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Abstract. The solid-state '"H MAS (magic-angle spinning), *H static, "N CP (cross polarization)-MAS
and N-'H dipolar CSA (chemical shielding anisotropy) NMR (nuclear magnetic resonance) spectra
of two different modifications of C,-deuterated '"N-polyglycine, namely PG I and PG II (-CO-CD,-
'NH-), are measured. The data from these spectra are compared to previous NMR, infrared, Raman
and inelastic neutron scattering work. The deuteration of C, eliminates the largest intramolecular 'H-
'H dipolar coupling. The effect of the remaining (N)H-(N)H interaction (~5 kHz) is not negligible
compared to the "N-"H coupling (about 10 kHz). Its effect on the dipolar CSA spectra, described as
a two-spin system, is analyzed analytically and numerically and it is shown that those parts of the
powder spectrum, which correspond to orientations with a strong dipolar "N-'H interaction, can be
described as an effective two-spin system, permitting the measurement of the strength of the 'N-'H
dipolar interaction and the orientation of the dipolar vector with respect to the "N CSA frame. While
in the PG II system the 'SN CSA tensor is collinear with the amide plane, in the PG I system the
CSA tensor is tilted ca. 16° with respect to the (J,,0,,) CSA plane.

1 Introduction

Poly-a-aminoacids are model systems for the studies of hydrogen bonding in
polypeptides and proteins. This is a key factor for the stabilization of secondary
and tertiary structures. Polyglycine (-CO-CH,-NH-), is the homopolypeptide of
the simplest amino acid. There is no side chain and thus no asymmetric C,. This
polymer is unique for the evaluation of the conformational thermodynamics and
the analysis of the spectral features of the backbone [1-4]. In the solid state,
polyglycine exhibits structural polymorphism and may adopt two different sec-
ondary structures, namely a B-sheet (polyglycine I, PG I) and a 3,-helix (poly-
glycine II, PG II) (Fig. 1). These conformations are related to the biologically
important structures of collagen, silk fibroin and aperiodic glycine-rich proteins
[5-8], as well as nylon materials [9].



414 I. Sack et al.

PG | PG 1l

A

RS RAREES
Py A

H n

¥

Fig. 1. Chemical structure of polyglycine.

i}f

Structural studies of polypeptides are hampered by the disorder inherent to
their macromolecular nature. Diffraction studies give only limited information.
Polymorphism depending on the molecular weight and sample preparation is an
important difficulty for the comparison of data obtained with samples from vari-
ous origins. Whilst the original proposal of a triple-helical, collagen-like, struc-
ture of PG II [10] has never been changed, the structure of PG I has been revised
several times. The first structure proposal for the PG I [11] was an anti-parallel
B-pleated sheet [12]. Then a modification of the anti-parallel rippled-sheet struc-
ture [13] was proposed for a low-molecular-weight polyglycine consisting of about
10 residues [14, 15]. For the high-molecular-weight variety (~90 residues) [16],
longitudinal dislocations of independent crystallites with the same structure were
proposed [14]. However, theoretical studies suggest two different three-dimensional
structures for the low- and high-molecular-weight PG 1 [8, 17]. They propose that
the low-molecular-weight molecules form a spatial network of hydrogen bonds and
have an unusual extended conformation with the mirror-symmetrical residual
conformations alternating along the parallel chains and that the high-molecular-
weight crystals exhibit a rippled-sheet structure in which chains are antiparallel.

Vibrational spectroscopy techniques are suitable to characterize the relation-
ship between the secondary structure and the hydrogen bond network. They pro-
vide information on the dynamics on a very short time scale (107'2-107'° ).
Infrared and Raman spectra of amides [18-27] and peptides [1-4, 28, 29] have
been thoroughly investigated. The band assignment scheme proposed for the
peptide units is based on the amide-like CONH structure [30] engaged in mod-
erately strong hydrogen bonds NH...O with N-O distances of ~2.8 A [31]. To-
tally different structure and dynamics have emerged recently from inelastic neu-
tron scattering (INS) studies of the N-methylacetamide molecule [32, 33], PG I
[34, 35] and PG II [36]. The stretching frequency of the hydrogen bond, previ-
ously assigned at 3100-3300 cm™!, was reassigned at ~1550 cm™!, correspond-
ing to a significant increase of the N-H bond length, resulting in an ionic model
(N?~..H*...0%") instead of the usual covalent representation of the amide hy-
drogen bond (N-H...O).
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For PG II at low temperatures (20 K) a tunneling transition was observed
with INS at 40 cm™!. This tunneling transition was interpreted as a tunnel split-
ting in a symmetric double-well potential along the hydrogen bond [36]. The
corresponding potential function has two minima separated by ~0.5 A and the
potential barrier is ~4000 cm™!. The symmetrical double-well potential imposes
that protons are not covalently bound to the N or O atoms. The structure of the
peptide units should be intermediate between the amide-like and imidol-like
models and the mean proton position around the middle of the N...O bond.

Unfortunately, accurate structural data necessary for the characterization of
hydrogen bonds in polypeptides cannot be obtained by diffraction techniques and
the positions of hydrogen atoms are rather unknown. One way of treating this
problem is dipolar solid-state nuclear magnetic resonance (NMR) spectroscopy,
resulting in numerous studies of amides, dipeptides, oligopeptides and polypep-
tides (for example, [37-43]).

The magnetic dipolar interactions between neighboring nuclei depend on both
the distances and the orientations of the dipolar vectors with respect to the mag-
netic field. With single crystals this information can be obtained directly from
NMR frequencies measured for different crystal orientations [44, 45]. With non-
oriented powder samples, it is still possible to determine distances but the infor-
mation about the orientation of the dipolar vector is lost, due to the superposi-
tion of spectra with different orientations. However, in some cases, the orienta-
tion of the dipolar vector can be recovered, employing an internal reference frame
(for example the axes of a second NMR interaction tensor or a group of nuclei
with known structure). In simple amides the orientations of the N chemical
shielding anisotropy (CSA) tensor principle axes are directly related to the amide
plane. In particular one of the principle axes is the normal to the amide plane,
in order to fulfill the constraint of mirror symmetry with respect to the planar
amide plane. The NH vector is nearly parallel to the J,, axis of the CSA ten-
sor. For 2H-'>N analogues, dipolar couplings in the range of 1600 to 1700 Hz
are found, corresponding to typical ND distances between 1.032 and 1.053 A.

A straightforward analysis of the '"N-'H dipolar CSA NMR powder spectra
is possible if the 'H-'>N spin pairs can be regarded as isolated. This is the case
if the dipolar coupling between the bound 'H-'*N is much larger than the homo-
nuclear 'H-"H interaction (in polyglycines 'SN-*N dipolar interactions are negli-
gible). For a typical amide proton, the covalent NH bond length Ry, is ~1 A,
corresponding to a '"H-"N dipolar coupling constant on the order of dy; ~ 12 kHz.

From the shortest distances between (N)H and (C)H of ~2.4 A, the 'H di-
polar coupling constant can be estimated as d,; ~ 9 kHz, which is of the same
magnitude as the heteronuclear dy; coupling constant. We therefore removed this
coupling by deuteration of the C, position. In the C_-deuterated polyglycine, the
shortest distances between hydrogen are ~3 A corresponding to dyy ~ 4 kHz.
This coupling is still far from being negligible compared to dyy, and gives rise
to a multispin system and complex "N spectra. This is the reason why it is not
straightforward to unravel the 'H-'>N dipolar coupling and orientation of the 'H-
5N vector from the spectra (see below). In principle it is possible to reduce the
homonuclear dipolar couplings further by replacing the majority of the amide
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protons with deuterons. However, the spectrum of 'H-'*N entities would be largely
hidden by the signals of the *H-'*N pairs with unknown intensities, due to the
cross-polarization (CP) problem. Alternatively it would be possible to apply a
homonuclear decoupling of the protons, by applying 'H-'H multipulse decoupling
sequences like WAHUHA [46] or MREV8 [47] or Lee-Goldburg decoupling, i.e.,
radio-frequency (RF) irradiation at the magic angle [48].

The rest of the paper is organized as follows: after a brief summary of the
necessary theoretical background of dipolar chemical shift spectroscopy, the ex-
perimental details and the sample preparation are presented. Next, the N solid
state NMR studies of C_-deuterated and '’N-labeled PG I and PG II (-CO-CD,-
SNH-), at room temperature are presented. Employing analytical calculations and
numerical simulations it is shown that is possible to extract the size and orien-
tation of the "N-'H dipolar interaction from these spectra. The orientation of the
dipolar vector with respect to the SN CSA tensor is discussed and finally the
most important results are shortly summarized.

2 Dipolar Chemical Shift Spectroscopy

The anisotropic interactions in solid-state NMR can be described by second-rank
tensors, i.e., real symmetric 3X3 matrices. For /= 1/2 nuclei and nonconduct-
ing organic solids the relevant interactions are the chemical shielding tensor o,
the dipolar interaction tensor D and the J-coupling (which, however, can in gen-
eral be neglected in solid-state NMR spectra). For a heteronuclear two-spin sys-
tem (/, S) the Hamiltonian &%  for S under the influence of its chemical shield-
ing and of the heteronuclear interaction to / can be written in the usual high-
field approximation as [49]:

07% = 7SBO(1 - O-Szz)gz + 2Dzziz LSA‘z‘ (1)
All terms in this Hamiltonian commute and it is diagonal with the following
eigenvalues:

E,

1 1
+5}/SBO(1 - O-Szz) + EDZZ’

E,

zz?

1 1
_EysBo(l - o-Szz) - ED
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zz?

1 1
E4 = _575‘30(1 - O-Szz) + EDZZ' (2)

The allowed transitions for spin S are (1-2) and (3-4) with the corresponding
transition frequencies:
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1/12 - 7SBO(1 - O-Szz) * Dzz‘ (3)
34

The tensors D and o can be expressed from their diagonal representation in their
principal axis system (PAS) via a rotation R(afy) [50], which can be param-
eterized using the Euler angles (afy). In general, the CSA and the dipolar in-
teraction tensor have different principal axes and sets of Euler angles:

D = R(a"ByP)DpsR(a”BPyP) " = RyDpysRy ',
c = R(aCﬂCVC)GPAsR(aCﬁCVC)_I = RCGPASREI' (4)

It is always possible to transform the dipolar tensor from its principal frame into
the frame of the CSA tensor (D.s,) by a rotation R., and then to perform a
common transformation into the laboratory frame:

D= RCRCDDPASR&)] Rél = RCDCSAREI' (5)

Then the dipolar tensor in the CSA frame D.q, and the CSA tensor o can be

combined to effective shielding tensors Zj,¢ in the PAS of o, which in general
are no longer diagonal:

+ _ — _ - -1
Zias = Opas + Desa = Opas T RepDpasRep - (6)

After transforming these effective tensors into the laboratory frame, equations for
the transition frequencies can be rewritten as:

vy = YsBo(1 — zfzi)' @)

34
With single crystals, two lines for each spin are observable. For a nonoriented

powder sample the average over all orientations has to be calculated. Due to the
axial symmetry of the magnetic field, it is sufficient to integrate over two angles

(& 9):

S(v) fdg i STd [ L 1 j ®)
V) = Sin + .
: YO T+ a5 v — vy, (90 1+ 4TS [v — vy (I9)P

T5 is the transversal relaxation time of the S spins, which for simplicity is as-
sumed to be orientation-independent. Fitting this equation to an experimental
dipolar chemical shift spectrum, it is possible to determine the size of the dipo-
lar coupling and the orientation of the dipolar vector with respect to the CSA
tensor of spin S.

If the proton is mobile and fast exchange occurs between two proton positions
(a, b) in a double minimum potential, two limiting cases must be considered.
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1. The barrier between the two wells is very high. Then tunneling can be
ignored and the measured interaction is the weighted average of the dipolar in-
teraction tensors at each site. If x is the relative population of position a, the
average tensor is:

D=xD, + (1 — x)D,. )

2. In a symmetrical double-well potential with a low barrier, tunneling oc-
curs and the proton is delocalized over the two sites. In the NMR experiment a
dipolar interaction averaged over the trajectory of the proton will be measured.

In both cases the strength, the symmetry of the dipolar interaction tensor and
the orientation of the averaged dipolar vector are in general different from the
dipolar interactions at each position.

3 Experimental
3.1 The Spectrometer

All experiments were performed at a field of 6.98 T, corresponding to a proton
resonance frequency of 297.8 MHz on a standard Oxford wide-bore magnet (89
mm) equipped with a room-temperature shim unit. We used a home-built three-
channel NMR spectrometer. All three channels are controlled by a pulse pro-
grammer with 100 ns resolution, 32-bit binary output and 32 k maximum pulse
program length. Each channel consists of a digitally controlled (DDS) synthe-
sizer for generating the NMR frequencies. The necessary phases are generated
by directly switching the phase of the digitally controlled synthesizers. After the
synthesizer, the actual pulses were generated with fast RF-switches (10 ns ris-
ing time) and fed into the power amplifiers. For the proton channel a Creative
Electronics 1 kW class C amplifier was used. For the N channel a 2 kW class
AB amplifier from AMT was employed. All amplifiers are equipped with a RF-
blanking for suppressing the noise during data acquisition. All experiments were
performed using a commercial 7 mm Bruker triple resonance NMR probe oper-
ating at room temperature. To improve the mutual RF isolation of the RF chan-
nels commercial band pass filters (Texscan) were employed. The RF of the ob-
served channel was fed through crossed diode duplexer, connected to the detec-
tion preamplifier and through the filters into the probe. The other two channels
were fed directly through the filters into the probe. Typical 90° pulse width was
7.8 s for the two channels, corresponding to a B, -field in frequency units of
v, = 31.9 kHz. This was sufficient to remove the 'H-"N dipolar line broaden-
ing, due to the reduction of the dipolar coupling by isotope dilution. Repetition
time of the experiments was 3 s for the polyglycine. To avoid dead time prob-
lems which could cause a distortion of the spectral base line we measured all
nonspinning spectra by a fully phase-cycled spin echo technique. The spectra
were measured by first cross polarizing the N nucleus from the protons and
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then recording the spin echo signal under proton decoupling. Typical echo delay
was 300 ps. Evaluation of the static NMR powder spectra was performed by
expressing the integrals in Eq. (8) for 7, = o in terms of elliptic integrals [44],
which are later numerically convoluted with the 7, decay by Fourier transfor-
mation. The referencing of the tensor values against NH, was accomplished by
determining the isotropic chemical shift value from the SN CP-MAS (magic-angle
spinning) spectra, measured at 5 kHz spinning speed, using the known isotropic
shift of PG II (109.1 ppm) [51] as an intermediate reference.

The SN CP-MAS spectra were recorded at 5 kHz spinning speed. The 'H
MAS spectra were recorded at 13 kHz spinning speed with a Bruker 4 mm MAS
probe, employing H,0O as an external standard for referencing against TMS. *H
NMR spectra were recorded by applying the quad echo technique with a pulse
spacing of 20 ps and a 90° pulse length of 3.5 ps to a home-built 5 mm 2H
NMR probe.

3.2 Sample Preparation

Glycine, H,"’NCD,CO,H, was obtained from phthaloyglycine prepared by con-
densation of potassium '’N-phthalimide (99% "N purchased from Eurisotop®)
and deuterated (>99% D) ethyl bromoacetate. The glycine was purified on
Dowex® [52]. The deuteration of the C position was controlled with IR, Raman
and NMR spectroscopy. The glycine was then polymerized in presence of di-
phenylphosphorylazide [53], following the procedure of the previous works [34,
36]. PG I was obtained by evaporation of a solution in trifluoroacetic acid. PG
II was cast by water from an aqueous solution saturated with LiBr. The sec-
ondary structures were controlled with IR spectroscopy. The amounts of disor-
dered domains were less than ~10 and 20% for PG I and PG II, respectively.
There is an unknown distribution of molecular weights and in particular the PG
I domains can be a mixture of the structures for low and high molecular weights.
Bands specific to ends of chains were only barely visible in the IR, suggesting
that the averaged chain-length is probably much greater than 10 residues. This
result is corroborated by the low spectral intensity in the NH, and NH; region
of the CP-MAS spectra (see below).

4 Results
4.1 Experimental Results
4.1.1 MAS Spectra
Figure 2 displays the result of the "N CP-MAS measurements on PG I and PG
II. The full spectra are 20 times enlarged to make small spectral components

visible. From these spectra it is evident, that in both systems the main spectral
intensity is concentrated in a single line. From these lines the isotropic chemi-
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Fig. 2. SN CP-MAS spectra of PG II and PG I. Shown are the full N spectra (intensities 20-fold

increased) and an enlargement of the amide region. Estimated isotropic shielding terms are &, (**N) =

104=1 ppm and &, ("*N) = 109+1 ppm (inset). The asterisk marks spinning sidebands. The X marks
additional spectral intensity, which can be attributed to -NH, or -NH; groups at the chain ends.

cal shielding values with respect to NH; are extracted: J,,, = 104=1 ppm for
PG I and o6, = 109+1 ppm for PG II (Fig. 2, inset). The width of the PG II
line is approximately twice the width of the PG I line. Except these lines of the
amide nitrogen and their rotational side bands some additional spectral intensity
is visible in the range of 30 ppm, which can probably be attributed to -NH, or
-NH7 groups at the chain ends of the polyglycine strands.

Figure 3 displays the results of the 'H MAS spectra measured at 13 kHz
rotation frequency. The spectral intensity at ca. 1 ppm can be attributed to im-
perfect deuteration of the C,. There are clear differences visible between the PG
I and PG II samples. Besides the strong line at 4.6 ppm in the PG II sample,
whose intensity can be changed by drying on the vacuum line, which we there-
fore attribute mainly to water, the main spectral intensity is in the range of 6 to
10 ppm and can be attributed to the NH protons. Comparing the PG I and PG
IT spectra, it is evident that the amide protons are low-field shifted in the PG 11
sample. Moreover the line of the amide proton seems to be a superposition of
different spectral components, which reflect the structural inhomogeneity of the
samples.

4.1.2 Static Spectra

The ?H NMR spectra (not shown) of both modifications were practically identi-
cal and displayed a typical -CD spectrum of ca. 125 kHz quadrupolar interac-
tion. Figure 4 displays the experimental (lower line) and simulated (upper line)
"H-decoupled "N static powder CP spectra. With the exception of some small
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Fig. 3. '"H MAS (13 kHz) spectra of PG I and PG II (a — original sample; b — same sample after
drying for one hour on the vacuum line (10~¢ mbar)).

intensity distortions, which are probably due to different cross polarization effi-
ciencies of the different spectral parts, the simulations give a good reproduction
of the experimental data. Some differences in the line shapes are visible. For
PG 1II the CSA tensor is close to axial symmetry. For PG I the shoulder at 60
ppm reveals a deviation from axial symmetry. From the simulations the param-
eters of the "N CSA are determined. Figure 5 finally displays the static N
spectra without 'H decoupling. The spectra exhibit the typical complex behavior

PG | PG Il

n=036 n=0.14

it

200 100 0 200 100 0
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Fig. 4. "N powder spectra of PG I and PG II under 'H decoupling: experimental (lower line) and

simulated (upper line). Parameters for the simulation were: 6, = 2111 ppm, &,, = 70=1 ppm and

03 = 31+1 ppm for PGI; &, = 216*1 ppm, 6,, = 63+1 ppm and J;; = 48+1 ppm for PG II. The

corresponding anisotropy and asymmetry parameters are 4 = 160.5 ppm, 7 = 0.36 for PG I, 4 = 155.5
ppm, 1= 0.14 for PG II
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Fig. 5. Superposition of experimental and simulated "N powder spectra of PG I and PG II without

'H decoupling. The simulation was performed with the CSA parameters from Fig. 4. The strength

and orientation of the 'H-'N vector is determined from the outer parts of the spectra. The intensity

at the center corresponds to the v, transitions in Eq. (15) and those crystal orientations where the
homonuclear couplings are comparable with the heteronuclear coupling.

of a dipolar chemical shift spectrum, resulting from the superposition of resolved
and nonresolved heteronuclear dipolar couplings with the "N CSA.

4.2 Theoretical Results

As mentioned above, Eq. (1) is the "N spin Hamiltonian of an isolated 'H-'>N
spin pair and is only valid if the homonuclear '"H-'H interactions are small, com-
pared to the 'H-'*N dipolar interaction. In the following, we want to investigate
whether it is allowed to use this approximation in the PG systems also and
whether it is possible to extract meaningful information from the 'H-'N dipolar
CSA spectra.

The N nuclei can be subdivided into two classes, namely those nuclei, where
the combined "H-PN heteronuclear and "N CSA interaction is stronger than the
homonuclear couplings, and the remaining nuclei, which feel more strongly the
effect of the other 'H nuclei that are indirectly coupled to the N nucleus via
the directly bound 'H. The first class consists mainly of those SN nuclei where
the '"H-'>N vectors are close to parallel to the external magnetic field. They
experience the strongest 'H-'N dipolar interaction and the 'H-'H interaction
should be a perturbation to their transition frequency. In the static spectra these
nuclei are visible close to the outer singularities of the spectra.

The quantitative features of this model can be studied by investigating a N
nucleus coupled to two 'H nuclei. The relevant three-spin Hamiltonian is:

~ A A A A A

H = v, S. +2d,1.8. +2d,I,.S. + d(21,

z ¥4 z ¥4

A ~

z12z - [lx[2x - IlyIZy) . (10)
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§Z, I,, and I,,, k= x, y, z are the spin operators for N and 'H nuclei, respec-
tively. vy is the "N chemical shielding, d the '"H-'H coupling and d,, d, the 'H-
5N coupling terms. This Hamiltonian is nondiagonal in the product basis of the
single spin wave functions. After transformation into the Liouville representa-
tion [49]

~
~ ~

= QE-E®7 .

a straightforward calculation reveals that the evolution of the N magnetization
after either a 90° pulse or a 'H-'N cross polarization (i.e., p(0) = S)) occurs
in two different three-dimensional subspaces of the Liouville space, which are
spanned by the following basis sets:

BI = {|aaa paay; (222 BP0, aﬂﬁﬂﬂﬂ)} ,
B2 = {Iaaﬂﬁaﬂ); laap /”ﬂ“)Jz_‘aﬁ"‘ B2P) | o ﬂﬂa)} . (11)

The Liouville operators in these subspaces are:

N

V+(d1+d2) —Td 0
o] 2y y 2,
4 4
0 %d v—(d, +d,)
v (d, —d,) —%d 0
L, V2, v REIE (12)
4 4
0 %d v (d, ~d,)

The signal of the S spin is given as the expectation value of the S, opera-
tor. Transforming the S, operator into these subspaces gives

SL=1[101],
S2=1[101]. (13)

Diagonalization of the Liouville operators yields the transition frequencies (d,
and d_ are the sum and difference of the 'N-'H dipolar couplings)
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Via = Vs

V3= Vg & %1/612 +4(d, +d,)*

Vs i%ddz +4d?
Vg = Vs i% d*> +4(d, —d,)* = v J—r%\/dz +4d? (14)

For the class of spins with strong heteronuclear coupling (i.e., d < d, and
d < d_) the square roots in Eq. (14) can be expanded as:

Via = Vs
a2
1/2,3z Vg i[d++gj,
d>
Vie =R Vet |d +——]|. 15
5.6 s [ 8dj (15)

Therefore, the homonuclear dipolar coupling contributes only in second (qua-
dratic) order to N frequencies and can be neglected in first order, in accor-
dance with the concept of “second averaging” [44, 54]. As an example, Fig. 6
shows a calculation of Eq. (14) as a function of the strength of the homonuclear
coupling for arbitrary 'H-'>N coupling values corresponding to different crystal-
lite orientations with weak, intermediate and strong 'H-!’N interaction. The cal-
culations reveal that for strong 'H-'N coupling the effects of the 'H-'H interac-
tions are negligible and the calculated frequencies are practically independent of
the homonuclear coupling.

From Eq. (15) it is evident that the homonuclear coupling leads to the pres-
ence of spectral intensity at the frequency v of the uncoupled "N nucleus. The
relative line intensities can be calculated as follows.

The two Liouville operators of Eq. (12) can be written as a sum of ficti-
tious spin 1 operators (F,, F,, F)):

vz
d, - d ;
A 2
L =v+|-—-d 0 Td =v+d.rF, - %(FZFX+FXFZ)
2
2
0 %d —d,

i d i
= v+ex i—sz(dJrF ——F)ex (—i—sz. 16
p( 2 z z 2 y p 2 z ( )
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Fig. 6. Calculation of the effect of the dipolar coupling d('"H-'H) on the N frequency, using Egs.

(14) (v; = 0kHz, d, = 0.2 kHz) for an arbitrary orientation of a crystallite. For the weaker 'H-"N

couplings of d, = 1 and d, = 3 kHz there is a strong dependence of the '*N frequencies on the d('H-

'H) coupling. For the strong '"N-"H coupling of d, = 10.6 kHz frequencies are practically indepen-
dent of d('H-'H), at least below 5 kHz.

Using the abbreviations

d§+7

2
dy = ‘/df +dT’ cosp = d—idz, sing = Ldz’ (17)
2‘/di2 +7

Eq. (16) simplifies to:

I~
|

= v+dexp (ingz) (F, cosgp — F, sin ) exp (— igFfj

= vidy, exp(igﬁﬂexp(—iw&)ﬁ; eXp(i(ﬂﬂ)exp(—igFf) (18)
In other words, applying these two transformations diagonalizes the Liouville

operators:

LPe = v+ d . F, . (19)

2
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Transforming Eqs. (13) into this frame gives:

SPie = exp(i«pﬂ)exp(— %FJ S, (20)
2

2

The intensities of the three transitions finally are given as the square of the
intensities of the elements of Eq. (20), which, after some algebra, simplify to:

I, = 2sin’p,
I,; = cos’p,
I = cos’p. (21

From these transition intensities the powder spectra can be calculated. However
in practice it is easier to perform a full numerical simulation of the spectra.
Figure 7 shows the result of such a numerical simulation of the effect of the
"H-"H coupling on the "N spectral line shape of a covalent NH-bond. The spectra
were calculated for various homonuclear couplings, varying between 0 and 7 kHz.
For the N-H vector an orientation parallel to 6,; and for the H-H vector an ori-
entation parallel to &,, was arbitrarily chosen. While the 'H-'H coupling has a
strong influence on the central part of the N spectrum, the positions of the outer
singularities are practically unaffected and can be treated as a two-spin system.
Note that the actual form of the central part depends strongly on the relative
orientation of the H-H vector with respect to the N-H vector and the SN CSA
frame.

dyy (kHz)

>

OoO=2NwhoiOON

600 400 200 0 -200
S("°N) (ppmyy,)

Fig. 7. Numerical simulation of the effect of d; on a '"N-'H dipolar CSA spectrum using a three

spin model (vg = 0 kHz, d, = 0.2 kHz, d, = 10.6 kHz). d;; = 0, 1, 2, 3, 4, 5, 6 and 7 kHz, respec-

tively. For the N-H vector an orientation parallel to dy; and for the H-H vector an orientation paral-

lel to &;, was arbitrarily chosen. dy;; has a strong influence on the central part of the spectrum, but
the positions of the outer singularities are practically unaffected.
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5 Discussion

One goal of the NMR study of polyglycine was to find evidence for the pro-
posed hydrogen tunneling process. Therefore the preparation and characteriza-
tion of the samples used for the NMR experiments were the same as the prepa-
ration of samples for the previous INS experiments and similar concentrations
of ordered and disordered domains are anticipated. The infrared spectra show that
there is a dominant form for each sample, ~80-90% of PG I and PG II, re-
spectively, and domains with ill-defined conformation, supposedly random coil,
account for the rest. This structural inhomogeneity is also reflected in the 'H
MAS NMR spectra, where, in particular in the PG II sample, several spectral
components are visible. In principle by the application of high-speed MAS tech-
niques and combined rotational and multipulse spectroscopy it should be pos-
sible to gain enough proton resolution to distinguish between helical structures,
B-sheet and random coil regions [55]. The measured isotropic >N chemical shield-
ings of the amide nitrogens are typical values for 'SN nuclei covalently bound
to a proton in an amide, peptide or protein. Their difference of 5 ppm between
PG I and PG II corroborates the results of a previous study [51] and can be at-
tributed to the different conformations and hydrogen bonding situations. How-
ever there are differences in the anisotropy and asymmetry of the measured ten-
sors compared to the previous study: 4 = 160.5 ppm, = 0.36 for PG I and
A= 1555 ppm, n=0.14 for PG II instead of 4= 152 ppm, = 0.15 for PG I
and 4= 158 ppm, n=0.12 for PG II [51].

Singularities at ca. 600 ppm reveal covalent NH-bonds with a rather large
"H-'>N coupling. Employing the "N CSA data from the 'H decoupled spectra,
Eq. (8) is employed to determine the size and orientation of the '"N-'H vector
in the CSA frame. The major dipolar coupling values are very similar for both
modifications: D = 10.4+0.3 kHz for PG I and D = 10.6+0.3 kHz for PG II
They correspond to similar covalent bonds with distances Ry, = 1.054 and 1.047
+0.01 A, respectively. However, the orientation of the N-H vector with respect
to the PAS of the N CSA tensor is different for the two modifications (Fig.
8). For PG II the 'N-'H vector is in the (&,,, &,,) plane (8= 90+2°, a = 19+3°).
For PG 1 (8= 74+2°, a= 12+2°), the "N-'H vector is rotated by 16° out of
the (J,,, 0,,) plane.

PG |

Fig. 8. Sketch of the orientation of the 'H-'*N dipolar vector in the N CSA frame. PG I. D =
10.4+0.2 kHz, Ry, = 1.054+0.007 A. PG II: D= 10.6+0.2 kHz, Ry = 1.047+0.007 A.
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The profiles calculated in the two-spin approximation account only for the
outer parts of the spectra. The intensity distortion between 300 and 400 ppm
may again be due to different cross polarization efficiencies.

In the central part of the undecoupled spectra there are strong deviations be-
tween experimental and simulated spectra. In principle, there are two different rea-
sons for this additional intensity, which are not necessarily mutually exclusive.

1. The intensity stems from N nuclei which experience only a weak dipo-
lar coupling, either because the distance to the amide proton is increased for these
nuclei or because a mobile amide proton is exchanging fast between positions
with different dipolar coupling. In the latter case a weakened average dipolar
coupling would be measured, resulting in a more narrow line width [54].

2. The homonuclear dipolar interactions among the protons lead to a fast spin
exchange of the protons, which effectively decouples these N nuclei from the
protons [56].

From the static spectra alone it is not possible to decide between these two
alternatives. Because the isotropic chemical shielding of an unprotonated "N
nucleus exhibits a low-field shift, compared to a protonated nitrogen, the N CP-
MAS spectra can help to decide between these two alternatives. The absence of
spectral intensity in the SN CP-MAS spectra lowfield of the line of the covalently
bound amide nitrogen suggests the second alternative as the more probable one.

For PG II the orientation of the dipolar vector in the CSA frame is similar
to that reported for the N-octyl-D-gluconamide molecule (o = 15°, = 90°) [42].
0;; is perpendicular to the amide plane containing J,, and o,,. The direction of
the amide bond in the (J;;, J,,) plane is determined by the angle o between the
NH bond and the §,,-axis (Fig. 8). For PG I the 'SN-'H vector is not in the
(6,1, 0y) plane (a = 12°, = 74°). The S angle determines the tilt of the CSA
tensor with respect to the amide plane (for f= 0 or = 90° two of the prin-
ciple axes lie in the amide plane, = 74°, the tensor is tilted 16° with respect
of the amide plane). There exist several possible reasons for this tilt.

1. The CSA tensor is in the CO-N-C, plane of the peptide group, but the
hydrogen is rotated out of this plane, leading to a nonplanar structure of the
peptide group. This structure can occur either due to a fast proton exchange or
because of a static displacement of the proton in the hydrogen bond.

2. The hydrogen is in the CO-N-C, plane, i.e., the peptide group is planar,
but the CSA tensor is rotated out of the plane or both CSA tensor and hydro-
gen atom are rotated out of the CO-N-C, plane.

In the fast exchange regime the dipolar coupling should be averaged. Owing
to the axial symmetry of the dipolar interaction, a rotation around an axis per-
pendicular to the dipolar vector is necessary to change the orientation of the ef-
fective tensor. The maximum averaged dipolar coupling can be estimated from
Eq. (9) (assuming a symmetric exchange):

D =—(1+3cosp) (22)

NIl
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and
-3

— R
R3= Z“ (1+3cosg) . (23)

With ¢ =28 =32° and D = 10.4 kHz, then D = 11.7 kHz and R, = 1.015
A. This NH bond length is too short to be reasonable. Thus a dynamic exchange
of the proton can be excluded as the main reason of the tilt of the CSA vector.

If a static displacement of the amide of the amide proton has occurred, for
example due to the proposed exchange between amide- (a) and imidol-like (b)
forms, an approximately linear change of the NH distance takes place, leading
to an averaging of the dipolar interactions:

5=%<Da+Db>,

— 1
R = 5(% + Ry - (24)

Using Ry, ~ 1 A and Ry, ~ 1.5 A, an average distance of R ~ 1.16 A cor-
responding to an average dipolar coupling of D ~ 8 kHz is estimated. This lat-
ter value is quite different from the observed D ~ 10 kHz. Thus one can ex-
clude a symmetric fast exchange for these protons and a lower bound for the
probability of the amide-like structure can be estimated as 90%.

The second explanation finally is that the CSA tensor is tilted with respect
to the amide plane. In a recent study the orientation of the CSA tensors of vari-
ous di- and tripeptides and collagen is summarized [57]. For several of these
tensors a tilt with respect to the amide plane is observed, showing that in these
systems the CSA tensor is not necessarily coplanar with the amide plane. The
reported tilt angles range from 17.6 to 25.5°. Comparing this to our result of
P =74x2° i.e., a tilt angle of 16° we conclude that a similar rotation of the
CSA tensor has also occurred in our system, i.e., the position of the amide hy-
drogen has not changed and the "N CSA tensor is not coplanar with the amide
plane.

6 Conclusion

C,-deuteration of '’N-polyglycines (-CO-CD,-'"NH-), eliminates the main H-H
homonuclear dipolar interactions between (C,)H and (N)H but the remaining
homonuclear interactions between (N)H atoms, compared to the H-'SN coupling,
remain large enough to perturb the "N NMR spectra. Nevertheless the data can
be partially analyzed as effective two-spin systems. The best fits to the observed
spectra give 'H-'>N dipolar coupling of ~10 kHz corresponding to protons co-
valently bound to nitrogen atoms with R ~ 1.05 A. There is no evidence for fast
dynamical exchange between two proton sites. While in the PG II system the
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5N CSA tensor is collinear with the amide plane, in the PG I system the CSA
tensor is tilted with respect to the CSA plane.
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