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Abstract: The assignment of the NMR spectra of natural abundance medium-sized solid-state organic molecules
still represents a challenging problem. In this paper, we show that a complete assignment of all the carbon-13,
nitrogen-15, and proton NMR lines of a natural abundance solid peptide can be performed by combining
various one-bond and multiple-bond correlation techniques for rotating solids. The assignment of the MAS
spectra is shown to be unambiguous and relatively straightforward.

1. Introduction transfer sequences have emerged, and have been applied in
multidimensional correlation experiments to characteisze
topically enriched compound$=3° However, for sensitivity

reasons, most of these correlation techniques are not currently

For small powdered crystalline organic compounds, cross
polarization (CP), magic angle spinning (MAS), and high power
proton decoupling yield high-resolution high-sensitivity one- . .
dimensional NMR spectra of low nuclei like carbon-13 or applicable to natural abundance matenal_s.
nitrogen-15 in a routine fashion. However, the assignment of One way to proceed toward the assignment of CPMAS
the NMR resonances, which is necessary either to characterizeSPectra of unlabeled materials is to correlate the high-resolution
the molecule or to further investigate the structure and dynamics SPectra of the rare nucléfC or N, with the abundant proton
in the solid state, remains a difficult task for natural abundance Spins. The proton spectra of powdered organic molecules usually
compounds. yield broad resonances due to the strong homonuclear proton

In the past two decades, several spectral editing techniquesjproton dipolar couplings. However, the resolution in the proton
which separate carbon-13 resonances according to their multi-dimension can be improved by applying a homonuclear decoupl-

plicity, i.e., the number of directly attached protons, have been ing sequence which partially averages out the prefanoton
proposed and applied to characterize the CPMAS carbon spectralipolar couplings. All the carboenproton correlation experi-

of small organic molecules.® However, even when combined

with chemical shift analysis, these one-dimensional techniques
are not always sufficient to provide a complete and unambiguous
assignment of the NMR spectra. In parallel, a large number of

homonuclear ¢C, 13C)*24 and heteronucleartyC, 15N)?526
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Figure 1. (a) Pulse sequence for théH( '3C) MAS-J-HMQC
experimentfn, is a 54.7 pulse. (The pulse program is available from
our website! or by request to the authors.) After cross-polarization
from H (I spins), the magnetization of carbons (S spins) evolves during
the delayr under only an isotropic scaled heteronucléar coupling
Hamiltonian. For a pair of covalently bond&d—13C spins, the carbon
magnetization evolves from in-phasg)(into antiphase (2S)) coher-
ence with respect to the attached proton. A plise applied on protons

FSLG FSLG TPPM

5]

 masee
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FSLG (Frequency Switched Lee Goldbiigfdecoupling, and
relatively fast MAS, the one-bonit scalar couplings (typically
130 Hz) can be resolved in the carbon spectrum and thus can
be used to transfer magnetization from the carbon spins to their
attached protons. In the MAS-J-HMQC experiment, a hetero-
nuclear multiple-quantum coherence is created after the first
evolution periodr, which evolves durindg; under the proton
chemical shift, before being converted back into in-phase carbon
magnetization which is directly detected duriagin a manner
analogous to the liquid-state HMQC experiment, the resulting
two-dimensional spectrum yields pure in-phase chemical shift
correlations between pairs of bonded protonsyihand carbons

(in wy).

transforms the antiphase carbon coherence into a multiple-quantum3. Assignment of the'3C Spectrum

heteronuclear coherence which evolves dutinonly under the effect
of the proton chemical shift. At the end of theevolution period, the

One-Bond (H,3C) Correlations. For short values of the

MQ coherence is converted back into an antiphase carbon coherenceevolution periodst (typically 2 ms), the carbonproton

by the second 90proton pulse. During the second period this

magnetization transfer is highly selective, i.e., leads to only one-

coherence evolves to become an in-phase observable carbon coherencbond chemical shift correlations. Figure 2a shows the one-bond

FSLG homonuclear decouplifig?® was used in this study, but other
decoupling schemes can be employ&blote that the pulse sequence
has been slightly modified since our previous public&iomminimize
artifacts. The optimization of the experiment will be described
elsewhere.

tion transfel35 Recently, we introduced a new two-
dimensional protoricarbon correlation experiment, dubbed
MAS-J-HMQC (Heteronuclear Multiple-Quantum Correlation),
which relies on a polarization transfer using heteronuclear
couplings®® The scalar couplings constitute an interesting
alternative to dipolar couplings since they provide through-bond
connectivities and since they are not modulated by MAS or
molecular motion.

In this paper, we demonstrate, by using various MAS-J-
HMQC experiments, the completel, 13C, and'>N resonance
assignment of a natural abundance tripeptide Boc-Ala-Ala-Pro-
O—Bzl (where Boc stands faert-butoxycarbonyl and Bzl for
benzyl). The analysis of both one-bond (throughy scalar
couplings) and multiple-bond (throughlcy or 3Jcy scalar
couplings) MAS-J-HMQC experiments enabled us to assign
unambiguously the whole carbon spectrum and, in parallel, to
measure all the proton chemical shifts of this tripeptide.
Additionally we show that ad,®N) MAS-J-HMQC experi-
ment, based odyy scalar couplings, is also feasible, and can
be used to assign the nitrogen-15 MAS spectrum of the
tripeptide. To our knowledge, this is the first example of a
completeassignment of such a relatively complex molecule at
natural abundance in a powder sample.

2. The MAS-J-HMQC Experiment
The pulse sequence for th#H(13C) MAS-J-HMQC experi-

MAS-J-HMQC spectrum of the tripeptide Boc-Ala-Ala-Pro-O-
Bzl (the three amino acids will be referred in the text as Al,
A2, and P). The tripeptide was synthesized in our laboratory
and crystallized from diisopropyloxici8. As reported previ-
ously3® a few resonance lines of thE€C spectrum can be
identified from this 2D correlation map alone. First, we can
readily identify the three carbon resonances at low field as well
as the one around 77.3 ppm as quaternary carbons since they
are not correlated with any proton in thg dimension. From
carbon chemical shift considerations, the carbon resonance at
77.3 ppm can be assigned to the quaternary carbon déthe
butyl group, and that at 137.3 ppm to the quaternary carbon of
the benzyl group; the remaining two quaternary resonances must
therefore correspond to the three amino acid carbonyl groups
(171.9 ppm) and to the carbonyl carbon of the Boc group (155.7
ppm). The carbon peaks between 127 and 131 ppm yield
correlations with protons at about 7 ppm, and are therefore likely
to correspond to the protonated carbons of the benzyl group.
From carbon peak intensity, the high-field resonance must
correspond to the para carbon. A specific assignment of the
two other aromatic resonances is not possible.

In the high-field part of the spectrum, the three carbon
resonances at 19.4, 20.3, and 29.6 ppm can be assigned to the
three methyl groups since they correlate with protons around
1.3 ppm. Tentatively, from carbon chemical shifts and peak
intensity, we assume that the peak at 29.6 ppm corresponds to
the tert-butyl methyl groups, and the other two to th¢ Gf
alanine residues. However, at this stage, it is not possible to
determine to which alanine residue (Al or A2) each methyl
carbon resonance belongs. Of the remaining peaks, the two
carbons at 25.7 and 30.8 ppm, which correlate with protons at
around 2.3 ppm, are likely to correspond to the prolireand

ment is shown in Figure 1 and has been described in detail in ﬂ_carbonS, respective|y_ The remaining five peaks between 40

ref 36. Briefly, the experiment relies on the fact that, under
proton—proton homonuclear decoupling, for example, under

(31) Caravatti, P.; Bodenhausen, G.; Ernst, RCRem. Phys. Letl.982
89, 363-367.
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Soc.1998 120, 13194-13201.

and 70 ppm therefore correspond to the prolime and
o-carbons, to the two alanine-carbons, and to the ©CH;
group.

Thus, if the analysis of the one-bontH(*3C) MAS-J-HMQC
spectrum alone enables us to go a relatively long way toward
the assignment of the carbon spectrum of the tripeptide, several

(37) Bielecki, A.; Kolbert, A. C.; Levitt, M. HChem. Phys. Let1989
155 341.

(38) Levitt, M. H.; Kolbert, A. C.; Bielecki, A.; Ruben, D. $olid State
NMR 1993 2, 151-163.

(39) Guy, L.; Vidal, J.; Collet, A.; Amour, A.; Reboud-Ravaux, M.
Med. Chem1998 41, 4833-4843.
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Figure 2. Carbon-proton two-dimensional MAS-J-HMQC spectra of the natural abundance tripeptide Boc-Ala-Ala-Pro-O-Bzl recorded with an
evolution period £ value) of (a) 1.6 and (b) 16 ms. The experiments were performed on a Bruker DSX 500 spectrometer (proton frequency 500
MHz) using a 4 mmtriple resonance MAS probe. The sample volume was restricted to abaulit @5the center of the rotor to increase the radio
frequency (RF) field homogeneity. Approximately 20 mg of sample was used. A total of, 2ZE@juisitions with 64 and 256 scans each were
collected for the one-bond (a) and multiple-bond (b) correlation experiments, respectively (repetition delay 3 s). The spectral width in the proton
dimension was 27063 Hz. The spinning frequency was 12.5 kHz. The proton RF field strength was set to 100 kHz during bietlaysgFSLG
decoupling) and acquisition (TPPM decoupfifgThe best performance of the FSLG decoupling sequence was achieved when using a mean offset
frequency of about 5 kHz from the center of the proton resonance line. For the cross-polarization step, the RF field was set to 70 kHz for carbon,
while a ramped RF field was applied on protdh$?and matched to obtain optimal signal. Thdelay was synchronized to be an integral number

of rotor periods. Quadrature detectiondn was achieved using the States method. An exponential line broadening of 100 Hz was applied in the
proton dimension. The 1D CP-MASC spectrum is shown above the 2D spectrum. Figure 2¢ shows the carbon spectrum extracted.ghk the H
resonance (4.11 ppm) from the multiple-bond MAS-J-HMQC spectrum (Figure 2b).

T T T T T Y T T T Y T T T

uncertainties remain and a complete identification of all the active during the evolution periods, and thus contribute to the

NMR lines is not possible at this stage. creation of heteronuclear multiple-quantum coherences. If the
Multiple-Bond (!H,'3C) Correlations. Geminal 13C—1H evolution periodg are long enough (in theory of the order of

couplings #Jcn) and vicinal’3C—H couplings #Jc) are also 1/(2-"JcH)), multiple-bond couplings may vyield significant
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correlations. Note that in this case, the MAS-J-HMQC experi- correspond to respectively the HN andihprotons of Al. In
ment should rather be compared to the liquid-state HMBC the one-bond H,3C) MAS-J-HMQC spectrum, the carbon

(Heteronuclear Multiple-Bond Correlation) experiméhtin resonance at 51.7 ppm is also correlated to théA1) proton,
organic compounds in the liquid state, values betwe#@ and and can therefore be assigned to the(&l1). (iv) Finally, the

+66 Hz are usually found faidch couplings, whereas thgcy guaternary resonances around 171.9 ppm which correspond to
couplings have values between 0 and 16*Hmn amino acids, carbonyl carbons ‘@f the three amino acids (not resolved) show
the 2Jcy(CO—Ha) values range from—4 to —7 Hz while several long-range correlations. Cross-peaks between 1 and 2.5
3JcH(CO—HP) values range from 2 to 6 HZ. ppm and between 4 and 6 ppmdn correspond respectively

The apparent3C line widths under FSLG decoupling are to correlations with thg anda. protons (througBJcy and?Jcy
obviously much larger than these multiple-bond scalar interac- couplings). The correlation at 8.71 ppm is more interesting since
tions. However, the line width that is effective for the creation it must correspond to a correlation with the amide proton of
of the heteronuclear MQ coherencespériods) is the refocused  A2.
line width (or the homogeneous line width) for which all the In addition to the quaternary carbons, th@ €arbons of
inhomogeneous broadenings are removed by the caripoitse. alanine residues (methyl groups) yield weak multiple-bond
We recently found that, under continuous wave decoupling, the correlations with the neighboring protons &Jcy couplings).
13C line broadening for crystalline organic compounds is mainly As the Ho(A1) proton could be previously assigned at 4.11
inhomogeneous, and we measured refocused line widths as smalhpm from its correlation with the carbonyl carbon of the Boc
as a few hertz on model organic samptésinder homonuclear  group (at 155.7 ppm), the assignment of the methyl carbons is
proton decoupling, the homogeneous line width increases for straightforward: the carbon resonance at 20.3 ppm corresponds
protonated carbons. However, it remains about the same forto the G3(A1) and, by deduction, the resonance at 19.4 ppm to
nonprotonated carbons, i.e., of the order of a few hehas the Q3(A2). From its correlation with its directly attached
rendering the obseation of multiple-bond correlations feasible  proton, the @(A2) resonance can then be identified at 45.3
for these nuclei. Note that residual dipolar couplings, arising ppm. From proton and carbon chemical shift considerations,
from imperfect suppression by MAS, lead to a broadening of the two remaining unassigned peaks at 59 and 49 ppm can be

the fine structure and will mainly contribute to the eXperimentS assigned to respective|y thee and & carbons of the pro"ne
by attenuating the signal. They will only contribute to the (esidue.

transfer of magnetization in this class of pulse sequences if they
change the value of the apparent splitting. This can only arise
through higher order residual terms, and experimentally is found

by comparison with typical literature values f@couplings to we obtained the unambiguous assignment of all the protons.

be small, even for the direct one-bond dipolar couplings. We The carbon-13 and proton chemical shifts are summarized in
suspect that these terms should be negligible for the Iong-rangeTable 1

couplings. All our experimental data is so far are consistent
with pure through-bond transfer.

Figure 2b shows the MAS-J-HMQC spectrum of the tripep-
tide recorded with an evolution periacequal to 16 ms. Besides
the one-bond connectivities (except for those corresponding to
CH, groups, all of them are present), many additional through- . .
bond “long-range” correlation peaks are observed. As expected,resonance may correspond to W.VO magnet|cally noneqylvalent
all the nonprotonated carbons (four resonance lines in the carborPrthnS' Despite the_ Iong evolution periods (16 ms) which are
spectrum) yield multiple-bond connectivities. (i) The quaternary requwed_for the excitation of the Iorjg-range MQ (_:(_)herences,
carbon of theert-butyl group (77.3 ppm) correlates as expected the multiple-bond experiment remains quite sensitive. Figure
with its adjacent methyl protons at 1.26 ppfiddy correlation), 2c shows thew, trace extracted from the MAS-J-HMQC
providing confirmation of these assignments. (i) At 137.3 ppm spectrum of Figure 2b at thedqAl) frequency (4.11 ppm).

the quaternary carbon of the benzyl group gives two- and three-;Lhe th_ree _rprl]JItlpI:a-tl:_)onld corrglatloni_ q:e c;etﬁrly V'Slt'.b Ile %bm:je
bond cross-peaks with the ortho and meta protons, respectively. € noise. The refatively good sensitivity of the muitiple-bon
experiment is related to the fact that, as pointed out previously,

Consistently, it does not give correlation with the para proton the effective i tant hich ch terize the d f
resonance. This quaternary carbon peak is also correlated in e ellective ime constants, which characterize the decay o

thew; dimension to proton resonances at 5.16 ppm, which must carbon magnetization during theielays, are “refocused” time .
correspond to the ©CH; protons &ey correlation). The carbon (:_onst52;14nts and thus are longer than the apparent relaxation
resonance of the ©CH, group can then be immediately times:

identified at 66.8 ppm from its correlation peak in the one-

bond MAS-J-HMQC spectrum. (i) The carbonyl carbon of the 4. Assignment of the'®N Spectrum

Boc group at 155.7 ppm is expected to correlate with the amide
proton of the N-terminal alanine residue (A1) througRJay
coupling, and also with the proton of the same residue through

a 3Jcy coupling. Indeed two cross-peaks, one very intense at
6.36 ppm and the other weaker at 4.11 ppm, are observed in
the w1 dimension. From the proton chemical shift, they must

Thus, by combining the information obtained in the one-bond
and multiple-bond spectra we could unambiguously assign the
whole carbon CPMAS spectrum of the tripeptide. In parallel,

In MAS-J-HMQC experiments, the proton line widths depend
on the efficiency of the homonuclear decoupling scheme. Under
our experimental conditions, we measured proton full line widths
at half-height of about 200, 250, and 400 Hz for respectively
CHs, CH, and CH groups. However, for Ckgroups, the proton

As demonstrated previously for tley scalar couplings, the
Jun scalar couplings, although smaller (typically 90 Hz for a
one-bondlyy), can also be observed in the nitrogen dimension
when a homonuclear proterproton decoupling scheme is
applied during the detection period. This is illustrated in Figure
3a, which shows the one-dimensional nitrogen-15 spectra of

(40) Summers, M. F.; Marzilli, L.; Bax, AJ. Am. Chem. Sod.986 >N-enriched glycine recorded under proton FSLG decoupling
108, 4285-4294. (upper trace) and under proton continuous wave decoupling

(41) Kalinowski, H.-O.; Berger, S.; Braun, Sarbon-13 NMR Spec-  (jower trace). Under homonuclear decoupling, thesNeso-
troscopy John Wiley & Sons: Chichester, 1988. . ~oy.

(42) Hansen, P. E.; Feeney, J.; Roberts, G. Cl.Hlagn. Resorl975 nance clearly shows a quartet pattern with the expected 1:3:3:1
17, 249-261. intensity distribution, although the four lines are barely resolved.
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Table 1. Proton, Carbon-13, and Nitrogen-15 Chemical Shifts for

the Solid-State Boc-Ala-Ala-Pro-Bz| Tripeptide Measured from (a)

2D MAS-J-HMQC Spectra

Residue Al A2 P
Proton chemical shifts (ppm)
H" 6.36 8.71
H* 4,11 5.21 5.31
HP 1.66 1.01 2.36
HY 296 1600 1500 1400
o0 3.96 Nitrogen Frequency (Hz)
Carbon-13 chemical shifts (ppm)
NP) N(A2) N(Al)
C' 171.9 171.9 171.9 (b)
c 51.7 45.3 59.0
CP 20.3 19.4 30.8 )
=y
(ol 25.7 B4
<54
(0% 49.0 2
Nitrogen-15 chemical shifts (ppm) = ﬂ
N 89.5 1114 1238 -y
2 9] !
@)
. 1 £
73 1 = . . ; . .
other O/Di )&o : Q‘?: 130 120 110 100 % 80

groups 3

Nitrogen Chemical Shift (ppm)

Figure 3. (a) One-dimensional nitrogen-15 cross-polarization spectrum
of [**N]-glycine acquired with FSLG proton decoupling (upper trace)

Carbon-13 chemical shifts (ppm)

C, 137.3 C, 29.6 . . . .
and with continuous wave proton decoupling (lower trace) during
C,o/ Cys 130.8/128.4 C, 77.3 acquisition. A proton decoupling field strength of 100 kHz was used
C 127.8 C 155.7 in both cases (spinning frequency 12.5 kHz). (b) Nitrogproton two-
4 ’ 3 ’ dimensional MAS-J-HMQC spectra of the natural abundance tripeptide
C, 66.8 Boc-Ala-Ala-Pro-O-Bzl. The spinning frequency was 12.5 kHz and
Proton chemical shifts (ppm) was 4.32 ms. A total of 11 acquisitions with 256 scans each were
acquired (repetition delay 2 s). The spectral width in the proton
H,/H, 7.26/6.81 H, 1.26 dimension was 13042 Hz. The other experimental conditions are the
o same as in Figure 2. The 1D CP-MASN spectrum is shown above
H, 6.46 the 2D spectrum.
H, 5.16

it 13 and it 5 - ; - ~the multiple-bondH,13C) MAS-J-HMQC spectrum, the amide
n the carbon-13 and nitrogen-15 dimensions, frequencies are given ; ; ; ;
with respect to liquid TMS (0 ppm) and solid ammonium chloride (35.9 proton line widths are slightly larger (about 400 Hz) than in

ppm), respectively. In the proton dimension, the chemical shift scale the _(l_HvlsN) MAS-J-HMQC spectrum (about 300 Hz) and in
was adjusted by recording the proton spectrum of liquid TMS (0 ppm), addition exhibit some splittings (data not shown). This effect

and under the same spectral conditions, the 1D proton spectrum of thecan be attributed to residual dipolar interactions between the

tripeptide under fast MAS (14 kHz). The chemical shift of the Boc : ) : :
CHjs resonance, which is easily identified as the major peak in the high- proton and nitrogen-14 nuclei, which are not fully averaged out

field part of the 1D'H spectrum, was measured at 1.26 ppm and then PY MAS due to the strong quadrupolar moment&d.44
used to reference the 2D HMQC spectra. Errors on the reported
chemical shifts are estimated to be aroub@.05 ppm.

5. Conclusions

The pulse sequence of Figure 1 can thus be applied without | conclusion, we have shown that MAS-J-HMQC experi-
any modification to acquire aH,**N) MAS-J-HMQC spectrum.  ments constitute a powerful tool for the characterization of the
The 2D (1H315N) MAS-J-HMQC spectrum of the _trlpeptlde IS" NMR spectra of solid-state natural abundance organic molecules.
showr_l in Flgure 3b. Using this 2D map, the assignment of the Despite the small size of multiple-borddy; scalar couplings,
one-dimensional*N MAS spectrum (shown above the 2D e have demonstrated experimentally the feasibility of observing
spectrum) is relatively straightforward. First, the nitrogen on4 range through-bond correlations, which is an important step
resonance at 123.8 ppm whlch.does not correlate with any proton o\ vard complete assignment BC CPMAS spectra. Note that
chemical shift can be unambiguously assigned to the proline i\ 54 pe difficult to reliably identify multiple-through-bond

residue. Then,_the two other nitrogen nuclei are eaS|_Iy identified correlations using dipolar-based techniques, since at long contact
from the chemical shift of their directly attached amide proton:

the >N resonances at 89.5 and 111.4 ppm are assigned (43) Brown, S. P.; Schnell, I.; Brand, J. D.;"Men, K.; Spiess, H. W.
respectively to the Al and A2 residues (Table 1). Note that in J. Am. Chem. Sod.999 121, 6712-6718.
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times dipolar methods usually lead to a wide range of through-  Additionally, we have shown that a natural abundance
space interactions, often including intermolecular contacts. This (*H,'>N) MAS-J-HMQC experiment is practicable. By com-
highlights the interest of the long-range HMQC experiment bining these various new MAS-J-HMQC correlation experi-
presented here, which will only yield pure through-bond corre- ments, we have demonstrated the complete proton, carbon-13,
lations. In fact, long-range dipolar and scalar experiments are and nitrogen-15 resonance assignment of a natural abundance
complementary techniques and differences in the correlation tripeptide. To our knowledge the study reported here is the first
patterns could be very informative to identify, for example, example of a complete NMR characterization of a medium-

effects such as hydrogen bonding in solids. sized molecule (33 protons, 23 carbons, and 3 nitrogens) at
(44) Hexem, J. G.; Frey, M. H.; Opella, S.1I.Am. Chem. Sod.981 natural abundance in the solid state. The assignment procedure

103 224-226. is relatively straightforward. Thus the strategy proposed here
gig; gﬁﬁill/IWWW-eSS-lLyon-fﬂsllMJN(;WE_- b Emsieychem. Ph is expected to be practicable for the widespread characterization

akellariou, D.; Lesage, A.; Hodgkinson, P.; Emsle em. yS.

Lett. 2000 319, 253-260, ' g of even more complex systems.

R (é?gBgﬂg;u'éhfﬁgg”fg;'f%;{";Auger' M.; Lakshmi, K. V.; Griffin, Acknowledgment. The authors would like to thank Dr.
' (48) Metz, G.; Wu, X.; Smith, S. Ql. Magn. Reson. A994 110, 219 Laure Guy and Dr. Jdke Vidal for the sample of the Boc-Ala-

227. Ala-Pro-O-Bzl tripeptide.

(49) Hediger, S.; Meier, B. H.; Kurur, N. D.; Bodenhausen, G.; Ernst,
R. R.Chem. Phys. Lettl994 223 283-288. JA0018320



