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Abstract

In this article, we show the potential for utilizing proton-detected heteronuclear single quantum
correlation (HSQC) NMR in rigid solids under ultra-fast magic angle spinning (MAS) conditions.
The indirect detection of carbon-13 from coupled neighboring hydrogen nuclei provides a sensitivity
enhancement of 3 - 4 fold in crystalline amino acids over direct-detected versions. Furthermore, the
sensitivity enhancement is shown to be significantly larger for disordered solids that display
inhomogeneously broadened carbon-13 spectra. Latrodectus hesperus (Black Widow) dragline silk
is given as an example where the sample is mass-limited and the sensitivity enhancement for the
proton-detected experiment is 8 - 13 fold. The ultra-fast MAS proton-detected HSQC solid-state
NMR technique has the added advantage that no proton homonuclear decoupling is applied during
the experiment. Further, well-resolved, indirectly observed carbon-13 spectra can be obtained in
some cases without heteronuclear proton decoupling.

1. Introduction

The recent advent of NMR magic angle spinning (MAS) probes capable of MAS frequencies
in excess of 60 kHz has opened the door to a number of new experimental approaches in solid-
state NMR. For example, it has been recently shown by utilizing ultra-fast (> 60 kHz) MAS
rates that band-selective cross-polarization (CP) can be readily accomplished with no loss in
sensitivity [1]. The combination of very fast (30 - 40 kHz) and ultra-fast MAS conditions with
low power decoupling techniques has led to fast acquisition methods for paramagnetic
biomolecules and proteins [2-5]. Significant improvements in the sensitivity and resolution of
solid-state proton NMR spectroscopy have been achieved by coupling combine rotation and
multiple pulse spectroscopy (CRAMPS) with ultra-fast MAS [6-8]. These ultra-fast MAS
conditions significantly average the 1H-1H homonuclear dipolar coupling resulting in
sufficiently resolved *H resonances in rigid solids [9-11]. The 1H resolution can be further
enhanced when very fast MAS frequencies are applied at high magnetic field strengths
[8-10,12]. Further, ultra-fast MAS rotors have a small sample volume (~ 1 pL for the 1.2 mm
MAS probe utilized in this study) and excellent filling factor permitting the analysis of
biomolecular samples that were previously inaccessible because of sample size limitations.
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An ability to obtain sufficient resolution in the 1H dimension of rigid solids by implementing
very fast MAS permits indirect detection approaches to improve sensitivity in biomolecular
solid-state NMR without the need for deuteration protocols [13-17]. Indirect or proton-
detection is commonly used in multi-dimensional heteronuclear liquid-state NMR
spectroscopy to increase sensitivity and reduce experimental collection times [18,19]. Liquid-
state NMR indirect detection [18] schemes usually exploit insensitive nuclei enhanced by
polarization transfer [20] (INEPT) steps to obtain multidimensional heteronuclear single
quantum correlation (HSQC) spectra. In solid-state NMR, proton-detection schemes typically
rely on two heteronuclear through space dipolar transfer steps either utilizing cross polarization
[12-17,21-24] (CP), rotational echo double resonance [25] (REDOR), or transferred echo
double resonance [26] (TEDOR) coupled with very fast MAS. It has been shown in rigid solids
that through-bond INEPT J-transfers can be accomplished [27] in a direct-detected fashion
if 1H homonuclear decoupling is applied during the transfer steps with a suitable CRAMPS
method (i.e. e-DUMBO-1) [28]. More recently, it was shown that INEPT transfers can be used
for proton-detection in partially mobile organic-inorganic hybrid materials under fast MAS
[29].

In the present article, it is shown for rigid solids that two INEPT transfer steps can be utilized
for proton-detection in solid-state NMR analogous to the commonly used liquid-state
methodology [18] without the need for 1H homonuclear decoupling. This experiment relies on
implementing ultra-fast MAS at 60 kHz to lengthen the proton transverse lifetime (T»'H)
enabling polarization transfers with INEPT blocks, resulting in a significant sensitivity gain
over the direct-detected experiment. Although the polarization transfer mechanism appears to
be primarily dipolar in nature, the solid-state HSQC experiment is selective and has the added
advantage that no proton decoupling is necessary. Comparisons are made between the
sensitivity and resolution obtained for crystalline amino acids and a mass-limited disordered
biopolymer, Latrodectus hesperus (Black Widow) dragline silk.

Solid-state NMR spectra collected with the carbon-detected version of the refocused INEPT
experiment (Fig. 1a) are presented in Fig. 2. Carbon-13 refocused INEPT spectra were acquired
on the model compounds [U-13C/15N]-L-alanine and [U-13C/15N]-L-isoleucine.

Typical 1H—13C CP-MAS spectra are shown for comparison purposes where a long (1 ms)
and short (20 ps) contact time was implemented for the two samples (Fig. 2a, b and d, e).
Comparing the INEPT transfer to the shorter CP contact time is essential since, this is the
standard experimental procedure in biomolecular solid-state NMR for obtaining more selective
CP transfers for correlation experiments [12,27,30-34]. These shorter CP contact times result
in a 5-fold decrease in the signal to noise ratio (S/N) compared to the spectra collected with a
1 ms CP contact time for the CH groups and 10-20 times lower S/N for the more mobile
CHg3 groups.

The sensitivity of the refocused INEPT spectra depends on the transfer times t and t'. In the
case of liquid-state NMR, where T»"H and the carbon-13 transverse lifetime (T,'C) are 2 - 3
orders of magnitude longer than those observed in ultra-fast MAS experiments of solids, the
optimal value for T and 1’ is 1/4Jcy (~1.7 ms considering Jcy = 150 Hz) [20]. We find in rigid
solids under 60 kHz MAS, that T,'H is 1 ms for CH and CH3 groups and 550 ps for CH, groups
while, the T, is 1.1 - 1.7 ms, 0.5 - 0.9 ms, and 2.0 - 2.2 ms when measured without proton
decoupling during the spin-echo t delays for CH, CH, and CHs groups, respectively (see
supplementary material, Fig. S1and S2). The optimal T and ' values for [U-13C/15N]-L-alanine
that only contains CH and CH3 groups was found to be 500 ps (Fig. 2c). The sensitivity of this
refocused INEPT experiment is 5 times less compared to that observed for the 1 ms CP
experiment but, is superior to the selective CP experiment for the CHz group. When CH, groups
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are present in the sample, as is the case in [U-13C/1°N]-L-isoleucine, the t and t’ delays need
to be decreased to 100 ps to obtain maximum polarization transfer for these groups (Fig. 2f).
This results in some sacrifice of signal intensity for the CH3 groups however, the overall S/N
is still superior compared to selective CP. It should also be noted for the refocused INEPT
spectra that the polarization transfer appears selective for protonated carbons as evidenced by
the absence of the nonprotonated carbonyl resonance in the 13C INEPT spectrum of both
[U-13C/15N]-L-alanine and [U-13C/15N]-L-isoleucine (Fig. 2 ¢ and f).

The observation of significant transfer efficiency for the CH, group in [U-13C/15N]-L-
isoleucine (40% compared to 1 ms CP, see Fig. 2 d and f) with short T and ' delays of 100 ps
brings to question the actual mechanism of polarization transfer in these experiments. A number
of numerical simulations were considered to elucidate the operative polarization transfer
mechanism in these experiments that included contributions from both the J-coupling and
dipolar coupling. The results of these simulations are presented in the supplementary material
Fig. S3 and S4. The simulations indicate that the polarization transfer in these rotor-
synchronized refocused INEPT experiments without proton homonuclear decoupling during
the t delays is dictated primarily by the presence of 1H-IH homonuclear and 1H-13C
heteronuclear dipolar couplings with minimal contributions from the J-coupling for these short
tand ' delays. Thus, the polarization transfer mechanism is primarily dipolar. It should be
noted that these rotor-synchronized INEPT experiments presented here, differ from the non-
rotor-synchronized dipolar INEPT experiments described previously [2,3,35].

The refocused INEPT experiment can be readily extended to 2D HETCOR experiment utilizing
the pulse sequence in Fig. 1b. The 2D H/13C refocused INEPT-HETCOR spectrum for
[U-13C/15N]-L-isoleucine is presented in Fig. 3. The T and t’ delays were set to 150 ps to yield
comparable polarization transfer for the various CHp groups present in L-isoleucine. This is
evidenced by the 13C projection in Fig. 3 where similar signal intensity is observed for CH,
CHo, and CH3 groups. Although the polarization transfer mechanism in these refocused INEPT
experiments appears to be primarily dipolar, the observed correlation spectrum is dominated
by one-bond CH interactions with little evidence for long-range correlations that typically
appear in dipolar HETCOR experiments. Note the absence of the NH3* moiety that has no
directly bound carbon and would be present in the 8 — 10 ppm region of the spectrum. Overall,
the selectivity of the HETCOR spectrum closely resembles that previously obtained by Elena
etal. with INEPT-HETCOR experiments that included proton homonuclear decoupling during
the 1 delays and are driven solely by the heteronuclear J-coupling [27]. One distinct difference
between the two experiments that should be noted is the proton resolution. Although the proton
resolution observed here with ultra-fast MAS is good, it is expected to be superior when proton
homonuclear decoupling is included during the evolution period [7].

The INEPT-HETCOR technique can be further extended to include proton-detection by
implementing the pulse sequence in Fig. 1c. This experiment is analogous to the liquid-state
proton-detected HSQC approach [18]. It involves two INEPT transfer steps separated by a t;
evolution period for indirectly detecting the 13C dimension. A 1H = pulse is inserted at the
center of the t; evolution period to decouple proton. Note no other proton decoupling is applied
during the experiment. The 1D HSQC spectra are displayed for [U-13C/1°N]-L-alanine and
[U-13C/15N]-glycine in Fig. 4a and b, respectively. Similar to the 13C-detected experiments
presented in Fig. 2, these proton-detected HSQC spectra appear selective where protons bound
to carbon dominate the spectrum. In the case of alanine, the NH3* resonance is completely
absent and only a minor NH3* resonance is observed in the glycine spectrum.

The S/N ratios for the HSQC spectra displayed in Fig. 4 are 3 - 4 times greater than the 13C-
detected refocused INEPT version for both [U-13C/15N]-L-alanine (Fig. 2c) and [U-13C/15N]-
glycine (data not shown) showing a clear sensitivity advantage to indirect detection with these
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refocused INEPT transfers in solids with ultra-fast MAS. The experimentally observed
sensitivity gains can be compared to the theoretical sensitivity enhancement factor, &, that can

be estimated from:
3/2 1/2
eo2) (i)
"\ W, ()

where n is the number of protons bound to the indirectly detected 13C group, y is the
gyromagnetic ratio, and W is the effective line width [21,36-38]. It should be noted that this
equation is highly simplified and assumes ideal polarization transfer efficiency, similar probe
quality factors, Q, and electronics for the 1H and 13C channels. The experimentally observed
sensitivity gain for the alanine CH and glycine CH, group is 4- and 3-fold and compares well
to the calculated & value that predicts a 4-fold gain for the two groups. For the alanine methyl
group, the experimental enhancement is 4-fold, significantly less than the calculated &, which
predicts an 8-fold sensitivity enhancement. Comparing the experimentally observed sensitivity
gain to the calculated ¢ indicates that there is some signal lost during the two INEPT transfer
steps for the methyl resonance. However, this signal loss comes with a significant resolution
enhancement. The proton line width of the alanine methyl group detected with the HSQC pulse
sequence is 40% narrower compared to that observed with a single pulse experiment with 60
kHz MAS (see Fig. 4a). Resolution enhancement in solid-state proton experiments that involve
delayed acquisition or spin-echoes have been reported previously [39,40] and recently been
explained to occur because of a rapid dephasing for specific crystallite orientations when the
dipolar coupling network is strongly anisotropic [41]. It is likely that a similar line narrowing
mechanism is operative here.

A 2D proton-detected 13C/"H HSQC NMR spectrum was collected for a natural abundance
sample, L-alanine, and an isotopically labeled sample, [U-13C/15N]-L-isoleucine (Fig. 5a, b).
For the natural abundant L-alanine sample, the HETCOR spectrum was acquired in 2.5 hours.
A 13C-detected INEPT-HETCOR spectrum having similar sensitivity would take > 40 hours
considering the 4-fold gain in sensitivity observed for the proton-detected HSQC over

the 13C-detected version (see Fig. 2, 4). This shows the applicability of the HSQC technique
for shortening experimental collection times for solid samples at natural abundance. This
sensitivity gain does come with some loss in resolution for the indirectly detected 13C
dimension. Because there is no proton decoupling applied during the t; evolution period, the
resolution is determined primarily by T,’C determined under 60 kHz MAS without proton
decoupling. For example, T,'C for [U-13C/15N]-L-alanine measured without proton decoupling
during the t-delays of a spin-echo pulse sequence are 1.6 and 2.2 ms for the CH and CHj3
resonances, respectively (see supplementary material, Fig. S2). These relaxation times
predict 13C line widths (FWHM = 1/2T,’C) that are 145 and 200 Hz; roughly twice the line
width observed in the 13C CP-MAS spectrum collected with TPPM proton decoupling where
the line widths are 112 and 62 Hz, respectively (see Fig. 2a). The resolution degradation of the
indirectly detected 13C dimension is exacerbated when the sample contains CH, groups as is
the case for [U-13C/25N]-L-isoleucine (Fig. 5b). These groups are the most difficult to decouple
and the observed resolution is degraded 5-fold for the CH, resonances in the 13C dimension
of the 13C/TH HSQC spectrum. The 5-fold decrease in resolution agrees with the much shorter
T,'C determined for the CH, group compared to the CH and CH3 groups (see supplementary
material, Fig. S2).

The degradation in resolution for the indirectly detected 13C dimension of the 2D 13C/AH HSQC
spectra is a major drawback to this approach for complex crystalline solids where resolution
is essential. Incorporation of a suitable proton decoupling method (i.e. TPPM) during the t;
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evolution period should alleviate this problem. Such an approach has been demonstrated by
Bax et al. to improve the resolution for indirectly-detected 13C and 15N spectra in liquid-state
protein NMR spectroscopy where WALTZ [42] proton decoupling was applied during the t;
evolution period [19]. Unfortunately, this requires two refocused INEPT blocks opposed to the
two traditional INEPT blocks utilized in the 2D 13C/IH HSQC experiment. The use of
refocused INEPT blocks will result in a considerable loss in sensitivity for a multitude of
reasons [19]. Of primary importance here, are the eight T delays that will be required for the
refocused method compared to only four t delays for the classical HSQC experiment (Fig. 2c).
When the rapid T’ (see supporting information Fig. S1 and S2) for the rigid solids studied here
are considered and the 4 additional T delays required for implementing refocused INEPT blocks
the sensitivity advantage of proton detection will be almost completely negated.

Although the proton-detected 2D 13C/AH HSQC experiments suffer from a resolution
hindrance for the 13C dimension when crystalline samples are probed, this is not the case for
samples that are intrinsically disordered. The 13C CP-MAS spectrum of a disordered
biopolymer, Black Widow dragline silk, is presented in Fig. 6. The 13C resonances are
inhomogeneously broadened due to a high degree of structural disorder that results in a
distribution of conformation dependent isotropic chemical shifts. The observed line widths are
520, 690, and 810 Hz for the Ala C,, (CH), Gly C,, (CH,) and Ala Cg (CHa), respectively. These
line widths are 5 — 10 times broader compared to those observed for the crystalline amino acids
however, the corresponding T»'C measured with a spin-echo without proton decoupling during
1 for the dragline silk are slightly longer compared to those observed for the crystalline amino
acids. The T, for the dragline silk are 2.5, 1.4, and 2.8 ms for the Ala C,, (CH), Gly C,,
(CHy), and Ala Cg (CHj), respectively (data not shown). It should also be noted that the
dynamics of spider dragline silks have been studied extensively and are completely rigid on
NMR timescales in their native state [43-46].

The 2D proton-detected 13C/AH HSQC NMR spectrum for the Black Widow dragline silk is
depicted in Fig. 7. The 2D HSQC spectrum was obtained under analogous conditions to the
crystalline [U-13C/25N]-L-isoleucine spectrum (Fig. 5b) that showed significant resolution
degradation in the indirectly detected 13C dimension. For the dragline silk sample, the
resolution in the proton-detected 13C dimension is comparable to 13C CP-MAS spectrum
collected with 210 kHz TPPM proton decoupling during acquisition even though no proton
decoupling was applied during the 2D HSQC experiment. All resonances display resolution
that is comparable to the 13C CP-MAS spectrum with the exception of the Gly C,, where a
slightly broader line width is observed (~20%). This shows that this approach is applicable to
samples that display a large degree of heterogeneous line broadening with essentially no
degradation in resolution.

The 13C/XH HSQC spectrum provides access to the proton chemical shifts that contain valuable
information regarding both primary and secondary structure. In the past, secondary structural
analysis of spider silks has been limited to the 13C chemical shifts because of the limitation
on 1H resolution due to the strong homonuclear dipolar coupling [44,46-48]. However, it has
been shown for polypeptides and silkworm silks with proton CRAMPS NMR methods that the
proton dimension can contain conformational information [49,50]. For Black Widow dragline
silk, we obtain sufficient resolution in the proton dimension by applying ultra-fast MAS to
extract the proton chemical shift for each residue group. It can be readily determined from the
Ala H, chemical shift of 5.0 ppm that the poly(Ala) blocks of the two proteins major ampullate
spidroin 1 (MaSp1l) and major ampullate spidroin 2 (MaSp2) that make up the Black Widow
dragline silk are present in a B-sheet structure [51]. Helical structures are expected to appear
at a much lower chemical shift of 4 ppm, while B-sheet structures consistently appear near 5
ppm [49,50]. A complete structural characterization of Black Widow dragline spider silk will
be presented in a subsequent publication.

J Magn Reson. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Holland et al.

Page 6

The observed sensitivity gain in proton-detected HSQC experiments in heterogeneous solids
is far greater than the sensitivity gains observed in the crystalline amino acids. This is a direct
result of the line width difference between the proton and 13C dimensions in the two types of
samples. For example, in crystalline [U-13C15N]-L-alanine the respective proton and 13C line
widths are 570 Hz and 112 Hz and 550 Hz and 62 Hz while, the Black Widow dragline silk
exhibits alanine line widths that are 1200 Hz and 520 Hz and 820 Hz and 810 Hz for the CH
and CH3 groups, respectively. Utilizing equation 1 the theoretical & value can be calculated.
For the Black Widow spider silk sample, the calculated & values for the CH, CH», and CH3 are
11, 8, and 24 compared to 4, 4, and 8 for the crystalline amino acids (see discussion above).
Note for the methyl group a theoretical & comparable to liquid-state NMR is possible because
the line widths are nearly identical in both dimensions. The experimental sensitivity gain for
the Black Widow spider silk was obtained by collecting a 2D 13C-detected INEPT-HETCOR
and a proton-detected HSQC spectrum and comparing the S/N of slices extracted at the Ala
Co/Hq (CH), Gly Cy/H,, (CH2) and Ala Cg/Hg (CH3) (see Fig. 8). We find a 9-, 8-, and 13-fold
larger S/N ratio for the proton-detected HSQC experiment compared to the 13C-detected
INEPT-HETCOR. These values agree with the calculated & values with exception of the methyl
group where the experimental sensitivity gain is roughly half the calculated one. This result is
similar to that observed for crystalline [U-13C1°N]-L-alanine (see discussion above) and also
come with a similar resolution enhancement for the Ala Cg of ~40%.

3. Discussion

For the proton-detected 13C/TH HSQC experiment, we find as a rule of thumb that if the
observed 13C line widths exceed those predicted by the T,'C determined without proton
decoupling under ultra-fast MAS then this approach will improve sensitivity with little to no
degradation of the indirectly-detected 13C dimension. The most common set of solid samples
that meet this condition are amorphous solids and polymers. For example,
polymethylmethacrylate (PMMA) meet this requirement where the 13C line widths and T,"C
under ultra-fast MAS are comparable to those observed for the spider silk sample discussed
here (data not shown). We expect this approach to be applicable to other disordered
biopolymers that exhibit heterogeneously broadened resonances such as: silkworm silks and
silk-like materials [52-58], elastin [59-61], and collagen [62]. Other potential candidates
include humic substances from soil or natural water supplies [63,64].

The Black Widow dragline silk sample provides an example of an intriguing biopolymer that
exhibits a toughness that exceeds Kevlar and an extensibility that is double that of high tenacity
nylon [65-68]. The origin of the silk's incredible mechanical properties is believed to result
from the structural organization of the two proteins MaSp1 and MaSp2 that comprise the silk
[69,70]. To date, structural studies of spider silk with solid-state NMR have been primarily
limited to the Nephila clavipes and Nephila edulis species because of their large size and thus,
manageable silk production (~ 1 mg per 1 hour silking session). Unfortunately, only the partial
primary amino acid sequence of the MaSp1 and MaSp2 proteins are known for these species
[69,70]. Knowledge of the entire primary amino acid sequence of the two proteins is essential
for a complete structural characterization. For the Black Widow species, the primary amino
acid sequence of the two proteins has been completely determined [51]. However, sample
limitation problems due to the smaller size of Black Widow spiders (~ 100 ug of silk per silking
session) has limited its structural characterization with solid-state NMR. We envision that the
availability of MAS probes that have small sample volumes (~ 1 uL) capable of ultra-fast
MAS rates will open the door to a number of previously inaccessible structural problems in
chemistry, materials science, and biology and will benefit from the proton-detected solid-state
NMR approach presented here.
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4. Conclusion

In conclusion, it has been shown that proton-detected HSQC experiments based on INEPT
transfers can be performed on rigid solids with ultra-fast MAS. Although the polarization
transfer appears to be primarily dipolar, the resulting 2D HETCOR spectra are dominated by
one-bond correlations. The sensitivity gains in crystalline amino acids were shown to be 3 - 4
fold. For Black Widow dragline silk, where the sample size is limited and the material is
primarily non-crystalline, the sensitivity gain was approximately an order of magnitude (8 -
13 fold depending on the residue group). In addition, the resolution in the indirectly-
detected 13C dimension of the HSQC spectrum for the dragline silk sample was comparable
to the resolution obtained in the 1D CP-MAS spectrum collected with high power proton
decoupling even though no proton homo- or heteronuclear decoupling was applied during the
HSQC experiment. The proton-detected HSQC NMR approach with ultra-fast MAS should be
broadly applicable to disordered organic solids such as disordered biopolymers, amorphous
synthetic polymers, humic substances and glassy materials.

5. Experimental section

5.1. Materials

The uniformly 13C/1°N-labeled crystalline amino acids were obtained from Cambridge
Isotopes (Andover, MA) and used as received. Major ampullate spider silk was drawn from
adult female Latrodectus hesperus (Black Widow) spiders at a rate of 2 cm/s similar to a
previously described method [71]. During forcible silking, the spiders were carefully monitored
under a dissection microscope to ensure that only major ampullate silk was collected. The
spiders were forcibly silked every other day. During a silking session, the spider was hand fed
one half of a cricket in addition to a 13C-enriched MEM5550 (SigmaAldrich, St. Louis, MO)
solution. This feeding and silk collection protocol was repeated every other day for 30
consecutive days. Each 1 hour silking session produced approximately 100 pg of sample. The
final 10 silkings were pooled together to yield 1 mg of Black Widow dragline silk. The silk
does not show uniform 13C enrichment for each amino acid in spider silk fibers. Rather, the
silk displays selective 13C enrichment at Gly, Ala, GIn, and Ser. The 13C enrichment was
estimated by comparing peak intensities from the 13C CP-MAS spectrum of the isotopically
labeled sample to those observed for a natural abundant silk sample. The 13C enrichment is a
modest 10-15% depending on the residue.

5.2 Solid-state NMR spectroscopy

Solid-state NMR spectra were collected on a Varian VNMRS 800 MHz spectrometer equipped
with a 1.2 mm triple resonance MAS probe operating in double resonance mode (*H/13C). The
pulse sequences utilized to collect the 1H/13C refocused INEPT, two-dimensional (2D) INEPT-
heteronuclear correlation (HETCOR), and proton-detected 2D HSQC spectra are depicted in
Fig. 1. The refocused INEPT experiments (Fig. 1a, b) differ from previous solid-state INEPT
experiments [27] in that there is no 'H homonuclear decoupling during the T and ' steps and
rely only on MAS at 60 kHz for averaging the strong proton dipolar coupling. These pulse
sequences are essentially identical to refocused INEPT experiments applied in liquid-state
NMR [72]. The proton-detected 2D HSQC experiment (Fig. 1c) is analogous to the liquid-state
NMR approach first proposed by Bodenhausen and Ruben [18]. The t and t’ delays were
carefully rotor-synchronized accounting for the finite length of each = pulse. The optimal value
for the T and t' delays depends on the sample and the degree of protonation (i.e. CH, CH, or
CHs) of the residue group (discussed below). The *H and 13C n/2 pulse length was 1.2 and 1.4
us, respectively. The hypercomplex (States) method was implemented to obtain phase sensitive
2D spectra [73]. The experimental parameters for obtaining 13C CP-MAS spectra were a 1.2
us 1H n/2 pulse, a 1 ms ramped (~10%) 1H spin-lock pulse with a rf field strength of 150 kHz
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at the ramp maximum and a 13C square contact pulse. The MAS frequency was 60 kHz and
the 1TH—13C CP condition was matched to the -1 spinning sideband in the Hartmann-Hahn
profile on the 13C channel. Two pulse phase modulated [74] (TPPM) 1H decoupling with a
210 kHz rf field strength and a 12° phase shift was applied during acquisition in all 13C-detected
experiments. There was no proton homonuclear or heteronuclear decoupling applied in the
proton-detected HSQC experiments. The 13C and 1H chemical shift was referenced indirectly
by setting the downfield (high ppm) 13C resonance and single H resonance of adamantane to
38.56 ppm and 1.63 ppm, respectively. Sample heating due to MAS at 60 kHz is approximately
30 — 35 °C resulting in an actual sample temperature of 50 — 55 °C [75].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The NMR pulse sequences used for collecting (a) refocused INEPT, (b) 2D refocused INEPT-
HETCOR, and (c) 2D proton-detected HSQC spectra. The phase cycle was ¢; = [+X]g[-X]sg;
02 = +X,-X; 93 = +Y ,+Y,-Y Y5 04 = [+X]a[+Y]a[-X]a[-Y]a; 05 = [+X,-X]2[+Y ,-Y]2; @rec =
+X,+X,-X,-X,+Y,+Y,-Y,-Y for the refocused INEPT experiment in (a), (b) and ¢1 = [+Y,+Y,-
Y,-Y14; 02 = [+X]a[-X]a; @3 = +X,-X; 04 = [+X]g[-X]g; @rec = +Y,-Y,-Y,+Y,[-Y,+Y +Y -

Y]o+Y,-Y,-Y,+Y for the HSQC experiment in (c).
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Fig. 2.

13C CP-MAS NMR spectra collected with a contact time of (a, d) 1 ms, (b, €) 20 us, and (c,
f) 13C refocused INEPT NMR spectra obtained with 60 kHz MAS for [U-13C/15N]-L-alanine
and [U-13C/15N]-L-isoleucine, respectively. The CP-MAS spectra were acquired with linear
ramped (~10%) CP on the *H channel and the 13C channel matched to the -1 spinning sideband
condition in the Hartmann-Hahn profile. Refocused INEPT spectra were collected with T = 7’
=500 ps and 100 ps for alanine and isoleucine, respectively. TPPM proton decoupling was
applied during acquisition in all experiments with a rf field strength of 210 kHz and the recycle
delay was 5 s. The alanine and isoleucine data were acquired with 16 and 64 scans, respectively.
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Fig. 3.

The 2D 1H/13C refocused INEPT-HETCOR NMR spectrum of [U-13C/15N]-L-isoleucine. The
delays T and ©’ were set equal to 150 ps, the MAS frequency was 60 kHz, and TPPM 1H
decoupling was applied during acquisition with a rf field strength of 210 kHz. The recycle
delay was 5 s, the sweep width in the indirect dimension was 30 kHz and 16 scans were acquired
for each of the 128 complex t; points
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Fig. 4.

The 1D proton-detected HSQC NMR spectrum of (a) [U-13C/1°N]-L-alanine and (b)
[U-13C/15N]-glycine. The delays t and ©’ were set equal at 500 ps and 100 ps for alanine and
glycine, respectively. The MAS frequency was 60 kHz, the recycle delay was 5 s, 16 scans
were collected and no proton decoupling was applied during the pulse sequence. A typical 1H
spectrum collected with 60 kHz MAS for [U-13C/15N]-L-alanine is shown in red.
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Fig. 5.

The 2D proton-detected 13C/YH HSQC NMR spectrum of (a) natural abundant L-alanine and
(b) [U-13C/15N]-L-isoleucine. The MAS frequency was 60 kHz, the sweep width in the indirect
dimension was 30 kHz and no proton decoupling was applied. For the L-alanine spectrum the
delays t and t’ were set equal to 500 us and 48 scans were collected for each of the 48 complex
t1 points. An additional 48 t; points were produced with forward linear prediction prior to
processing the L-alanine 2D spectrum. For [U-13C/15N]-L-isoleucine, the delays t and t’ were
set equal to 150 us and 16 scans were collected for each of the 128 complex t; points.
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Fig. 6.

13%: CP-MAS NMR spectrum obtained for moderately 13C-enriched (10-15%) Lactrodectus
hesperus (Black Widow) dragline silk. The CP-MAS spectrum was acquired with a 1 ms
contact time, linear ramped (~10%) CP on the *H channel, and the 13C channel matched to the
-1 spinning sideband condition in the Hartmann-Hahn profile. TPPM proton decoupling was
applied during acquisition with a rf field strength of 210 kHz, the MAS frequency was 60 kHz,
and the recycle delay was 5
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Fig. 7.

The 2D proton-detected 13C/YH HSQC NMR spectrum of moderately 13C-enriched (10-15%)
Black Widow dragline silk. The delays t and t’ were set equal to 150 ps, the MAS frequency
was 60 kHz, the recycle delay was 5 s, the sweep width in the indirect dimension was 30 kHz,
no proton decoupling was applied and 80 scans were acquired for each of the 128 t; points.

J Magn Reson. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Holland et al.

Page 19

Ala Cg Ala Hg

(a) S/N =16 d  S/N =200

Gly He,

Gly Cq,

(b) S/IN=11

AlaCg

(c) S/N =12 M S/IN=105

o4
'

=3

N4

200 180 160 140 120 100 80 60 40 20 O 12 11 10 9 8 7 6 5 4 3 2 1
3¢ Chemical Shift (ppm) "H Chemical Shift (ppm)

Fig. 8.

Slices extracted from (a — ¢) 2D refocused INEPT-HETCOR NMR spectrum and (d — f) 2D
proton-detected 13C/*H HSQC NMR spectrum of moderately 13C-enriched (10-15%) Black
Widow dragline silk. All experimental and processing parameters were identical for the two
experiments. The delays t and t' were set equal to 150 ps, the MAS frequency was 60 kHz,
the recycle delay was 2 s, the sweep width in the indirect dimension was 30 kHz and 80 scans
were acquired for each of the 96 t; points. Exponential multiplication (Ib = 50 Hz) was used
for apodization in both dimensions. The slices were extracted at the corresponding 1H

and 13C chemical shifts for the two experiments, respectively. The signal to noise ratio (S/N)
is shown for each slice

J Magn Reson. Author manuscript; available in PMC 2011 January 1.



