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Abstract

The four aromatic amino acids in proteins, namely histidine, phenylalanine, tyrosine, and
tryptophan, give highly overlapped 13C chemical shifts between 100 and 160 ppm, and have so far
been largely neglected in solid-state NMR determination of protein structures. Yet aromatic
residues play important roles in biology through m—m and cation-m interactions. To better resolve
and assign aromatic residues’ 13C signals in magic-angle-spinning (MAS) solid-state NMR
spectra, we introduce two spectral editing techniques. The first method uses gated 1H decoupling
in a proton-driven spin-diffusion (PDSD) experiment to remove all protonated 13C signals and
retain only quaternary 13C signals in the aromatic region of the 13C spectra. The second technique
uses chemical shift filters and 1H-13C dipolar dephasing to selectively detect the Ca, Cp and CO
cross peaks of aromatic residues while suppressing the signals of all aliphatic residues. We
demonstrate these two techniques on amino acids, a model peptide, and the microcrystalline
protein GB1, and show that they significantly simplify the 2D NMR spectra and both reveal and
permit the ready assignment of the aromatic residues’ signals.
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1. Introduction

Spectral overlap in solid-state NMR MAS spectra remains a challenge in structure
determination of proteins and other biological macromolecules. While 2D and 3D
correlation experiments are now routinely employed in structure determination [1-7], for
dynamically or statically disordered or conformationally polymorphic proteins, the 13C
and 15N linewidths often exceed 1 ppm [8], which make even 3D correlation spectroscopy
often insufficient for complete resolution of the signals except for the smallest proteins [9].
A number of strategies have been proposed to address this challenge. Optimized sample
preparation methods can produce conformational homogeneity, although the biological
relevance of the selected conformation is usually unclear. Sparse isotopic labeling [10-13]
and segmental labeling based on chemical ligation [14] decrease the complexity of the NMR
spectra and thus increase the reliability of the assignment, but they contain lower
information content per spectrum. Semi-automated resonance assignment protocols have
been designed to explicitly address ambiguities in resonance assignment of broad-line
spectra [15-18], but do not indicate to what extent the assignment ambiguity is due to
incomplete information or due to structural polymorphism.

Spectral editing is a complementary approach to simplify and resolve protein solid-state
NMR spectra without requiring the production of multiple samples. Spectral editing was
first developed for natural abundance organic compounds. Opella and Frey described a
modification of the 1D cross polarization (CP)-MAS experiment that selectively detects
non-protonated 13C signals by inserting a period without 1H decoupling [19]. Zilm and
coworkers distinguished between and assigned CH, CH, and CH3 groups by combining CP
with polarization inversion and depolarization, taking advantage of different polarization
transfer rates of the differently protonated carbons [20-22]. Schmidt-Rohr and coworkers
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developed various spectral editing methods based on chemical shift filtering [23-25],
multiple-quantum dipolar transfer [26; 27], and dipolar dephasing to assign the chemical
shifts of materials such as soil organic matter and carbon materials.

Recently, spectral editing has also been introduced to facilitate the structure determination of
uniformly 13C, 15N-labeled proteins. We showed how to selectively detect CH-containing
Val, Leu and lle signals using a dipolar DEPT (distortionless enhancement by polarization
transfer) technique, distinguish carboxyl-containing Asp and Glu sidechains from amide-
containing Asn and GIn by asymmetric 13C-15N REDOR, and selectively detect dynamic
residues by gated 1H decoupling [28]. In addition to spectral editing based on chemical
structure and molecular motion, differences in the Ca chemical shift anisotropies (CSAS)
and backbone ¢ torsion angle between B-strand and a-helical residues have been exploited
to simplify 2D correlation spectra and selectively detect helical or strand residues [29; 30].
Similarly, another structural property, which is the differential water contact of protein
residues, has been used to edit the spectra of membrane proteins [8; 31-33].

However, so far most protein spectral editing techniques target aliphatic residues, and no
methods are yet available to enhance the resolution of aromatic residues. Trp, His, Tyr and
Phe play important roles in biology through m—mr and cation-m interactions among
themselves and with polar residues [34-36] and by functionally relevant ring motions [37;
38]. Trp is also well known to stabilize membrane protein structure and topology by acting
as an anchoring residue at the membrane-water interface [39]. Aromatic carbons in these
four amino acids largely resonate between 140 and 100 ppm, giving rise to a highly
congested spectral region. Fig. 1 shows the 13C chemical shift distribution, extracted from
the BMRB database [40], of 23 aromatic carbons in proteins. For residue-type assignment,
the only well resolved signals are the non-protonated Tyr C{ peak at ~158 ppm and to some
extent the Trp Cy signal at ~110 ppm, which occupy the outer limits of the aromatic
chemical shift range. The other non-protonated carbons, including Phe Cy, Tyr Cy, His Cy,
Trp C82 and Trp Ce2, resonate between 140 and 130 ppm. For histidine, the protonation
state of the sidechain significantly affects the 13C chemical shifts [41], causing the non-
protonated Cy chemical shift to vary between 128 and 138 ppm.

Two other factors that complicate the assignment of aromatic 13C signals are their large
CSAs and the difficulty of avoiding rotational-resonance (R2) [42] line broadening that
arises when the chemical-shift difference matches the MAS frequency v, or 2v, (n=1and n
= 2 R? condition). The large aromatic 13C CSAs give rise to spinning sidebands in the
spectra that usually extend into the aliphatic region. More insidiously, the Cp and Cy
isotropic chemical shift differences of aromatic residues are typically 80-100 ppm [15],
which fall between the n = 1 and n = 2 R? conditions of 120 ppm and 60 ppm for backbone
Ca and CO chemical shifts. Thus, MAS frequencies are often accidentally close to some of
the aromatic residues’ Cp and Cy isotropic shift differences, broadening both peaks. Fig. 2a
shows the 13C CP-MAS spectra of uniformly 13C, 13N-labeled Trp under 4-12 kHz MAS at
1 kHz intervals. At the 13C Larmor frequency of 100 MHz used to measure these spectra,
these MAS frequencies correspond to 40-120 ppm. The Cy and Cp isotropic shift difference
for Trp is 80.1 ppm, which gives an n = 1 R? condition of 8 kHz (80 ppm) MAS and an n =
2 R2 condition of 4 kHz (40 ppm) MAS. Thus, the Cy and CB peaks are split and broadened
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at 4 kHz and 8 kHz MAS, as well as within 1 kHz windows of these two frequencies (Fig.
2b). Moreover, at MAS frequencies lower than 6 kHz (or 60 ppm), significant aromatic
sidebands exist that overlap with the aliphatic signals. Under 12 kHz (or 120 ppm) MAS, the
CO and Ca peaks are severely split by the R? effect. These multiple R2 conditions restrict
the choice of MAS frequencies to 11 kHz (or 110 ppm) for Trp, which gives the best
compromise of avoiding R2 broadening as well as minimizing spinning sidebands (Fig. 2a,
b). For uniformly 13C-labeled proteins with multiple aromatic residues, choosing an
appropriate MAS frequency that avoids all R? conditions is thus crucial for minimizing mis-
assignment of aromatic residues’ CB and Cry signals.

In this study, we describe two techniques for reducing spectral overlap and facilitating
assignment of the 13C signals of aromatic residues in proteins. The first technique is a
simple modification of the 2D 13C-13C PDSD experiment to include a gated H decoupling
period before direct detection. The resulting 2D PDSD spectrum correlates all 13C signals in
the indirect dimension with only the signals of non-protonated carbons in the direct
dimension. The second technique is designed to suppress all Ca-Cp cross peaks of aliphatic
residues, leaving only the Ca, Cj and CO cross peaks of aromatic residues. The Ca and Cf
magnetization of all residues is first removed by chemical shift filters and 13C-1H dipolar
filters, then the remaining aromatic 13C magnetization is transferred to the Ca, Cp and CO
of only the aromatic residues by a short spin diffusion period. We demonstrate these two
techniques on amino acids, a model peptide, and the microcrystalline model protein GB1.

2. Experimental conditions

Solid-state NMR experiments were carried out on Bruker 400 MHz (9.4 T) and 800 MHz
(18.8 T) spectrometers using 4 mm or 3.2 mm MAS probes. The samples were spun at
frequencies between 4.0 kHz and 16.5 kHz. Typical radiofrequency field strengths were 71—
83 kHz for 1H and 50-71 kHz for 13C. 13C chemical shifts were referenced to the CH, peak
of adamantane at 38.48 ppm on the TMS scale [43]. Four uniformly 13C and 15N labeled
model compounds were used to test the pulse sequences: amino acid Trp, a five-amino-acid
mixture, WYIEN, the tripeptide formyl-Met-Leu-Phe (MLF) [2; 44; 45], and the
microcrystalline protein GB1. These model systems provide increasing levels of complexity
for spectral editing, culminating in GB1, which contains six aromatic residues out of a total
of 56 residues [46].

3. Pulse sequences
3.1 1H gated decoupling PDSD (gPDSD) experiment

The conventional 2D PDSD experiment gives 13C-13C correlation peaks within an amino
acid residue at short mixing times and both short and long-range correlations at long mixing
times. With a Tq-relaxation compensation scheme, difference spectra showing only long-
range cross peaks can also be obtained [47]. To detect only non-protonated aromatic 13C
signals in the aromatic region of the PDSD spectrum, we add a *H gated decoupling period
after the spin diffusion mixing time and before t, detection (Fig. 3a). The gate during

which 1H decoupling is turned off consists of a total delay of t; + 5, which spans part of
two rotor periods. They are demarcated by a 13C 180° pulse on the rotor echo to refocus
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the 13C chemical shift, and also recouple the 13C-H dipolar coupling to better dephase

the 13C magnetization. The remaining periods during which H decoupling is on are tp; and
Tp2, Where tpq + 11 and tp + tpy equal one rotor period. t; and T, are in general not the
same. In the current work, under 10.3 kHz MAS, we found that the optimal delays for
maximal dephasing of the protonated aromatic signals are t1 = 60 ps and tp = 40 ys.

3.2 The Aromatic Selection via Spectral Editing (ASSET) experiment

4. Results

Fig. 3b shows the pulse sequence for obtaining only aromatic Ca-Cp cross peaks in the
aliphatic region of the 2D PDSD spectra. At the beginning of the pulse sequence, the 13C
carrier frequency is set in the middle of the aromatic region, around 123 ppm. A 13C 90°
pulse together with 1H-13C CP allow the detection of both dynamic and rigid functional
groups. A subsequent spin diffusion period, ty, 1, of ~500 ms further enhances the

aromatic 13C intensities by equilibrating the aliphatic and aromatic 13C magnetization, since
the low proton density of aromatic residues causes lower signals in a conventional 13C CP
spectrum [25]. After the pre-equilibration period, a 90° pulse flips all 13C magnetization to
the transverse plane, where chemical shift evolution with aromatic residues on or near
resonance is allowed to occur for a period t,, which alternates between 0 and a finite time
that creates antiparallel magnetization vectors between Ca and aromatic carbons. For
experiments at a 13C Larmor frequency of 100 MHz (9.4 Tesla), the best t,, is 0 and 83 ps. A
subsequent 90° pulse with suitable phase cycling every two scans then stores the

aromatic 13C magnetization along +z while the Ca. magnetization alternates between +z and
-z. Any transverse magnetization is then dephased by 13C-1H dipolar coupling, which is
recoupled using a 1H 180° pulse every half rotor period. After this z-filter, the stored 13C z-
magnetization is returned to the transverse plane by another 90° pulse, and a similar
chemical shift filter together with a z-filter is used to destroy the Cp magnetization. At 100
MHz 13C Larmor frequency, the optimal CB chemical shift filter time, tg, is 0 and 47 ps. Due
to the sufficiently high MAS frequency, t, and tg need not be rotor-synchronized. The z-
filter periods can also have different lengths, and were optimized to be 2 and 4 rotor periods
at an MAS frequency of ~10 kHz. At this point, the remaining 13C magnetization is mostly
aromatic, and is allowed to re-polarize the adjacent C8 and Ca during a t5-om period of 5-25
ms. The 13C carrier frequency is moved to ~73 ppm at the beginning of the t4om period to
keep potential zero-frequency artifacts outside the relevant spectral region and avoid
significant off-resonance effects. This is followed by a standard 2D PDSD module with a
mixing time of ty, o, with optional echo detection.

and Discussion

We demonstrate these two spectral editing techniques on several model compounds. Fig. 4a,
¢ show the full 2D PDSD spectra of Trp and WYIEN, where all intra-residue cross-peaks
can be assigned. The gPDSD spectra show a greatly simplified aromatic region. For Trp, all
protonated 13C signals are removed in the direct dimension, leaving only cross-peaks of the
indole Cy, C82 and Ce2 (Fig. 4b). For the amino-acid mixture, Trp Ce, C6 and Cy and Tyr
Cy and C( signals are retained with efficiencies of 42—75% compared to the full spectrum
while the protonated aromatic carbons are suppressed to 0-9% of the full intensity (Fig. 4d).
In the aliphatic-aliphatic region of the 2D gPDSD spectrum (not shown), residual Ile C& and
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Ce methyl signals are also present due to their motionally averaged 13C-1H dipolar
couplings, but the intensities are only ~6% of the full intensities. In the aliphatic-aromatic
correlation region, the suppression of the protonated 13C signals significantly simplified the
assignment of the Trp and Tyr CB and Ca chemical shifts.

The gated-decoupling sequence similarly simplified the aromatic region of the GB1 2D
spectrum (Fig. 5a, b). Although the high resolution afforded by the 800 MHz spectrometer
allowed us to resolve many aromatic 13C peaks of the three Tyr residues (Y3, Y33, Y45),
two Phe residues (F30, F52) and one Trp (W43) [46], resonance overlap remains among Phe
C& and Ce and Tyr Cy and C§ signals, which cluster around 130 ppm. With gated 1H
decoupling, most of the F30 and F52 cross peaks in the 126-133 ppm region are suppressed,
revealing the underlying Tyr Cy and C8 signals Fig. 5b). Compared to the regular PDSD
spectrum, the non-protonated 13C signals are retained to an average of 86% of the full
intensities while the protonated aromatic carbons’ signals are suppressed to an average of
18% of the full intensities. The slightly higher residual intensities of the protonated aromatic
carbons in GB1 compared to the amino acids can be attributed to two reasons. The WYIEN
sample was measured on a 400 MHz spectrometer under 10.3 kHz MAS, while GB1 was
measured on a 800 MHz spectrometer under 16.5 kHz MAS. The higher MAS frequency
was necessary to avoid overlap between the carbonyl spinning sidebands and the aromatic
signals, and the resulting shorter rotor period caused a shorter gate, thus reducing the
efficiency of dipolar dephasing. The GB1 gPDSD spectrum was measured using a total
gating delay of ©1 + o = 60 s, while the amino acid mixture was measured with a total
delay of 100 ps. The incomplete suppression under faster MAS can be remedied by
extending the dipolar dephasing period. In addition, molecular motion, which may be
present for the less hydrophobically embedded aromatic residues in GB1, can also reduce
the efficiency of gated decoupling. For example, we observe 33% residual intensity of the
Tyr C8 and Tyr Ce peak in the gated decoupling spectrum (Fig. 5b). This can be assigned to
one of the three Tyr residues, Y33, which is located on the surface of the protein with its
sidechain pointed away from the hydrophobic pore. Indeed, Y33 was found to undergo two-
site ring flips [46], which average the 13C-1H dipolar couplings, thus reducing the efficiency
of gated decoupling.

While gPDSD simplifies the aromatic region of 2D 13C PDSD spectra, the ASSET
technique selectively detects the CB-Ca, Ca-Cp, Cp-CO and Ca-CO cross peaks of aromatic
residues while suppressing those of aliphatic residues. Fig. 6a and 6d show the full 2D
spectra of the WYIEN mixture and the tripeptide MLF. All intra-residue cross peaks are
observed for WYIEN with a 20 ms mixing time (Fig. 6a) while intra- and inter-residue
correlations are both observed in MLF with 30 ms mixing (Fig. 6d). When the ASSET
technique is applied without the transfer, i.e. tarom = 0, the aliphatic signals are nearly
completely suppressed, except for a few weak methyl signals (Fig. 6b, e) and Asn and Trp
Ca-Cp peaks, which may result from incomplete chemical shift filtering. When the aromatic
transfer is turned on (tz-om = 10 ms), the Ca and Cp signals of Trp and Tyr in the mixture
are selectively enhanced, as shown by Ca-Cp and CB-Ca cross peaks on both sides of the
diagonal (Fig. 6c¢, f). These Trp and Tyr cross peaks are 20-40% of the full intensities,
compared to the incompletely suppressed lle sidechain methyl signals, which are ~3% of the

Solid State Nucl Magn Reson. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Williams et al.

Page 7

full intensities. A similar result is found for MLF. Here, the Phe shows a CB-Ca cross peak
but not the Ca-Cp peak, indicating that the 10 ms tyom is sufficiently short that polarization
transfer is dominated by the Cy to Cp transfer while Cy to Ca transfer is reduced. Such cross
peak asymmetry can be helpful for spectral editing of larger proteins.

Fig. 7 shows the 2D DARR and ASSET spectra of GB1 using a mixing time of 100 ms
between the t; and t, dimensions. The 2D spectra were measured on an 800 MHz
spectrometer under 16.5 kHz MAS, and the DARR spectrum (Fig. 7a) exhibits comparable
resolution as the published literature [46]. The ASSET sequence dramatically simplified the
aliphatic and carbony! regions of the spectrum (Fig. 7b), displaying only Ca/B-Cp/a and
Ca/p-CO cross peaks of the six aromatic residues with efficiencies of 10-20%. The CB-Ca
cross peaks of W43, Y33, and F30 are well resolved, while the CB-Ca cross peaks of Y3,
Y45 and F52 partially overlap. But the latter three residues are well dispersed by their
carbonyl chemical shifts. The aliphatic region of the ASSET spectrum has moderate
intensity asymmetry, with the CB-Ca cross peaks stronger than Ca-Cp peaks, indicating that
the aromatic carbon magnetization is transferred more readily to Cp than to Ca with the
tarom Mixing time of 25 ms used here.

5. Conclusions

We have demonstrated two pulse sequences for measuring simplified and higher-resolution
2D 13C-13C correlation spectra of aromatic residues in proteins. The gPDSD technique
results in a non-protonated aromatic 13C sub-spectrum in the direct dimension, correlated
with all carbons in the indirect dimension. The ASSET technique yields aromatic residues’
CB, Ca and CO cross peaks while suppressing all aliphatic residues’ cross peaks. The
efficiency of the gPDSD technique for aromatic carbons is 62—-86%, while the

protonated 13C signals are suppressed to less than 20% of the original intensities. The
efficiency of the ASSET experiment is 20-40% on small molecules and 10-20% on GBL.
The lower efficiency of GB1 may be due to the inherent isotropic shift dispersion, which
makes the chemical shift filter imperfect. Overall, the selectivity against non-aromatic
residues is excellent for both techniques, thus increasing the repertoire of spectral editing
techniques for complex and disordered proteins. In principle, the aromatic-residue-only Ca-
CB sub-spectrum can also be obtained in a 3D 13C-13C-13C correlation experiment [48],
provided that the aromatic 13C chemical shifts are reasonably well resolved, but the signal-
averaging time for these 3D experiments is significantly longer than for the 2D spectrally
edited ASSET experiment.
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Highlights
«  Two methods are described to selectively detect the signals of aromatic residues.
«  Gated IH decoupling selectively detects unprotonated aromatic 13C signals.
»  Chemical shift filters select the Ca, CB and CO signals of aromatic residues.

e We successfully demonstrated these techniques on model peptides and proteins.
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13C chemical shift distributions of the four aromatic residues in proteins from the Biological
Magnetic Resonance Data Bank. A large degree of resonance overlap exists in the 110-140
ppm region. (a) All aromatic 13C signals. (b) Only non-protonated aromatic 13C signals.

Small panels on the right show the chemical shift dispersions of the individual amino acids.
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Figure 2.
1D CP-MAS spectra of U-13C,15N labeled Trp as a function of MAS frequencies. (a) Full

1D spectra measured at a 9.4 T magnetic field, corresponding to 100 MHz 13C Larmor
frequency. At 8 kHz (80 ppm) and 12 kHz (120 ppm) MAS frequencies, rotational
resonance broadening is observed for the CB-Cy spin pair and the Ca-CO spin pair,
respectively. (b) Expanded Cy and Cp regions of the 13C spectra, showing R?—induced line
broadening. MAS frequencies that are within 1 kHz (or 10 ppm) of the R2 conditions are
insufficient for removing line broadening. In all panels, spinning sidebands are marked with
an asterisk. (c) Accurate 13C isotropic shifts of Trp, obtained from the 11 kHz MAS
spectrum, which is free of R2 effects and spinning sideband overlap.
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Figure 3.
Pulse sequences developed in this work. (a) 2D PDSD with gated 1H decoupling. The gated

decoupling period contains t; = 60 ps and tp = 40 us for the MAS frequencies used in this
work. (b) 2D Aromatic Selection by Spectral Editing (ASSET). The initial spin diffusion
period is set relatively long (ty, 1 = 500 ms) to ensure polarization of aromatic side chains.
This is followed by two chemical shift filters, one for Ca suppression (t,) and one for Cj
suppression (t3). Each chemical shift filter is followed by a 13C-1H dipolar recoupled z-filter
period to destroy the transverse magnetization of other aliphatic carbons that are far off
resonance from the aromatic region. A spin diffusion period, t5 qm, then transfers the
remaining aromatic 13C magnetization to the Cp and Ca of the aromatic residues. 2D
correlation of Cp and Ca resonances is then conducted using a typical PDSD module with
Hahn echo detection.
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2D 13C-13C DARR (top) and gPDSD (bottom) spectra of U-13C Trp (a, b) and the amino
acid mixture WYIEN (c, d). Spectra (a) and (b) were recorded under 11 kHz MAS using a
mixing time of 2 ms and 1H gate times of ©; = 60 s and T, = 40 ps. Spectra (c) and (d) were
measured under 10.3 kHz MAS using a mixing time of 10 ms and 1H gate times of t; = 60
ps and t, = 40 ps. The aromatic region in (b) and (d) retains only the non-protonated 13C
signals in the direct dimension. For the amino acid mixture, the aliphatic — aromatic
correlation region is also simplified after removal of the protonated aromatic 13C signals,

facilitating assignment of the Cp and Ca chemical shifts of Tyr and Trp.
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Figure 5.
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2D 13C PDSD (a) and gPDSD (b) spectra of GB1 measured at 18.8 T (800 H Larmor
frequency) under 16.5 kHz MAS with a mixing time of 100 ms. 1H gate times of ©;= 36 s
and t, = 24 ps were used for spectra (b). (c) GB1 structure (PDB: 2QMT) showing the

positions of the six aromatic residues.
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2D 13C-13C DARR and ASSET spectra of the amino acid mixture WYIEN (a—c) and
tripeptide MLF (d-f). (a, d) Full DARR spectra showing all cross peaks. (b, e) Spectra with
tarom = 0, where most Ca and CP cross peaks are suppressed. (c, f) ASSET spectra with
tarom = 10 ms, which exhibit mostly aromatic Ca and CP cross peaks. The spectra in (c) and
(f) are reproduced in red in (a) and (d) to compare with the full DARR spectra.
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Figure 7.

2D 13C DARR (a) and ASSET (b) spectra of GB1. The ASSET spectrum was acquired with
tarom = 25 ms and shows only the Ca - CB and Ca/p-CO cross peaks of the six aromatic
residues while suppressing the signals of all aliphatic residues. The ASSET spectrum is
reproduced in red in (a) and superimposed on the full PDSD spectrum.
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