacturer. Wietected and the directly detectél spectra probably results
assume a factor of 2 reductionsjn compared ta)x. The less- from the orientation dependence of the additional CP step in th
than-unity CP efficiency results from both rotating-frame spin2D experiment. But for the purpose of measuring the principa
lattice relaxation effects and the fact that the equilibritih values of the chemical shift tensor, thtN spectrum is well
magnetization of an N-¥4-H* spin system in a peptide after thereproduced by the PRINS experiment. The fidtdetected 2D
second cross polarization is about 67% of' e magnetization spectrum is displayed in Fig. 2c, in order to illustrate the fact tha
thatwould be detected in a dird€N experiment. We estimate anthe 'H signal is fully concentrated at the, = 0 cross section
overall CP efficiency of 0.5. The largH filter width contributes as a result of the pulsed spin-lock detection.
a sensitivity reduction of a factor of 2.5, if a 625-kHz filter width  The PRINS experiment works well for the crystallifiN-
and a 100-kHz spectral width are used, which is the case in aBoc-Gly sample, since thi, 4 of this compound is quite long,
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technique for realistically sized proteins, we carried out the ex:

X 4 periment on uniformly°N-labeled and hydrated colicin la chan-

nel domain protein (MW= 25 kDa) in the absence of the lipid
(a) AT bilayer. Figure 3 compares the directly and indirectly detectec
400 200 15N spectra of colicin la channel domain. The former has a

maximumS/N of 41, while the latter gives & N of 75. This
corresponds to an enhancement factor of 1.8. An enhanceme
200 100 0 100 ppm was obtained despite the fact that ihg 4 of the protein is only
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FIG. 2. 15N spectra of N-tBoc-Gly. (a}°N directly detectedS/N = 102. 7
(b) *H indirectly detected, extracted from the cross section at the zero frequency Tg 100
ofthelH dimensionS/N = 250. The noise levels betweer1 00 and—250 ppm IS
are amplified fourfold and shown in the insets. Each spectrum was acquired in © 2004
4.8 h. (c) 2D PRINS spectrum, from which the £EN spectrum (b) was ex- 'S
tracted. Thé®N spectra of both the directly detected and the indirectly detected =z
experiments were processed with 10 Hz of negative exponential multiplication 2 3004
and 235 Hz (FWHM) of Gaussian broadening. thidimension was processed
with 20 Hz of exponential broadening. The maximé?h evolution time was
1.6 ms, identical to the acquisition time of the 1IN experiment. 10'00 1060

H (Hz)

about 26 ms. A .tOtaI of 5500 CyCIejc‘ _Of iz 'H pUIse_ S_e_pa' FIG.3. !N spectraofthe colicin la channel domain protein1fa directly
rated by a 9+s window were used, giving a toté#l acquisition detected,S/N = 41. (b)'H indirectly detectedS/N = 75. The noise levels
time of 60 ms. In comparison, tHéN signal decayed in about from —100 to—300 ppm range are amplified threefold and shown in the insets.
3ms. Each spectrum was acquired in 3.5 h. (c) 2D PRINS spectrum, from whick
For peptides and proteins, the advantages of #Hipulsed the 1D 5N spectrum (b) was extracted. AN spectra were processed with

in-lock detecti techni | bvi . tOHz of negative exponential multiplication and 235 Hz (FWHM) of Gaussian
spin-loc étection technique aré less obvious, since adening. ThéH spectral dimension was processed with 20 Hz of exponential

H Ti1,.1 Of proteins, especially those associated with the lipigloadening. The maximurfN evolution time was 1.6 ms, identical to the
bilayer, tends to be shortet4). To test the utility of the PRINS acquisition time of the 1B°N experiment.
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about 3 ms, which is manifested as a broddetine in the 2D serving the high-sensitivitjH signals. For low-sensitivity pep-
spectrum (Fig. 3c) than that 5IN-tBoc-Gly. The small signal at tides and proteins, the signal enhancement due to this improve
16.2 ppmin the PRIN®N spectrum can be assigned to thedNHoptimization can be significant.
groups in the protein. This resonance is in the noise level of theThe same degree of sensitivity enhancement was als
directly detected®N spectrum, thus confirming the sensitivityachieved for the 2D dipolar chemical-shift correlation experi-
improvement by*H detection. ment. Dipolar chemical-shift correlation spectroscopy, specif
While the enhancement factor for colicin la channel domainally >N-*H dipolar and *®N chemical shift correlation
is not large, the'H indirect detection approach has an addiPISEMA), has yielded much useful information about the ori-
tional practical advantage in that it facilitates the optimizatioantation of helical membrane peptides with respect to the lipic
of the experimental conditions for the traditiort8N-detected bilayer @). Thus, it is of interest to examine the extent of
CP experiment. The labeled model compounds used for sett®N improvement achievable for these SLF spectra with the
up N CP experiments often have different pulse lengths froPRINS technique. The theoreticafor a 2D SLF spectrum by
the complex proteins of interest, because these two typesRRINS is identical to that of the 1D experiment, since only the
systems have different conductivities and dielectric constamtstection of'>N chemical shift dimension is changed, while
and thus give differential broadening of the electronic resonarite 1>N-'H dipolar dimension is recorded in the same man-
ofthe circuit. The extremely low?N signals of the proteins makener in both the 2D and the 3D experiments. Figure 4 display:
it difficult to optimize the experimental conditions such as thiéae 2D ®°N-'H dipolarA°N chemical shift correlation spectra
Hartmann—Hahn matcli6) and the*H excitation pulse length of ®N-tBoc-Gly, obtained using the traditional SLF sequence
directly on the sample of interest. Using the current PRINS tectirig. 4a) and with the 3D PRINS sequence (Fig. 4b). Us-
nigue, however, it becomes possible to adjust these variabieg the integrated intensities of the area defined by the dotte
directly on the proteins of interest within 8 or 16 scans by ollines as the criteria for sensitivity comparison, we obtain ar
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FIG. 4. 2D '™N-H dipolar and'>N chemical shift correlation spectra of N-tBoc-Gly. (& directly detected. (b)H indirectly detected, extracted from the
3D data (not shown). Dotted lines define the 2D region for intensity integration and sensitivity comparison. Spectrum (b) is 2.2-fold highevitp eeesit
spectrum (a). Cross sections from #%&l dimension (c, e) and the dipolar dimension (d, f) at the maximal intensity of each 2D spectrum are also shown. T
S/N are: (c) 17, (d) 21, (e) 59, and (f) 23. Each experiment was conducted in 3.5 A°Nmension and the N-H dipolar dimension of both spectra were
processed with 5 Hz of negative exponential multiplication and 117 Hz (FWHM) of Gaussian broadenifgl dineension of the 3D spectrum was processed

with 20 Hz of exponential broadening.
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overall enhancement factor of 2.2 for thé-detected spectrum A 5-mg powder sample hydrated to 30% was packed into the
over the!>N-detected spectrum. Figure 4 also shows'té center of a 4-mm MAS rotor.
and®N-'H cross sections of each spectrum through its high- NMR experiments. All NMR experiments were carried out
est peak. Higher sensitivities are observed for'tHedetected on a Bruker DSX-400 spectrometer (Karlsruhe, Germany) op
spectrum in both dimensions than for thR\ detected spec- erating at a resonance frequency of 400.49 MHzdrand
trum. 40.59 MHz for*®>N. The samples were placed in a high-power
While we used only powder samples in our demonstration sfatic probe equipped with a 5-mm solenoid coil. The pulse
the *H indirectly detected®N static NMR, the resolutions of lengths and power levels were optimized by observing'the
both the'>N and the'H spectra are sufficiently high to suggessignal under the pulsed spin-lock sequence. Identical hardwat
that sensitivity enhancement can also be achieved on orientedinections were used for theN direct detection experiment
samples. Thus, this technique holds promise for sensitivity eand the'H indirect detection experiment PRINS. The outputs
hancement of PISEMA-type experiments as well as sirhille of both *H and !N high-power amplifiers were connected to
1D experiments on membrane peptides and proteins. the preamplifier module, so that switching betwé¥s and*H
The differences between the experimentally obtained etetection does not involve changing the cable connections. Thi
hancement factor and the theoretically estimated values resrsures a fair comparison of the sensitivity of the indirect and di
largely from the approximate nature of the parameters usedrétt detection experiments. TypidaN and'H 90° pulse lengths
the estimate. Practically, the sensitivity enhancemenitbgte- were 6 and 3us. The pulsed spin-lock sequence in the PRINS
tection can still be improved. For example, thefilling factor experiments consisted of 2s 'H pulses, which corresponded
nn of the RF coil may be increased by designing solid-state flip angles of about 6Q separated by s windows. Each
analogs of the inverse probes used in solution NMR. Secondyedow consisted of a 7.xs delay to allow for pulse ring down
significant source of the noise in the PRIKSI spectra comes and 1.5us for actual data sampling. Cross-polarization contaci
from the instability of the spectrometer, since incomplete catimes were 1 ms for the colicin la channel domain protein anc
cellation of magnetization between successive scans results inams for N-tBoc-Gly, respectively. For thtN—H dipolar and
constant offset in the time domain and thus increased noise attt¢ chemical-shift correlation experiment, MREV-8 was used
zero frequency of théH dimension. Therefore, improving thefor *H-'H homonuclear decoupling. THEN chemical shifts
spectrometer stability should reduce thisioise and increase were referenced to the isotropic chemical shift of N-tBoc-Gly,
the sensitivity of the PRINSN spectra at théH zero-frequency which is 81 ppm relative to liquid NE(15).
cross section.
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