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ABSTRACT: The structure of two protected amino acids,
FMOC-1-leucine and FMOC-1-valine, and a dipeptide, N-acetyl-
L-valyl-L-leucine (N-Ac-VL), were studied via one- and two-
dimensional solid-state nuclear magnetic resonance (NMR)
spectroscopy. Utilizing '’O magic-angle spinning (MAS) NMR
at multiple magnetic fields (17.6—35.2 T/750—1500 MHz for
'H) the O quadrupolar and chemical shift parameters were
determined for the two oxygen sites of each FMOC-protected
amino acids and the three distinct oxygen environments of the
dipeptide. The one- and two-dimensional, 70, BN-YQ,
BC-"0, and "H—'"0 double-resonance correlation experiments
performed on the uniformly "*C,“N and 70% '"O-labeled
dipeptide prove the attainability of 7O as a probe for structure
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studies of biological systems. '"N—'70 and "*C—""0 distances were measured via one-dimensional REAPDOR and ZF-TEDOR
experimental buildup curves and determined to be within 15% of previously reported distances, thus demonstrating the use of
70 NMR to quantitate interatomic distances in a fully labeled dipeptide. Through-space hydrogen bonding of N-Ac-VL was
investigated by a two-dimensional 'H-detected '’O R>-R-INEPT experiment, furthering the importance of '’O for studies of

structure in biomolecular solids.

1. INTRODUCTION

The essential role of oxygen in hydrogen bonding in
determining the chemistry, structure, and function of peptides
and proteins is well known. It is also axiomatic that 7O magic-
angle spinning (MAS) nuclear magnetic resonance (NMR)
experiments can in principle elucidate the details of these
interactions via site-specific measurements of the chemical shift
and quadrupole tensors. Furthermore, if a method of dipolar
recoupling is included in the experimental protocol, then
BC-"0 and “N-'70 and 'H-"O distance measurements
and 3D structures are possible.””” Nevertheless, the potential of
70 NMR to provide this level of detailed structural
information has never been realized primarily for three reasons:
(i) O is present with a low natural isotopic abundance
(0.037%), (ii) it is a low gyromagnetic ratio nuclear spin (y =
—5.774 MHz T™"), and (iii) it is a quadrupolar nucleus (I = S/
2). Thus, at ubiquitous magnetic fields (<5—14.1 T, woy/27 =
200—600 MHz) the sensitivity observed in MAS NMR spectra
is inherently low, and the resolution is low due to the residual
second-order quadrupolar broadening that is not eliminated by
magic-angle spinning.®

The direct solution to the first issue is isotopic enrichment
and a relatively new solution to this problem is discussed below.
The second and third issues are most easily addressed by using
new NMR methods and by performing '"O spectroscopy at
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high magnetic fields, which we define as greater than 14.1
T."~" In particular, we report here spectroscopy at high fields
(17.6—35.2 T, woy/2x = 750—1500 MHz) which enhances
overall sensitivity, but more importantly attenuates the
broadening from second-order quadrupole coupling arising
from the quadrupole coupling constant (Cq) of 7—9 MHz
observed for C=!"0 chemical environments.'*™'° For
example, in spectra described below, the second-order powder
patterns are narrowed to a few kHz, concurrently increasing the
resolution of the spectra. With the emergence of NMR magnets
fabricated from high-temperature superconductors that gen-
erate 28—35 T on the horizon, these sorts of experimental data
should become relatively routine. Thus, the motivation of the
results reported here is to demonstrate the potential for
significant advances and applications of '’O NMR spectrosco-
py-

Because of the improved sensitivity and resolution in high-
field YO MAS NMR spectra, it becomes feasible to perform
correlation experiments to determine spectral assignments and
measure structural parameters with dipole recoupling experi-
ments. Both homonuclear and heteronuclear MAS recoupling
experiments are routinely used to study the structure of
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Scheme 1. Isotopic Labeling of FMOC Amino Acids Using the Multiple-Turnover Reaction with 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide Hydrochloride (EDC-HCI)*’
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peptides and proteins, and provide accurate measurements

of BC—BCI=23 BC_ISN 225 ng IH-BC/BN228 dis.
tances. This class of experiments is also applicable, with suitably
modified pulse sequences, to *C—'70, ®N—'"0 and 'H-""0
distance measurements; for example, heteronuclear recoupling
experiments have been reported, although only a few examples
of two-dimensional heteronuclear correlation experiments are
in the literature.”” > N—'70 rotational-echo adiabatic-
passage double-resonance (REAPDOR)*® experiments were
used to examine hydrogen bonding in amyloid fibrils, with the
most complete results requiring an isolated spin-pair and a
determination of the precise level of 'O enrichment in the
sample to precisely measure the SN—'7O dipolar cou-
pling.**”*” Dipolar mediated heteronuclear correlation experi-
ments between spin I = 1/2 and quadrupolar nuclei based on J-
coupled experiments, such as rotary resonance recoupled (R?)
refocused insensitive nuclei enhanced by polarization transfer
(R*-R-INEPT), have been shown to produce high-efficiency
polarization transfer.””*® The addition of a multiple-quantum
(MQ) or satellite transition (ST) filter to the dipolar meditated
heteronuclear experiments was shown to increase the resolution
available in these experiments.*® Finally, recent advances in 17O
spectroscopy including higher magnetic field experiments
(>14.1 T),"" application of population transfer techni-
ques,””~*" and dynamic nuclear polarization® ~>***~** enhance
the ability to perform these distance measurements. Thus,
successful 7O studies of amino acids, polypeptides, pharma-
ceutical compounds, and amyloid fibrils have appeared in the
literature using one or more of these strat-
egies +132931-3337.35-s8

Building on previous 70 NMR experiments, we first
describe an efficient procedure for O labeling FMOC-
protected amino acids using H,"7O as the source. The
approach utilizes a nonequilibrium multiple-turnover reaction
under mild and selective conditions.”” Two FMOC-protected
amino acid precursors, FMOC-L-valine and FMOC-L-lecuine,
were 7O enriched to 40 and 70%, with an efficiency of >95%,
and used to prepare [7O/®C/"N]-N-Ac-VL, a model
dipeptide used to develop dipole recoupling experiments. We
envision that these labeled amino acids can be used in
contemporary peptide synthesis® or in cell-free synthesis
protocols®" for 70 labeling of peptides and proteins.* Second,
we recorded 1D MAS spectra at wyy/27 = 750, 800, 900, and
1500 MHz and simulated the rotational sideband patterns to
extract the chemical shift and electric field gradient (EFG)
tensors for the three 'O moieties: amide NC=0, carboxyl
C=0, and C—OH. The C="0 tensors have a span of 380—
450 ppm and the C—""OH span is 310—320; thus, the shift
tensors are substantial and the shifts are very sensitive to
chemical environment. The quadrupole coupling constants
range between 7 and 8.5 MHz. Third, in order to demonstrate
the utility of high magnetic fields in 7O spectroscopy we
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recorded 2D triple-quantum MAS (3QMAS) at 352 T (wqu/
27 = 1.5 GHz) for N-Ac-VL using the series-connected hybrid
(SCH) magnet at the National High Magnetic Field Laboratory
(NHMFL, Tallahassee, FL). At this field strength the second-
order quadrupole powder patterns are reduced to ~2 kHz (~10
ppm), yielding excellent sensitivity and resolution. The 3QMAS
experiment yields an isotropic dimension with the chemical and
second-order quadrupole shift and an anisotropic dimension
with the second-order line shapes and chemical shift
information. Finally, using a variety of dipole recoupling
techniques we measured a total of 14 *C—'70, *'N-'70, and
'"H-""0 distances in N-acetyl-L-valyl-L-leucine (N-Ac-VL),
demonstrating the viability of determining molecular structure
with 7O distance constraints.

2. EXPERIMENTAL SECTION

2.1. Materials and Synthesis. Traditionally 7O enrichment of
amino acids is performed via acid-catalyzed exchange at elevated
temperature, where the amino acid is heated in the presence of strong
acid and 7O enriched water and yield enrichment efficiencies up to
85%.°%%* These conditions prohibit acid-catalyzed exchange to be used
for 7O enrichment in protected amino acids or proteins, and therefore
we have turned to an alternative procedure utilizing mild conditions
and yielding 170/180 isotopic enrichment efliciencies of
>959,4659,62-04 Utilizing this approach, illustrated in Scheme 1,
FMOC-1-valine and FMOC-L-leucine were prepared using 40% H,'’O
(Cambridge Isotope Laboratories, Andover, MA) for study via 7O
NMR spectroscopy. A dipeptide sample, ['70/"*C/*N]-N-Ac-VL, was
prepared using the same approach with U-*C,'"N amino acids and
70% H,'’O (Cambridge Isotope Laboratories, Andover, MA).

The following reagents were purchased from Sigma-Aldrich (St.
Louis, MO), 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hy-
drochloride (EDC-HCI), dimethylformamide (kept in a septum
container), and 3,5-dimethylpyridine, which was then reacted with
HBr (33% in acetic acid) to form 3,5-dimethylpyridine-HBr that was
lyophilized to remove residual water. All starting materials were dried
by preparing a sonicated suspension of each in acetonitrile, and
removing residual water as an acetonitrile azeotrope by rotary
evaporation. Drying was repeated in triplicate. Flame-dried glassware
and stir bars were used and the reactions were carried out under dry Ar
gas on a Schlenk line.

First, 430 mg of EDC-HCI (10 equiv) and 850 mg of dry 3,5-
dimethylpyridine-HBr (20 equiv) were suspended in ~2—5 mL of
DMEF and added to 100 mg of FMOC-protected amino acid and 200
UL of 40% H,"70 (45 equiv) via a syringe. The reaction was stirred at
room temperature for 18—24 h after which the reaction mixture was
supplemented with 430 mg of EDC-HCI. This was repeated once and
the reaction was allowed to stir for an additional 18—24 h. The
reaction mixture was diluted with ~25 mL of ethyl acetate and dried
with MgSO,, washed three times with 0.1 M citric acid (~15 mL) and
once with 0.1 M citric acid in brine (~15 mL) and filtered. The
FMOC-protected amino acid products were purified by aqueous
extraction with ethyl acetate (~25 mL) three times. The resulting
solutions were lyophilized to yield pure FMOC-protected '"O-labeled
amino acids.
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Table 1. NMR Acquisition Parameters for One-Dimensional '’O Experiments

B, (T) ,/2m (MHz) pulse sequence sample

17.6 101.45 Hahn-echo FMOC-1-leucine
FMOC-1-valine
N-Ac-VL

18.8 108.36 Hahn-echo FMOC-L-leucine
N-Ac-VL

21.1 122.02 Hahn-echo FMOC-1-leucine
FMOC-1-valine
N-Ac-VL

352 203.36 Hahn-echo N-Ac-VL

wy/2n (kHz) recycle delay (s) scans (X1024) 'H decouple
15, 17, 18 0.3 63 no
0 1.0 1340 yes
18, 19, 20 03 63 no
0 1.0 1340 yes
18, 20 0.3 63 no
18 1.0 235 yes
60 0.3 256 no
60 0.15 250 no
24 0.25 20 no
20 0.2 100 no
24 0.3 80 no
19 0.1 4 no

Table 2. NMR Acquisition Parameters for Double Resonance and Two-Dimensional Experiments Involving '"O

B, (T) nuclei” wy/27w (MHz) pulse sequence sample wy/2n (kHz) recycle delay (s) scans 'H decouple
17.6 'H-"0 749—101.45 R3-R-INEPT N-Ac-VL 20 0.1 4096 no
“N-"0 76—101.45 REAPDOR N-Ac-VL 18 3 256 yes
SN-0 76—101.45 ZF-TEDOR N-Ac-VL 18 3 60416 yes
21.1 Bc-"0 226.3—122.02 ZF-TEDOR N-Ac-VL 20 3 512 yes
352 70 203.36 MATPASS N-Ac-VL 19 0.1 1200 no
3QMAS 19 0.2 1024 no
“Detection nucleus listed first.
Table 3. NMR Acquisition Parameters for One- and Two-Dimensional 'H, "*C, and >N Experiments
B, (T) nucleus” wy/2w (MHz) pulse sequence sample wg/2n (kHz) recycle delay (s) scans 'H decouple
11.7 Bc 125.3 CP MAS FMOC-1-leucine 10 3 21280 yes
N© 125.3 CP MAS FMOC-L-valine 10 3 18560 yes
O 125.3 RFDR N-Ac-VL 10 3 16 yes
BC-BN 125.3-50.5 ZF-TEDOR N-Ac-VL 10 3 256 yes
18.8 'H 800 Bloch decay N-Ac-VL 60 3 32 no
21.1 'H 900.1 Bloch decay N-Ac-VL 20 3 16 no
BC 226.3 CP MAS N-Ac-VL 20 3 64 yes
N 912 CP MAS N-Ac-VL 20 3 256 yes

“Detection nucleus listed first.

In addition to the 40% "O-enriched FMOC-protected amino acids,
[U-3C,’N]FMOC-L-valine and [U-*C,'>N]FMOC-L-leucine were
labeled with 70% 7O H,"7O (CIL, Andover, MA) using the procedure
above. Finally, N-acetyl-[U-*C,""N,70% '"O]-L-Val-L.-Leu (N-Ac-VL)
was synthesized by New England Peptide (Gardner, MA) using
standard solid-phase methods and purified by high-performance liquid
chromatography (HPLC).

The products were then recrystallized in dichloromethane (FMOC-
L-valine), ethanol (FMOC-1-leucine), or water (N-Ac-VL) by slow
evaporation. The 7O labeling of each product was verified by mass
spectrometry (Koch Institute MIT, FMOC amino acids; New England
Peptide, N-Ac-VL).

2.2. Solid-State Nuclear Magnetic Resonance Spectroscopy.
One- and two-dimensional 7O NMR experiments were performed
using a series of magnetic field strengths, all experimental parameters
are summarized in Tables 1—3. Experiments at 21.1 T (wqy/27 = 900
MHz, FBML-MIT), were performed using a Bruker Avance II
spectrometer and a 3.2 mm triple resonance ('H, C, 7O) probe
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(Bruker BioSpin, Billerica, MA, USA). Experiments at 18.8 T (woy/27
= 800 MHz, FBML-MIT) were performed using a Bruker Avance III
spectrometer and a 1.3 mm triple resonance ('H, X, Y) probe (Bruker,
BioSpin, Billerica, MA, USA). Experiments at 17.6 T (woy/27 = 750
MHz, FBML-MIT) were performed using a home-built spectrometer
(courtesy of Dr. David Ruben, FBML-MIT) and a 3.2 mm triple
resonance ('H, 17O, '*N) probe with a modified probe head employing
a RevolutionNMR (Fort Collins, CO, USA) stator housing within a
Bruker probe body. Additional '’O NMR experiments were recorded
on the 352 T (wgy/27 = 1500 MHz) series-connected hybrid magnet
at the NHMFL®® using a Bruker Avance NEO console and a single-
resonance 3.2 mm MAS probe designed and constructed at the
NHMEFL. All O NMR spectra were referenced to liquid water (18%
H,"70) via the substitution method.®® 170 yB, /27 varied between 83
and 156 kHz, and non-spinning experiments were acquired with
continuous-wave high-power "H decoupling during acquisition (yB,/
27 = 100 kHz). We note that 'H decoupling during acquisition of '7O

DOI: 10.1021/jacs.7b08989
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Table 4. Amino Acid and Dipeptide 'O NMR Parameters

sample 70 site 8iso (ppm, 1) Cq (MHz, +0.2)
FMOC-L-leucine CO 338 8.3
COH 161 7.3
FMOC-L-valine co 337 8.4
COH 169 7.2
N-Ac-VL NCO 286 8.1
CO 329 8.2
COH 165 7.2

g (£0.1) Q (£75) Kk (£0.25) a (£20°) B (£20°) y (£20°)
0.0 385 0.1 30 90 0
02 320 -0.8 20 65 70
0.0 340 02 45 90 0
0.15 320 —0.7 20 65 70
0.4 450 0.3 30 50 15
0.0 450 02 30 40 0
02 310 -0.8 10 65 0

MAS NMR spectra did not affect the second-order line shape of the
spectrum (Figure S6).>*

The timing diagrams of the pulse sequences involving 7O
(3QMAS, MATPASS, ZE-TEDOR, REAPDOR, and R3-R-INEPT)
are illustrated in Figures S15 and S16 with the phase cycling scheme
used for each experiment. The two-dimensional 7O shifted-echo
3QMAS spectrum was acquired at 35.2 T with 20 rotor-synchronized
t, increments with an increment of 52.63 ps, and performed with 3Q_
excitation and conversion pulses of 3 and 1 us (yB,/2x = 100 kHz),
and 7/2 and 7 pulses of 2.5 and S pus (yB,/2x = 33.3 kHz). The two-
dimensional 'O magic-angle turning phase-adjusted sideband
separation (MATPASS)®” spectrum was acquired at 352 T with 8 t,
increments with an increment of 26.3 ys and performed with 7/2 and
7 pulses of 1.6 and 3.2 us with yB,/2x = 52 kHz. Two-dimensional
BC-"0 ZF-TEDOR spectra were recorded at 21.1 T with 66 t,
increments with an increment of 25 ps, a mixing time of 2.4 ms, and
3C yB,/2m = 100 kHz, Y0 yB,/2z = 100 kHz and 'H yB,/27 = 100
kHz TPPM decoupling.”® A series of one-dimensional *C—""0 ZF-
TEDOR experiments with varying mixing times from 0.4 to 4.8 ms
was performed to J)roduce buildup curves. Two-dimensional 'H—""0
R>-R-INEPT****% experiments were performed at 17.6 T with 40 t,
increments with an increment of 25 us, a R® pulse length of 100 s at
¥B,/2m = 20 kHz, and yB,/2x = 100 kHz for hard pulses on 'H and
170. One-dimensional ""'N—'70O ZF-TEDOR spectra were recorded at
17.6 T with SN yB,/27z = 36 kHz, 7O yB,/27x = 100 kHz, and 'H
yB,/2m = 100 kHz TPPM decoupling. Mixing times were varied from
233 to 20.09 ms to determine the maximum transfer. “N—"0
REAPDOR® was implemented at 17.6 T with dephasing times varying
from 0.222 to 5.55 ms. The adiabatic '’O pulse had a duration of one-
third of a rotor period, 73/3, and 7O yB,/2x = 100 kHz; the dipolar
dephasing curve (AS/S, where AS = S — S;) was determined by
acquiring spectra with (Sy) and without (S) the 7O adiabatic pulse.

B3C, BN cross-polarization (CP),%”" and 'H MAS NMR
experiments were performed at 11.7 T (wgy/27 = S00 MHz, home-
built spectrometer courtesy of Dr. Dave Ruben, FBML-MIT) and 21.1
T, with wp/27r = 10 and 20 kHz, respectively. Two-dimensional
BC-BC (RFDR)* and *C—""N (ZF-TEDOR)"* experiments were
performed at 11.7 T.

2.3. Spectral Processing and Simulations. All spectra were
processed with RNMR (Dr. D. Ruben, FBML-MIT) or TOPSPIN
(Bruker BioSpin, Billerica, MA, USA) with between 10 and 500 Hz of
exponential apodization. Processing of the 3QMAS spectrum was
done using home-written scripts in MATLAB (MathWorks Inc,,
Natick, MA, USA), which was necessary to Cl—shear73 the spectrum
and “unwind” the spinning sidebands along the indirect dimension.
Spectral simulations employed either the WSolids’* or DMFit”
software packages. The SIMPSON’® and SPINEVOLUTION’’
software packages were used to simulate one-dimensional “N—'70
REAPDOR and *C—""0 ZF-TEDOR dephasing and buildups curves,
respectively.

3. RESULTS AND DISCUSSION

3.1. 70 Labeling of FMOC-Protected Amino Acids
and N-Acetyl-.-valyl-.-leucine. To envisage 'O NMR
spectroscopy as a reliable tool for the study of biological
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solids, efficient enrichment of 7O into biomolecules is
paramount due to its low natural abundance (99.76% (*O)
vs 0.037% ('70)). Recently, an efficient multiple-turnover
labeling reaction has been described by Seyfried et al. that
proceeds under mild conditions (i.e, room temperature and
neutral pH) for '70/'®0 enrichment of protected amino acids.
The enrichment of various amino acids with different
protecting groups was demonstrated by a reaction utilizing an
excess of carbodiimide and H,'®*O with a dry proton source to
eliminate racemization.>

Utilizing this multiple-turnover exchange reaction, FMOC-L-
leucine and FMOC-1-valine were enriched with 40% '7O-
labeled H,O (vide supra). The 7O isotopic enrichment of the
samples was determined by matrix-assisted laser desorption/
ionization mass spectrometry (MALDI MS) (Koch Institute
MIT), as shown in Figure S1. While the MALDI matrix appears
at similar m/z to that of the FMOC amino acids (Figure Sla)
these peaks did not interfere with the ability to determine the
170 labeling of the samples. The MALDI MS results yielded the
protected amino acids with a M* m/z of 376.4 Da for FMOC-L-
leucine and 362.4 Da for FEMOC-L-valine, the addition of a Na*
ion to the molecule is the cause for the larger than expected m/
z. For FMOC-L-leucine the mass spectra yielded peaks at m/z
of 376.385, 377.383, and 378.420 Da corresponding to the M",
(M+1)*, and (M+2)", respectively. Correcting for the C
natural abundance yields a '*0/'0:'0/"70:70/"70 ratio of
36:38:26 for the FMOC-L-leucine sample, which corresponds
to an O enrichment of 45 + 5%. The corrected
160 /10.1°0 /170:170 /1O ratio for the FMOC-L-valine sample
was determined to be 37:42:20 that leads to an ’O enrichment
of 42 + 5%. Therefore, the labeling efficiency of the multiple-
turnover reaction for the two samples was determined to be
100% (40% 'O, H,"70) within the error of measuring the
enrichment. A new series of FMOC-[U-'3C,"*N]-1-leucine and
FMOC-[U-3C,'*N]-L-valine were then labeled with 70% '"O-
labeled H,O for the synthesis of the dipeptide, N-acetyl-
[U-'*C,'*N,70% '7O]-r-valyl-L-leucine. N-Acetyl-
[U-BC,'*N,70% '"O]-L-valyl-L-leucine was synthesized via
solid-state peptide synthesis by New England Peptide
(Gardner, MA), and the enrichment of 7O was verified by
MS (not shown) and 7O MAS NMR (Figures 3 and S5).

3.2. 1D and 2D 3QMAS NMR of FMOC-Protected
Amino Acids and N-Acetyl-L-valyl-L-leucine. The central
transition of half-integer spin quadrupolar nucleus, such as 70
(I = 5/2), is subject to residual second-order quadrupolar
broadening under MAS that yields a characteristic line shape
that can be used as a structural probe. The characteristic
quadrupolar line shape can be described by the quadrupole
coupling constant and the quadrupole asymmetry parameter,
o In addition to the EFG tensor, the chemical shift tensor

DOI: 10.1021/jacs.7b08989
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Figure 1. Experimental and simulated '’O MAS NMR of FMOC-L-
leucine (a—c) and FMOC-L-valine (d—f) at 21.1 T (wgy/27% = 900
MHz). Experimental 7O MAS NMR (a,d), full spectral simulations
(bse), and simulations of each individual oxygen environment, CO
(red) and COH (blue) (c,f) are shown. The line structures of FMOC-
L-leucine (inset above (a)) and FMOC-L-valine (inset above (d))
indicating the oxygen environments of interest are displayed. Spectra
were acquired with wp/27 = 24 (FMOC-L-leucine) or 20 (FMOC-1-
valine) kHz, with spinning sidebands noted by asterisks (*). NMR
parameters used in spectral simulations are given in Table 4.

elements also influence the O NMR spectrum, particularly at
high fields due to the linear dependence of the chemical shift
anisotropy (CSA) on the external magnetic field. The
discussion that follows will employ the IUPAC definitions for
chemical shift interactions adopting the Herzfeld—Berger
convention.’””® The chemical shift tensor is described by the
isotropic chemical shift, J;,, the breadth of the CSA powder
pattern, span (), and the magnitude of the asymmetry of the
CSA tensor, skew (k). More complete explanations of the EFG
and CSA tensors in solids can be found in literature.”””~*°

70 NMR at multiple magnetic fields (17.6—35.2 T) under
both MAS and non-spinning conditions was utilized in
conjunction with spectral simulations to determine the
quadrupole and chemical shift tensor parameters for each
oxygen site in the samples, as shown in Table 4, Figures 1-3,
and Figures S3—S5.

O
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Figure 2. Experimental 7O MAS NMR of N-AcVL (a), full
simulation of MAS NMR spectrum (b) and simulation of each
individual oxygen environment (c) at 21.1 T (wqy/27 = 900 MHz).
Line structure is shown in the inset indicating the 7O enriched sites:
CO (red), NCO (green) and COH (blue). Spectra were acquired with
wg/27 = 24 kHz, spinning sidebands are noted by asterisks (*). NMR
parameters used in spectral simulations are given in Table 4.

The MAS and non-spinning 'O NMR spectra of FMOC-L-
leucine are shown in Figures la—c and S4, and the BC-H
CPMAS NMR spectrum is shown in Figure S2a. The 7O Cqof
the CO and COH groups were found to be 8.3 and 7.3 MHz,
respectively, with 7 = 0.0 and 0.2. These values are consistent
with previously reported studies of FMOC-protected amino
acids.'’ The chemical shift parameters were found to be &, =
338 and 161 ppm, £ = 385 and 320 ppm, and k = 0.1 and —0.8
for the CO and COH groups, respectively. FMOC-L-valine, as
shown in Figures 1d—f and S4, was determined to have
chemical shift tensor parameters, d;, = 337 and 169 ppm, Q =
340 and 320 ppm, and x = 0.2 and —0.7 for the CO and COH
groups, respectively. The Cq and 7q were determined to be
8.45 and 7.45, and 0.0 and 0.15, respectively. Simulation of the
chemical shift tensor parameters was necessary for both MAS
and non-spinning spectra due to the large CSA of both oxygen
environments and its effect on the intensities of the spinning
sidebands present in the 7O MAS spectra at 17.6 and 21.1 T.

Verification of a single crystalline structure of N-Ac-VL was
achieved by performing one-dimensional *C, N, and 'H
MAS NMR experiments, as shown in Figure S8, and comparing
to previous studies.'®’>*® Three crystallographically distinct
oxygen environments were found within the structure of N-Ac-
VL, one on the valine amino acid and two on the leucine,
referred to as NCO, CO, and COH, respectively in the
following discussion (as shown on the line structure in Figure
2). The 7O NMR parameters of each 7O site of N-Ac-VL
were determined via ’O MAS NMR at multiple magnetic
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Figure 3. 1D and 2D 70O MAS NMR spectra of [U-"*C,"*N,70% '"O]-N-Ac-VL recorded at 35.2 T (wgy/27 = 1500 MHz). Line structure (a) of N-
Ac-VL illustrating the positions labeled with 7O (NCO, CO, and COH). Experimental (b) and simulated (c) 1D MAS 7O MAS NMR spectra,
spinning at 19 kHz; centerbands indicated with asterisks (*). Slices (d) of the anisotropic dimension of the 2D 3QMAS spectrum of N-Ac-VL
extracted at the isotropic frequency of the centerbands of each 7O moiety. (e) 2D 3QMAS spectrum of [U-"*C, *N, 70% '"O]-N-Ac-VL at 352 T
(weu/27 = 1500 MHz) with the centerbands indicated with dashed horizontal lines and circles, the remaining peaks in the spectrum are due to

spinning sidebands.

fields, as shown in Figures 2, 3 and SS. Spectral simulations
were utilized to determine the quadrupole and chemical shift
tensor parameters for each of the three 7O sites (NCO, CO,
and COH) in the sample, the results of which are summarized
in Table 4. The C, was found to be 8.1, 8.2, and 7.2 for the
NCO, CO, COH sites respectively, with 74 of 0.4, 0.0, and 0.2.
The chemical shift parameters of the NCO site were
determined to be &, = 286 ppm, Q = 450 ppm and x = 0.3.
For the CO and COH sites these parameters were found to be
Oiso = 329 and 165, Q = 450 and 310, and x = 0.2 and —0.8,
respectively (Table 4).

The relative uncertainty in the EFG tensor fits listed in Table
4 is primarily due to the inability to fully remove the spinning
sidebands from the centerbands due to the large span of the
second-order quadrupolar line shapes and the chemical shift
dispersion in these samples. However, when spinning at wgp/27
= 60 kHz, as shown in Figure S7 for FMOC-L-leucine and N-
Ac-VL, the spinning sidebands no longer overlap with the
centerband, and the Cq and 7 are fit with a higher degree of
precision. While higher MAS frequencies result in a less
ambiguous spectral simulation due to the attenuation of
chemical shift tensor interaction and a fully resolved centerband
spectrum; a loss of sample volume due to the reduced rotor size
(ie, 30 vs 2.5 uL) required for the increased spinning
frequency results in a significant sacrifice in signal-to-noise and
increase in acquisition time.

O MAS NMR experiments were performed at 352 T, as
shown in Figures 3 and S14, to demonstrate the resolution that
is afforded at high magnetic field strengths due to the inverse
dependence of the second-order residual quadrupolar inter-
action. Spectral simulation of the 1D MAS NMR spectrum
verified the EFG and CSA tensors that were determined from
different magnetic fields. The presence of intense spinning
sidebands in the spectra recorded at 35.2 T is due to the
spinning frequency that was employed (wg/27 = 19 kHz) and
the increased influence of the CSA on the MAS NMR spectrum
at the increased magnetic field. Therefore, the large effect of the
CSA tensor on the line shape of each resonance, centerband

and spinning sidebands, increased the difficulty in producing an
accurate spectral simulation. To isolate the contribution of the
70 MAS NMR spectrum due to the spinning sidebands, 2D
MATPASS was performed, as shown in Figure S14. The 2D
MATPASS spectrum correlates the anisotropic spinning
sideband order and the centerband only spectrum, thus
allowing for more precise spectral simulation of the 1D MAS
spectrum. To further demonstrate the resolution available at
35.2 T, 2D 3QMAS was performed (Figure 3d,e), yielding an
isotropic dimension that does not suffer from the broad
resonances of 1D MAS NMR experiments on quadrupolar
nuclei. Extracting 1D slices at the isotropic frequency of each
oxygen environment demonstrates the isolation of each of the
environments and the triple-quantum filtered MAS line shape
of the 2D resonances in the 3QMAS experiment (Figure 3d).
The resolution that is produced by the two-dimensional
3QMAS experiment at high magnetic field will allow for
complex samples to be probed via 7O NMR spectroscopy.

3.3. 70 Heteronuclear Correlation Experiments of N-
Ac-VL Using Dipolar Recoupling Methods. Early studies to
validate the use of heteronuclear correlation experiments to
measure dipolar couplings in spin I = 1/2 nuclei were
performed on small peptides, including N-Ac-VL.'®7>%"%
Jaroniec et al. utilized one-dimensional and two-dimensional
heteronuclear correlation experiments to measure “C—"N
dipolar couplings in N-Ac-VL via frequency-selective REDOR,
while using RFDR and ZF-TEDOR for resonance assign-
ments.'®”” To further validate the '7O-enriched N-Ac-VL
sample used here, two-dimensional *C—"*C RFDR and
BC—!N ZF-TEDOR were performed (Figures S9 and S10)
and compared to the previous results.

Two-dimensional MAS NMR correlation spectroscopy of
half-integer quadrupolar nuclei, like 'O, has yet to be utilized
routinely for biologically relevant samples.'” However, one-
dimensional dephasing experiments such as REAPDOR,
TRAPDOR, and REDOR have been shown to measure isolated
spin pairs in biological samples, though these experiments
require a well resolved one-dimensional spectra and a simple
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Table 5. O—C/N/H Intra- and Intermolecular Distances of Interest within N-Ac-VL

(¢] C/N/H o (A)~ D (Hz)“ ram (A)7 experiment description
Intramolecular N-Ac-VL Contacts
02 C3 2414 291.3 2.50 £ 0.1 TEDOR NCO-Va
c7 1.231 2196.4 12, + 0.1 TEDOR NCO-V’
C8 2.681 212.6 2.7; £ 0.15 TEDOR NCO-La
N1 2.784 76.5 2.9; + 02 REAPDOR NCO-Ny
N2 2226 149.8 236 + 02 REAPDOR NCO-N,
03 C8 2375 305.4 24, £ 0.1 TEDOR CO-La
Cl13 1.196 2394.9 125 + 0.1, TEDOR co-L’
04 Cs8 2.384 302.4 24; £ 015 TEDOR COH-La
C13 1.308 1830.9 14g + 0.1 TEDOR COH-L’
N2 2.749 79.5 3.0 £02 REAPDOR COH-N
H24 0.859 25701.9 - R3-R-INEPT COH-H;/
Intermolecular N-Ac-VL Contacts
02 H24 1.784 2869.2 - R3-R-INEPT NCO-H;,
03 N1 2.884 68.86 32, +02 REAPDOR CO-Ny
H22 1.967 2140.6 - R3RINEPT CO-Hy,
“Distances and couplings taken from ref 92. “Current study.
spin system to simulate.'”*>**™"' Despite these limitations, 0.61
utilizing specific labeling techniques Dupree and co-workers
were able to measure "N—'"O interatomic distances in two 1
amyloid-beta peptides using ""'N—'70 REAPDOR.** Including
70 as a routine nucleus of interest in NMR structural studies 0.4-
of biological systems requires augmenting the known one- w
dimensional techniques for measuring spin I = 1/2 to '"O %) 1
distances with the better resolved two-dimensional qualitative < b
and quantitative correlation experiments used for spin I = 1/2 0.2+
nuclei. ° L, =V
Dipolar dephasing and recoupling experiments of N-Ac-VL 1 — Sim — Sim
were examined to further investigate both the crystal structure +02A +0.2A
of N-Ac-VL and the viability of such techniques for further 0- — T T T
biological structure studies. Interatomic distances were 0 1.0 2.0 3.0 4.0 5.0
determined via SIMPSON’® and SPINEVOLUTION"” simu- T (ms)

lations based on one-dimensional '"N—'"0 REAPDOR
dephasing curves and *C—'70 ZF-TEDOR buildup curves,
and are given in Table 5. "N—'70 REAPDOR experiments
probed the ""N—""0 dipolar couplings in the crystal, as shown
in Figure 4. While the REAPDOR results demonstrate the
robustness of dipolar dephasing experiments to measure
accurate distances involving '’O, to properly fit each dephasing
curve the simulation required two O nuclei for each N
resonance. Dipolar dephasing experiments yield accurate
measurements of the dipolar coupling between isolated spin
pairs; however, when an isolated two-spin system is not present
the resulting simulations require multiple dipolar couplings and
therefore reducing the accuracy of the resulting distance
measurement due to the increase in variables. Despite this
limitation, the N—'70 distances extracted from the simulated
dephasing curves were within 12%”’ of the distances
determined via X-ray diffraction methods.”” The *N-'70
distances extracted from the leucine nitrogen (Ly) dephasing
curve were found to be 2.36 A to the NCO oxygen and 3.0 A to
the COH oxygen compared to 2.226 and 2.749 A from
diffraction. Weaker dipolar couplings were not included in the
simulations to limit the size of the spin system and the number
of matrix variables; however, inclusion of a larger number of

Figure 4. One-dimensional ""N—""0 REAPDOR dephasing curves of
the leucine (blue, circle) and valine (red, squares) nitrogens of N-Ac-
VL at 17.6 T (woy/27 = 750 MHz). Best-fit simulated REAPDOR
dephasing curves (solid lines) and 0.2 A error (semi-transparent
curve) in simulated dephasing curves generated using SIMPSON.”®
SN-'70 distances that were determined based on the simulated
curves are given in Table 5.

dipolar couplings could yield a more accurate distance
measurement. This limitation of REAPDOR can be avoided
by using either a sample that is specifically labeled to isolate the
spin pairs of interest or via a correlation experiment that utilizes
a second dimension to increase the resolution of the
experiment. The 1D '"N-'0 ZF-TEDOR spectrum, as
shown in Figure S11, demonstrated the ability to utilize ZF-
TEDOR to transfer polarization from N to 'O nuclei in
biological solids. However, the sensitivity of the experiment
prevented *N—'7O distances from being measured via a one-
dimensional buildup or a full two-dimensional experiment, an
area that dynamic nuclear polarization (DNP) will surely
impact.

BC—70 ZF-TEDOR was performed, as shown in Figures 5
and 6, to further probe the 7O interatomic distances in the N-
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Figure 5. Experimental and simulated one-dimensional *C—'"0 ZF-
TEDOR buildup curves as a function of mixing for the leucine
carbonyl (a), valine carbonyl (b), and Ca (c) sites (leucine, green
circles and valine, orange squares) at 21.1 T (wqy/27 = 900 MHz)
with yB,/2z ("70) = 100 kHz, and 100 kHz TPPM 'H decoupling
during acquisition. Best fit simulated curves (solid lines) determined
using SPINEVOLUTION.”” BC—'7Q distances that were determined
based on the simulated curves are given in Table S.

Ac-VL crystal structure. The combination of the higher
sensitivity of *C detection with the increase in magnetic field
strength (21.1 vs 17.6 T) allowed for both one-dimensional
buildup curves and a two-dimensional correlation spectrum to
be collected for the N-Ac-VL sample. The one-dimensional

-220
:240
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:280
:300
:320

180 172 60 56
3C Isotropic Chemical Shift (ppm)

70 Frequency (ppm from H,""0)

Figure 6. Two-dimensional *C—'"0O ZF-TEDOR spectrum recorded
at 21.1 T (woy/27 = 900 MHz) with 2.4 ms of mixing. Correlations
between the NCO and CO oxygen sites with the closest C’ and Ca
indicated on the line structure of N-Ac-VL in the inset.

buildup curves, performed with mixing times from 0.4 to 4.8
ms, allowed for *C—'70 interatomic distances to be
determined via simulation of the curves, as given in Table S.
Due to the insensitivity of the ZF-TEDOR experiment, the
buildup curves were not performed by determining the cross
peak intensity as a function of mixing time from multiple two-
dimensional TEDOR experiments. The C—'70 distances
determined by the fitting of the *C—'7O ZF-TEDOR curves
were within 10% of those determined by diffraction methods.”
For the ZE-TEDOR experiments, 13c—-17Q distances could be
probed for both the carbonyl and the alpha carbons of the
sample, demonstrating an increase in the number of 7O
contacts that can be probed via *C—'7O ZF-TEDOR when
compared to "*N—""0 REAPDOR. The dependence of the ZF-
TEDOR experiment is sensitive to the orientation of the
quadrupolar interaction relative to the internuclear vector
rendering the simulations of the curves quite sensitive to the
atomic-level molecular structure. While it is difficult to precisely
measure the orientation of the quadrupolar tensor with respect
to the internuclear vector, extraction of the Euler angles
between the EFG and CSA tensors were possible by spectral
simulations of the 1D 7O MAS NMR spectra of N-Ac-VL, as
given in Table 4. These angles were then used for the
simulation of the ZF-TEDOR buildup curves to reduce the
number of variables within the simulation. Narrowing of the
possible orientations of the 'O quadrupolar interaction
allowed for the ZF-TEDOR simulations to be completed
within an experimental error of +0.15 A, as shown in Figure S.
The ZF-TEDOR buildup curves of the carbonyl resonances (V'
and L) were fit to one and two *C—'"0O distances respectively
for the valine and leucine peaks. These fits were determined by
iteratively simulating the buildup curves starting with the
BC—-0 distances from the previously determined crystal
structure.”” The distances that were extracted from these fits
were found to be 1.23 A for V-NCO, 1.25 A for L'-CO, and
1.45 A for L'-COH; these *C—"70 distances are slightly longer
than the diffraction values of 1.23, 1.196, and 1.308 A. The Ca
resonances were simulated using one and three “C-"70
distances for each "*C resonance. The Ca simulations yielded
13Cc_17Q distances of 2.50 A for Va-NCO, 2.42 A for La-CO,
243 A for La-COH, and 2.73 A for La-NCO. The *C-""0
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distances extracted from the simulations of the ZF-TEDOR
experiments were determined to be within 0.15 A of those
determined by diffraction,”” which is within the error present in
BC—!SN TEDOR measurements on N-Ac-VL.”> The *C-"0
distances were measured to be slightly longer than the distances
determined by X-ray diffraction, which could be due to the fact
that additional couplings could be contributing to the buildup
curves that were not included in the simulations due to the size
of the nuclear spin system. Figure S12 shows the ZE-TEDOR
buildup curves with not only the best-fit simulation but also the
+0.15 A error for each curve, indicating the precision of the
simulation method. The ZF-TEDOR simulations show a much
larger dependence on the crystallite orientation and thus
required a total of 5,702,887 crystal angle combinations to
achieve the curves shown in Figures 5 and S12. Simulations
with a smaller set of crystallite orientations yielded curves with
more pronounced and non-uniform modulations convoluted
with the proper dipolar coupling-dependent curve.

Two-dimensional *C—'"0 ZF-TEDOR was performed, as
shown in Figure S, demonstrating the resolution that is
available to the ZF-TEDOR experiment. The two-dimensional
ZF-TEDOR spectra was collected over the course of 4 days
with a mixing time of 2.4 ms, which corresponds to a transfer
efficiency of ~1.4 and 0.4% for the carbonyl and alpha carbons.
The L’ and La correlations to COH are not shown in Figure 5
due to the low intensity of these peaks that likely arises from
the imprecise nature of the 7 pulses on this particular 7O
resonance (7 pulses for the two-dimensional ZF-TEDOR
spectra were calibrated on the NCO resonance). The differing
Cq value for the COH oxygen in comparison to the NCO and
CO oxygens causes the COH oxygen to have a slightly altered
nutation frequency in comparison to the other oxygens.
However, the one-dimensional ZF-TEDOR buildup curves
required the addition of the COH dipolar coupling and
orientation to properly match the experimental shape indicating
that magnetization transfer to the COH environment is
occurring. As is evident in Figure 6, the two-dimensional ZF-
TEDOR spectrum suffers from a lack of sensitivity that is
apparent in the low signal-to-noise of the spectrum despite the
long acquisition time. Despite the low signal-to-noise, the cross
peaks within the spectrum demonstrate the ability of 7O NMR
to act as a powerful probe of interactions between *C and 7O
spins within biomolecular solids. While in the current study
BC-"0 interactions were limited to couplings equivalent to
one- and two-bond distances, with an increased sensitivity the
ZF-TEDOR experiment could be extended to a larger range of
carbon—oxygen interactions.

To directly examine hydrogen bonding within the N-Ac-VL
crystal, "H—""O correlation spectroscopy was performed via the
'H detected R>-R-INEPT experiment. The use of 'H detection
takes advantage of the higher sensitivity and narrower line
widths of 'H in comparison to 7O in addition to utilizing the
fast relaxation of the quadrupolar nucleus allowing for rapid
recycling of the experiment and thus shorter experimental
times. The one-dimensional and two-dimensional 'H—'"0 R*-
R-INEPT spectra, as shown in Figure 7, show the correlation of
the COH 'H (H,) to the COH and NCO oxygens. While the
expected directly bonded oxygen is seen in this experiment, the
more significant finding is the intermolecular correlation
between the carbonyl proton and the NCO oxygen. A low
signal-to-noise peak for the H;,—CO correlation was seen in a
two-dimensional R*-R-INEPT experiment using an R® pulse
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Figure 7. MAS NMR spectroscopy of N-Ac-VL: (a) 'H direct Hahn-
echo detection, (b) one-dimensional '"H—'"0O R3-R-INEPT, (c) and
two-dimensional '"H—"0O R>-R-INEPT spectrum with R® = 100 ys.
Spectra were acquired with wg/27 = 20 kHz at 17.6 T (/27 = 750
MHz). Correlations between the leucine carbonyl proton to its directly
bonded oxygen (blue arrow) and its next closest oxygen through space
(NCO, green arrow) are indicated on the crystal structure of N-Ac-VL
in the inset.”

length of 100 us (Figure S13). The two-dimensional 'H-
detected 'O correlation experiment demonstrates the ability to
directly probe hydrogen bonding, demonstrating the inter-
molecular contact between the leucine and valine residues of
adjacent N-Ac-VL.

4. CONCLUSIONS

An efficient multiple-turnover reaction for '’O enrichment was
used to 7O enrich two FMOC-protected amino acids, L-leucine
and v-valine, which were used as precursors for the synthesis of
a uniformly *C,'*N-labeled and 70% 'O-labeled dipeptide, N-
Ac-VL. The 7O quadrupolar and chemical shift parameters for
the FMOC-protected amino acid precursors and the dipeptide
were determined using multiple magnetic fields and spinning
frequencies. The EFG tensor parameters for the FMOC-
protected amino acids were found to be similar for each of the
two oxygen environments, Cq = 8.4 and 7.3 MHz and 7o = 0
and 0.2. The leucine residue of the N-Ac-VL was found to have
similar quadrupolar and chemical shift parameters to the
FMOC-L-leucine sample. However, the oxygen environment of
the valine residue was found to have a Cy and 7 similar to
other peptide NCO environments (8.4 MHz and 0.4). 7O
NMR experiments were performed at 35.2 T to demonstrate
the ability of high magnetic fields to increase the sensitivity and
resolution of 'O MAS NMR spectra via 1D (MAS) and 2D
(MATPASS and 3QMAS) experiments. One- and two-
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dimensional correlation experiments between 7O and
SN/BC/'H using dipolar recoupling methods were performed
on N-Ac-[U-"*C,"*N,70% '"0]-VL demonstrating the viability
of O NMR as a tool for structural studies of biological
systems. "N—"0 and "“C—'"7O interatomic distances were
directly measured via dephasing and buildup curves of
REAPDOR and ZF-TEDOR experiments and determined to
be within 15% of previously reported values. The two-
dimensional '"O correlation spectra showed the ability to
measure 'O connectivity within a dipeptide and demonstrated
the ability to utilize the increased resolution of two-dimensional
experiments to study more complex systems in the future. 'H
detected 7O NMR was used to directly probe through space
hydrogen bonding in the dipeptide; showing the ability to use
70 NMR to directly measure connectivity via hydrogen
bonding. The addition of multiple-quantum filters and DNP
NMR would allow for the 'O correlation experiments to be
performed with reduced experiment times and increased
spectral resolution. Thus, enabling ZF-TEDOR buildup curves
to be produced from the cross peak intensities of multiple two-
dimensional experiments, and for a larger range of mixing times
to probe weaker *C—'7O dipolar couplings that were not
observed in the one-dimensional ZF-TEDOR buildups. With
the enhanced signal-to-noise the R>-R-INEPT experiment
could be extended to probe 'H—'"O interatomic distances
similarly to ZF-TEDOR.
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