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Abstract: To establish a relationship between the secondary structure of a peptide and the quadrupolar
coupling of its amide '*N, we examined N quadrupolar couplings for eight different polypeptide samples,
each of whose secondary structure (a-helix or S-sheet) is known. The N quadrupolar coupling is estimated
from indirect observation of a "N overtone resonance under magic-angle spinning. From the observed
indirect '“N overtone spectra and calculated "N quadrupolar couplings for model molecules by using ab
initio calculation (Gaussian03), it is shown that the quadrupolar coupling for the a-helix is larger than that
for the 5-sheet by a few 100 kHz irrespective of the kind of amino acid residues examined (Ala, Val, Leu).

1. Introduction

Amide nitrogens in a main chain of polypeptide/protein play
an important role in its structure and dynamics. So far, various
studies including spectroscopic investigation using NMR have
been done on amide nitrogens. Since the spin quantum number
of the abundant isotope of nitrogen, N (99.63%), is 1, its NMR
signal is influenced by a quadrupolar interaction. Hence, “N
has not been a popular isotope in NMR, and '°N, which is spin-
1/2, has been used to study polypeptide/protein structure. So
far, the relationship between the secondary structure of a peptide
and the isotropic chemical shift or chemical shift tensor
components of C and N in the main chain has been
established,' > and a database system (TALOS) for empirical
prediction of protein ¢ (C’—N—C*—C’) and 3 (N—C*—C’—N)
backbone torsion angles using isotropic chemical shifts has been
developed.* Since the "N quadrupolar interaction reflects the
electric field gradient around '*N, it should be sensitive to
variation of the local structure. Therefore, it is worthwhile to
investigate how the N quadrupolar interaction of the amide
nitrogen in a peptide is affected by its secondary structure. To
avoid effects of dynamic alternation among secondary structures
in solution, we applied, in this work, solid-state NMR to study
amide "N nuclei in several polypeptides. For determination of
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1N quadrupolar couplings, we adopt N overtone NMR’® with
an indirect approach, that is, observing the line width of *C
with BC—1N recoupling by “N overtone irradiation under
magic-angle spinning (MAS).”® Since the N overtone transi-
tion frequency does not depend on the first-order quadrupolar
coupling, the frequency spread of the '*N overtone transition
becomes small and efficient irradiation is possible by using the
conventional triple resonance circuit. We would like to point
out that similar indirect observation of N single- and double-
quantum spectra proposed by Gan® and Cavadini et al.'® can
also be used to examine “N quadrupolar couplings.

By examining *C line widths under '*N irradiation for several
peptides, each of which the secondary structure (a-helix or
p-sheet) is known, we show that the size of the quadrupolar
coupling is larger in the o-helix than in the [-sheet. This
tendency is further confirmed by ab initio calculation (Gauss-
ian03'") applied to elucidate the quadrupolar interaction of the
main-chain amide nitrogen in the two model structures ( [Ala];s'2
and a trimer of [Ala];) representing an a-helix and [-sheet,
respectively. It is also shown that the simulated "N overtone
spectra using the calculated parameters are consistent with the
observation.
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Table 1. Samples Used in This Work

sample structure? major conformation
1 [Ala*], a-helix”
2 [Ala*,Val], (40:60) a-helix
3 [Leu*], o-helix®
4 [Ala]s-Ala*-[Ala]s [-sheet
5 [Ala*,Val], (20:80) [-sheet
6 [Leu]s-Leu*-[Leu]s [-sheet
7 [Val*], [-sheet
8 [Ala,Val*], (20:80) [-sheet

“* indicates the (1-'3C)-labeled amino acid. For example, [Ala*,Val],
(40:60) means the random sequence copolypeptide consisting of Ala*
and Val in the ratio of 40 to 60. ® Containing a small amount of 3-sheet.

2. Experimental Section

Eight model peptide samples used in this study were synthesized
in our laboratory. The o-helical homopolypeptides containing
respective (1-'*C)-labeled amino acid residues such as [Ala*],,
[Leu*],, and o-helical [Ala*,Val], (40:60 = composition of 40%
of Ala*:60% of Val) were prepared by polymerization of N-car-
boxy-a-amino acid-anhydride (NCA) (where * indicates the (1-
13C)-labeled amino acid residue). The B-sheet [Val*],, S-sheet
[Ala*,Val], (20:80), and f3-sheet [Val*,Ala], (80:20) were prepared
by polymerization of the mixture of corresponding amino acid
NCAs. In addition, we synthesized well-defined heptapeptides
adopting a f3-sheet form, [Ala];-Ala*-[Ala]; and [Leu]s-Leu*-[Leuls,
by solid-phase peptide synthesis using the 9050 PLUS Pepsynthe-
sizer (PerSeptive Biosystems). The synthetic details are shown in
our previous paper.'?

The CO carbon of each peptide is selectively *C labeled as
indicated in Table 1. The secondary structure of each peptide was
determined from the '*C chemical shift of the CO carbon.'* Note
that o-helical homopolypeptides, [Ala*], and [Leu*],, were pre-
dominant, but contained small amounts of a f3-sheet.

The NMR experiments were done using a Tecmag APOLLO
spectrometer with a MAS probe (Doty Sci. Inc.) for a 5 mm rotor
with a single triple-tuned coil oriented along the magic angle.
Larmor frequencies for 'H, '*C, and "N are 299.52, 75.323, and
21.71 MHz, respectively. In this work, the line width dependency
of the CO carbon in the peptide bond on the N overtone irradiation
frequency was measured. The '“N overtone irradiation frequency
was varied from 43.310 to 43.409 MHz with a step of 1 kHz. For
each N overtone frequency, the probe was retuned and a *C MAS
spectrum was recorded under 'H decoupling and YN overtone
irradiation. The radio frequency (rf) strength for '"H decoupling was
ca. 80 kHz. The rf strength for '*N overtone irradiation was
estimated to be 75 G (46 kHz for "N overtone resonance) by
analyzing the Bloch—Siegert shift'* of '3C peaks (see below). The
MAS speed was 5.5 kHz.

Similar '*C measurements with '“N overtone irradiation for
L-alanine and N-acetyl-D,L-valine were done by using a homemade
spectrometer with a MAS probe (Doty Sci. Inc.) for a 7 mm rotor
with a single triple-tuned coil oriented along the magic angle. These
amino acid samples were purchased from Aldrich Ltd. and used
without purification. Larmor frequencies for 'H, '*C, and N are
199.803, 50.246, and 14.44 MHz, respectively. The “N overtone
irradiation frequency was varied from 28.830 to 29.060 MHz with
a step of 1 kHz. The rf strength for 'H decoupling was ca. 70 kHz.
The rf strength for '“N overtone irradiation was calibrated to be 45
G (28 kHz for YN overtone resonance) by analyzing the
Bloch—Siegert shift of '*C peaks. The MAS speed was 5.35 kHz.
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Figure 1. '3C NMR spectra of sample 1: (a) without N overtone
irradiation, (b) with irradiating at 43.366 MHz, and (c) at 43.350 MHz.
Two dotted lines are drawn at 182.4 and 178.0 ppm for eye guidance.

3. Results and Discussion

Figure 1a shows the 3C MAS signal of CO in [Ala*], (sample
1) without N overtone irradiation. The peak at the higher
frequency (182.4 ppm) is assigned to CO in the a-helix and
that at the lower one (178.0 ppm) is the f3-sheet. It has been
shown that the *C—1*N heteronuclear dipolar interaction leads
to an asymmetric doublet signal for the directly bonded *C spin
under MAS when the "“N quadrupolar coupling is larger than a
few MHz.'®" ' The intensity ratio for the doublet is 1:2. The
smaller signal is ascribed to the '*C signal connected to the I0)
spin state of "N and the larger one to the |41} states. Hence,
we expected to observe one 1:2 asymmetric doublet signal for
the a-helix CO carbon and another 1:2 doublet for the S-sheet
in sample 1. When such a doublet signal can be observed, it is
possible to determine the quadrupolar coupling by spectral
simulation.?® Such an asymmetric doublet was, however, not
observed for all peptides examined because of the line broaden-
ing attributable to the distribution of the local structures of CO
in each secondary structure.

Figure 1(b and c) shows the '3C MAS signals of CO in sample
1 under "N overtone irradiation at 43.366 and 43.350 MHz,
respectively. The resonance frequencies of the two peaks move
toward higher frequency by ca. 120 Hz under '“N overtone
irradiation. This shift is attributed to the Bloch—Siegert shift,'
and from its size, we estimated the rf irradiation strength for
4N overtone irradiation to be 75 G. Slight but appreciable line
broadening is discernible for the a-helix peak (184.0 ppm) under
irradiation at 43.366 MHz (Figure 1b), while the broadening
occurs at 43.350 MHz for the f3-sheet one (179.6 ppm in Figure
Ic). The line broadening is ascribed to the recoupling of the
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Figure 2. '“N overtone indirect spectra of samples 1—8. The secondary
structure of 1—3 is an a-helix and that of 4—8 is a 3-sheet. Two dotted
lines are drawn at 43.367 and 43.356 MHz for eye guidance.

13C—N heteronuclear dipolar interaction for the '*C signal
connected to the I41) spin states of '“N by '“N overtone
irradiation.”® The '3C signal connected to the "N 10 state is
unaffected by the irradiation of first order. The recoupling
mechanism has been explained intuitively’ in terms of modula-
tory resonance recoupling (MORE)?! and quantitatively by using
the density matrix formalism.® To appreciate the recoupling
accurately, it is thus necessary to determine the line width of
the '*N I£1)-connected '3C signal in the 1:2 doublet, which is
buried in the broad line width for the samples examined in this
study. Considering the featureless line shape, we considered that
deconvolution is difficult and decided to analyze the overall
line width of the merged doublet signal. To obtain the apparent
line width for the o-helix and the (-sheet peaks, we fit the
observed spectrum to a sum of two Lorenzian line shapes for
samples 1 and 3, in which two secondary structures coexist.
As the line width thus obtained for the weaker one (the -sheet
in samples 1 and 3) is less accurate, we did not use the -sheet
data obtained for samples 1 and 3 in the following. For the
other samples, in which only one '3C signal was observed, we
used one Lorenzian for fitting. The line widths obtained are
plotted against the '“N overtone irradiation frequency. We shall
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Figure 3. Optimized structure of a trimer of [Ala];, which is used for the
model of an antiparallel -sheet. Light gray circles denote hydrogen atoms.
Hydrogen bonding among the trimer is also plotted. The arrow indicates
the nitrogen atom for which quadrupolar parameters are calculated.

refer to the plot of the 3C line width versus the N overtone
irradiation frequency as a '“N overtone indirect spectrum.

In Figure 2, we compare the '“N overtone indirect spectra
taken for the CO carbons of samples 1—3, whose secondary
structure is an a-helix, and those of samples 4—8, whose
secondary structure is an antiparallel S-sheet. For all samples,
the line width reaches a maximum at a certain "N overtone
irradiation frequency. Hereafter, we simply refer to the frequency
at the maximum line width as the '*N overtone on-resonance
frequency. Figure 2 indicates that the '“N overtone on-resonance
frequency of the a-helix is ca. 43.367 MHz for samples 1 to 3,
which is 10 to 20 kHz higher than those of the S-sheet
(43.350—43.356 MHz). As is shown below, this indicates that
the absolute value of the quadrupolar coupling constant of the
amide '*N in the o-helix is larger than that in the 3-sheet. Figure
2 also shows that the '*N quadrupolar coupling constant is less
sensitive to the kind of amino acid residue in the peptides. The
apparent difference in the YN overtone on-resonance frequencies
for the a-helix and -sheet can thus be used to differentiate the
o-helix *CO/3C, carbons in a peptide bonding from those of
the [5-sheet ones. Such an experiment is under way and will be
published elsewhere.

In the following, we estimate '*N quadrupolar coupling
constants and asymmetric parameters of the amide '“N spins in
the a-helix and 3-sheet by using Gaussian03 ab initio calcula-
tion. First the secondary-structure models were constructed with
a single strand of (Ala);s as a-helix and three strands of (Ala)s
as a f3-sheet. The structure of the former has been optimized,
and the result is given in ref 12. For the latter, its structure was
optimized using HF/STO-3G (Figure 3) as the basis function.
The structural data are given in the Supporting Information. The
quadrupolar coupling constant and asymmetric parameter were
calculated for the central N nucleus using the basis set
B3LYP/6-311G** 2> For three strands of (Ala)s;, we indicated
the '*N by an arrow in Figure 3. The calculated results are given

(22) Bailey, W. C. Chem. Phys. Lett. 1998, 292, 71-74.
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Table 2. Calculated Quadrupolar Coupling Constants and
Asymmetric Parameters for Two Structural Models: a-Helix (a
single (Ala)g) and -Sheet (three strands of (Ala)s)

(1€2Qql)/(h)/MHz n
a-helix 4.189 0.2683
-sheet A .
h 4.023 0.4399

in Table 2. In accordance with the observed N overtone
spectra, the absolute value of the calculated YN quadrupolar
coupling constant in the o-helix is larger than that in the S-sheet.
We then proceeded to calculate the N overtone indirect spectra
using these calculated values.

For calculation of the '*C line width under N overtone
irradiation, we follow a theory developed by Wi and Frydman.®
In their analysis, the '*C spin echo signals with (S) and without
N overtone irradiation (S;) were obtained and the dephasing
fractions (S; — S)/S, were plotted against the '*N overtone
irradiation frequency. In our experiment, a '*C spectrum under
4N overtone irradiation was observed, and the line width was
plotted. Therefore, the I+1)-connected *C FID signal S(7) is
calculated using Wi’s equations, while the I0)-connected '*C
FID signal is assumed to be isotropic and is expressed as 1/3
in the following equation for the total *C FID written as

Sa(®) = % + %(L ﬁzn j: L/;Zﬂ S(r)da sin 8 df d)/)

8

)]

Effects of MAS on the '“N quadrupolar Hamiltonian (Hg)
and *C—'*N dipolar—dipolar Hamiltonian (Hig) are described
by adopting the following transformation of the frames for His,

Q; = {0° & v} Q = {ap.y}

PAS(D) PAS(Q) ROTOR
Q= {w,1, 54.7°, 00}
LAB (2)
and for Hy,
Q, = {o. By} Q, = {01, 54.7, 0°)
PAS(Q) ROTOR LAB
3)

where the Euler angles Q; describe the orientation of the
principal axis system along the internuclear *C—'“N dipole
tensor (PAS(D)) from the principal axis system of the quadru-
pole (PAS(Q)), €2, describes the orientation of the PAS(Q) in
the MAS rotation frame (ROTOR), and €, describes the
ROTOR in the laboratory frame (LAB). In following the theory
presented by Wi and Frydman®2> a number of minor typos were
detected, summarized for completion in the Supporting Informa-
tion.

To examine the legitimacy of the derived equations, we
compare the "N indirect overtone spectra of L-alanine and
N-acetyl-D,L-valine, whose quadrupolar coupling constants and
asymmetric parameters are known (e2gQ/h = 1.148 MHz and
n = 0.276 for L-alanine,?® and ¢’qQ/h = 3.21 MHz and n =
0.31 for N-acetyl-D,L-valine*’*®) with the calculated ones using
eq 1. For the integration of the Euler angle set €2,, we used the
6044-point set of ZCW3;* for Q;, we simply set (&, y) =
(—120, 0) and used the N—C distance of 0.142 nm. The S,(7)
calculated for a certain YN overtone irradiation frequency is
Fourier transformed, and the resulting *C line shape is fitted
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Figure 4. (a) '“N indirect overtone spectra of L-alanine and (b) N-acetyl-
D,L-valine. The dotted line is the observed one and the black line is the
simulated one. In the simulation, we used the C—N bond length of 0.142
nm and Q3 was assumed to be (&, ¥) = (—120, 0).

to a single Lorenzian line shape to obtain the line width. Figure
4a shows the observed (dotted line) and the simulated (solid
line) indirect N overtone spectra of L-alanine, and Figure 4b
compares those of N-acetyl-D,L-valine. Figure 4 shows that the
simulation can reproduce the frequency range for '*C line
broadening well, showing that the present experiment is useful
for the examination of the size of the quadrupolar interaction.
As for the spectral feature, the agreement is not very good. Line-
shape dependence on (&, 1) is briefly examined by comparing
line shapes calculated for (&, 1) = (45, 45) and (&, y) = (—120,
0) (Supporting Information), which indicates the line shape does
not significantly depend on (&, ). Since the reproduction of
the "N indirect spectra of these amino acids is not the aim of
this work, we did not further examine the line shape.

Figure 5 compares the two simulated "N indirect overtone
spectra using the calculated-quadrupolar parameters for the
o-helix and f3-sheet (Table 2) and observed ones. For calcula-
tion, we again simply set the angles (&, ¥) = (—120, 0) and
used the N—C distance of 0.142 nm. It shows that the calculated
indirect "“N overtone spectrum of a-helix appears at ca. 10 kHz
higher frequency as compared to that calculated for the 3-sheet.
The direction and the size of this difference are consistent with
the observation (Figure 2). Note that the calculated size of the
line broadening is much larger than the observed one. This is
ascribed to our simplified analysis of the line width; the overall
line width of the merged 1:2 doublet signal is less sensitive to
the change in one of the doublet peaks. For a sample with better
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Figure 5. (a) Simulated "N indirect overtone spectra for a-helix (solid
line) and f3-sheet (dotted line) using the quadrupolar parameters in Table 2
and (b) observed "N indirect overtone spectra of sample 1 (solid line) and
sample 4 (dotted line).

crystallinity, it is expected that more apparent broadening caused
by N on-resonance overtone irradiation can be observed.
Lastly, we would like to discuss the molecular reason for
the larger quadrupolar coupling constant in the a-helix than in
the [-sheet structure. The main reason for the observed
difference is most likely related to the difference in hydrogen
bonding. Our naive expectation is that a longer N—H bond
distance would alleviate the electric field gradient at N, thus
leading to a smaller quadrupolar coupling constant. The N—H
distances in the calculated a-helix and the f-sheet structures

4294 J. AM. CHEM. SOC. = VOL. 132, NO. 12, 2010

are 0.102 and 0.103 nm, respectively, while the hydrogen-
bonding distances (the O to H distance in the CO—HN
hydrogen-bonding moiety) in the calculated oa-helix and the
p-sheet structures are 0.206 and 0.179 nm, respectively,
indicating stronger hydrogen bonding in the S-sheet. The
difference in the calculated N—H distances is consistent with
our expectation; however, the difference is too small and further
studies are imperative.

4. Concluding Remarks

It has been shown that the size of the N quadrupolar
coupling of an amide nitrogen in peptides depends apparently
on their secondary structure, and less on the kind of amino acid
residue in the peptides, showing the amide YN quadrupolar
interaction is mostly determined by its local structure. The "N
overtone irradiation frequency that results in the largest line
broadening for the amide CO carbon differs by ca. 10—15 kHz
at 7 T for the o-helix and the S-sheet. Hence it is possible to
use this to assign the secondary structure of a residue using the
line width of its CO carbon under '“N overtone irradiation.
Further with using an echo technique, a selective observation
of the CO/C,, carbons belonging to either of the two secondary
structures may be realized. These works are in progress and
will be published elsewhere.
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