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Chapter 1
Introduction

The conformations of polypeptides and proteins arise from the
positions of internal rotation, dihedral angle (¢,y) of the amino acid
residues which make up the backbone chain, and many of these
conformations are ruled very improbable or impossible by steric
factors. In addition, many conformations bring parts of the chain into
favorable contact with one another.  These favorable contacts,
contributing on the order of several kilocalories of negative free
energy, are called noncovalent bonds.  One of the noncovalent
interactions in polypeptides and proteins is “hydrogen bond”, which
plays very important role in forming the three dimensional structure.
The o—helix and PB-sheet forms provide popular illustrations of this
principle.  The hydrogen bond is an intermediate intra- or inter-
molecular interaction between an electron-deficient hydrogen atom and
an oxygen atom with high electron density. The nature of hydrogen
bond has been widely studied by spectroscopic methods!-12 such as IR,
Raman and NMR spectroscopies and crystallographic methods!3-16 such
as X-ray and neutron diffractions, and theoretical approachesl7-19.
However, many aspects of the hydrogen bonded structure are, as yet,
imperfectly understood. For this, it is needed some new approach to
clarify the nature of hydrogen bond. Solid-state-high-resolution NMR
spectroscopy has been one of the most powerful tools for obtaining
useful information about details of the structure and electronic state of
hydrogen-bonding .

In biological molecules, the nuclei which can be observed by NMR
are 1H, 2H, 13C, 170, 14N, I5N, etc. 1H(spin number I=1/2) is the

‘most popular nucleus for solution-state NMR. But, in solids, there are



strong homonuclear dipole-dipole interactions between 'H nuclei
because of its large abundance, it is difficult to obtain high-resolution
NMR spectra without using CRAMPS(combined rotation and multiple-
pulse spectroscopy) method. 2H(I=1) spectrum is useful to study
molecular dynamics, but it is not suitable to study molecular structure.
14N(1=1) resonance line is broaden by quadruple interactions, and at
present it is difficult to obtain high-resolution 4N spectrum. On the
other hand, 13C(I=1/2) natural abundance is 1.1 % so that there is few
homonuclear dipole-dipole interactions, and we can obtain high-
resolution 13C NMR spectrum by combination of CP(cross-polarization)
method, high power proton decoupling and magic angle spinning. As
has been revealed in a series of 13C CP/MAS NMR studies of synthetic
and biological polypeptides, every amino acid residue in solid
polypeptides has characteristic 13C chemical shift values. Since this
shift varies, depending on the conformation such as o-helix, B-sheet and
31-helix forms, it can be regard as an intrinsic probe of the secondary
structure of peptides?0-29. It was also clear from the experimental and
theoretical studies that such a chemical shift change is not caused by the
specific peptide sequence, bu't}’ by the local conformation and
intermolecular interactions. This implies that the 13C chemical shift in
the solid state grossly depends on very confined electronic structure
around the nucleus under consideration. Ando et al39. have also
measured 13C CP/MAS NMR spectra of some oligopeptides containing
glycine residues in the solid state, in order to obtain information about
the relationship between the carbonyl carbon chemical shift and
hydrogen bond length. It was found that the !3C signals of the
carbonyl carbons in the >C=0---H-N< type hydrogen bond form are
linearly deshielded with a decrease in the hydrogen bond length but
those in the >C=O---H—N+< type hydrogen bond form are linearly



shielded with a decrease in the hydrogen bond length. They justified
such experimental finding by quantum- chemical calculations of 13C
shieldings for model compounds. In this way, solid-state 13C NMR
spectroscopy has offered some successful results to peptides and proteins
structural study.

In this doctoral work, I am concerned with two kinds of NMR
observable nuclei such as 15N and 170. Though these nuclei are
associated with hydrogen-bonding structure in peptides and proteins.
Nevertheless, they have been significantly used for investigation of
hydrogen-bonding structure in peptides and polypeptides.

Since 15N(I=1/2) nucleus is very low natural abundance to be 0.37%
and have very low gyromagnetic ratio : y= —2.7112x10-7T-1s-1, it has
weak sensitivity. But, 1IN NMR spectroscopy has demonstrated to
provide useful information about structure and dynamics of synthetic
polypeptides and proteins in solution31-36. It has been reported that
I5N nucleus is highly sensitive to structural and conformational changes
of the molecules. Most recently, high-resolution solid-state 15N NMR
has been developed by means of the CP/MAS method, and has been
applied to the conformational characterization of polypeptides and
oligopeptides. It has been demonstrated that the 19N chemical shifts in
the peptide backbone of a variety of polypeptides exhibit a significant
conformation-dependent change37-39, the ag-helix form(97.0-99.2
ppm) appears more upfield than that of the -sheet form(99.5-107.0
ppm).  On the other hand, if the exact principal values of 15N
chemical shift tensors(cy1, 0y, and G33) are available, it provides more
detailed information about the structure of polypeptides and

oligopeptides, which are closely associated with electronic state
compared with the isotropic chemical shift value (Cjqo =

(G11+092+033) /3) which is determined by MAS. Because a nitrogen



atom possesses lone-pair electrons, it is of interest to examine the

effects of the lone-pair electrons on the isotropic 19N chemical shift
(Ojso) and the principal values of the 15N chemical shift tensors ( C11s

0'22 and 0'33).

On the other hand, the oxygen atom is one of important atoms
constituting hydrogen-bonding structure in peptides and polypeptides.
Nevertheless, solid-state 170 NMR study for peptides and polypeptides
has never been carried out. This is due to very Weak sensitivity for
solid-state 170 NMR measurement which comes from two following
reasons. One is that 170 nucleus is very low natural abundance to be
0.037 %.  Another is that 170 nucleus because of 1=5/2 is quadrupolar
nucleus, and so 170 signal is broaden by nuclear quadrupolar effects in
solids. On the other hand, solution-state 170 NMR spectroscopy has
been successfully employed to elucidate a number of structural
problems in organic chemi.stry40‘43, because 170 signal becomes very
sharp due to the vanishment of quadrupolar interaction by isotropic fast
reorientation in solution. For example, as the oxygen atom is directly
associated with the formation of hydrogen bond, the formation of
hydrogen bond for the carbonyl group in various compounds often
results in large upfield shifts of the carbonyl 170 NMR signal44-45.
- From these experimental findings, the 170 NMR chemical shift in
solids can be expected to establish as a means for investigating the
hydrogen-bonding structure. Another NMR parameter besides
chemical shift obtained by 170 NMR is the nuclear quadrupolar
coupling constant. The nuclear quadrupolar coupling constant comes
from the interaction of the nuclear quadrupolar moment eQ with the
electric field gradient eq at the site of the nucleus. The field gradients

(which involve nuclear and electric contributions) and the

corresponding asymmetry parameters T are sensitive to the electric



charge distributions in the vicinity of the nucleus. Several semi-
empirical MO(molecular orbital) method has been used for calculating
the nuclear quadrupolar coupling constant and for relating it to
structure features and electronic distribution46-32.  The nuclear
quadrupolar coupling constant also seems to be useful to investigation
of the hydrogen-bonding structure. ;
From such situations, it can be expected that solid-state 15N and 170
NMR provides deep insight for understanding hydrogen-bonding

structure in solid peptides and polypeptides.

This dissertation goes as follows:

In Chapter 2, in order to obtain and accumulate knowledge of the
hydrogen-bonding in peptides, 1SN CP/MAS NMR spectra of the
glycylglycine(GlyGly) oligopeptides are measured in the Solid state.
To clarify the origin of the relationship between the 15N chemical shift
and the manner of the hydrogen bond, the 15N shielding and tensor
components of the glycine amide nitrogens are calculated by employing
quantum-chemical methods.

In Chapter 3, as a continuation of 15N NMR study of the hydrogen
bond in oligopeptides, I attempt to measure isotropic !N chemical
shifts and individual components of 15N chemical shift tensors of the
glycine(Gly) residue in a variety of oligopeptides with the tert-
butyloxycarbonyl(Boc) group in the terminal, and to clarify the
relationship between hydrogen bond length and isotropic chemical shifts
and individual components of chemical shift tensors. The obtained
results will be discussed in comparison with Chapter 2 about hydrogen
bond. Fﬁrther, to do a deep insight into the hydrogen bond, the 19N
chemical shift and tensor components of the glycine amide nitrogens are

calculated by employing quantum chemical method.



In Chapter 4, high-resolution 170 NMR spectra of solid
polyglycine(PG) I, PG 11, glycylglycine(GlyGly) and glycylglycine
nitrate (GlyGly*HNO3) are measured and three kinds of NMR
parameters such as chemical shift(3), quadrupolar coupling
constant(e2qQ/h) and asymmetric parameter(ng) are obtained by
spectrum simulation, and the relationship between the hydrogen-
bondiné structure and these NMR parameters is discussed. To do deep
discussion on such relationship, quantum chemical calculations are
carried out.

In Chapter 5, quadrupolar coupling constant(e2qQ/h) and chemical
shielding versus the hydrogen-bonding structure were calculated by
employing FPT-MNDO-PM3 method. Compared with experimental
results obtained in the preceding chapter, the relationship between these
NMR parameters and the hydrogen-bonding structure is deeply
discussed by employing quantum chemical method.

In Chapter 6, the concluding remarks of the present investigation are

described.
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Chapter 2
Hydrogen-Bonding Structure and
ISN NMR Chemical Shifts of Peptides
Containing Gly Residue in the Solid State I. XGlyGly

2.1 Introduction

Recentiy, high-resolution 15N NMR spectroscopy has been increasingly
applied té the investigation of peptides, polypeptides and proteins in the
solid state!12.  Shoji et al.!13 demonstrated that the isotropic 15N
chemical shifts of a number of homopolypeptides in the solid state, as
determined by the cross polarization / magic angle spinning (CP/MAS)
NMR method are significantly displaced as much as 1.2-10.0 ppm,
according to their particular conformations such as the o-helix and B- -
sheet forms!3.  Such a large chemical shift difference may come from
changes in the hydrogen bond length and angles by through change in the
dihedral angles (6,0). |

Ando et al.14 have also measured 13C CP/MAS NMR spectra of some
oligopeptides containing glycine residues in the solid state, in order to
obtain information about the relationship between the carbonyl carbon
chemical shift and hydrogen bond length. It was found that the 13C
signals of the carbonyl carbons in the >C=0---H-N< type hydrogen bond
form are linearly deshielded with a decrease in the hydrogen bond length
but those in the >C=0---H-N*< type hydrogen bond form are linearly
shielded with a decrease in the hydrogen bond length. Further, they
performed quantum chemical calculations of 13C shieldings for model
compounds taking into account the hydrogen bond and conformational
effects which explain reasonably the experimental resultsl4. In this
work, in order to obtain and accumulate further knowledge of the

hydrogen bonding in peptides, I attempt to measure 15N CP/MAS NMR

10



spectra of oligopeptides containing glycine residues in the solid state and
to clarify the origin of the relationship between the 15N chemical shift
and the manner of the hydrogen bond the !SN shielding tensor
components of the glycine amide nitrogens were carried out by

employing quantum-chemical methods.
2.2 Experimental

Materials: A series of oligopeptides containing glycine residues, except
for sarcosylglycylglycine(Sar-Gly-Gly), were purchased from Sigma Co.
and were recrystallized according to the same procedures as those used in
the X-ray diffraction studies on them. Sar-Gly-Gly was synthesized by
stepwise elongation of N-hydroxysuccinnimide active esters and amino
acids!3.  The N-terminal of the active ester was protected by o-
nitrophenylsukfenyl(Nps-) group.  This sample was purified and
recrystallized from aqueous solution.  Glycylglycine nitrate (Gly-
Gly*HNO3) was obtained by slow evaporation from an equimolar
mixture of glycylglycine and nitric acid in water.  Glycylglycine
monohydrochloride monohydrate- (Gly-Gly*HCI*H,O) was obtained by
slow evaporation from an equimolar mixture of glycylglycine and

hydrogen chloride in water.

Measurements: !N CP/MAS NMR spectra were recorded at room
temperature and 27.3MHz with a JEOL GSX-270 NMR spectrometer
equipped with a CP/MAS accessory.  Field strength of the !'H-
decoupling was 1.2mT. The contact time was 5 ms, and repetition time
was 10s.” Spectral width and data points were 20kHz and 8k,
respectively.  Sample was placed in a cylindrical rotor and spun at 4

-SkHz. Spectrum was usually accumulated 100 - 600 times to achieve a

11



reasonable signal-to-noise ratio. 9N chemical shifts were calibrated

indirectly through external glycine-1SN(8=11.59 ppm; line width =17Hz)
relative to saturated 1SNHyN O5(8=0 ppm) solution in H,O.

Theoretical calculation: The finite perturbation theory(FPT) within the
INDO framework for calculating the I5N shieldings was used. The FPT-
INDO the(;ry has the advantage of permitting the calculation of the
paramagnetic term without requiring explicit wavefunctions of the
excited states and the one-electron excitation energies, which are difficult
to obtain with high accuracy by the usual semi-empirical MO
approximations. This approach reproduces reasonably the experimental

I3C chemical shifts of L-alanine residues in peptides!6. According to
the FPT-INDO framework!7-19, g4, 3(A) (diamagnetic term) and

GPQB(A) (paramagnetic term) are expressed by

FuF 40,8 —Fyal
oog = 7 XZ y (0)(xy [RGB YATAB @.1)
2m | al
(By) (rqa XV)
o7 :_ﬂ, (_uv_ee_] ] B, 02
B me %Z‘;’ - dB,, B=O< A“" I’”A‘ |xv)
oPB =x,y,z

where the gauge origin of the vector potential is set at the position of
nucleus A. The vectors ry and rp are the position vectors of electron

considered from the nucleus of the atom containing the atomic orbital
(AO)yy and from the nucleus A, respectively. P,v(B) and Pyy(0) are the
elements of the density matrix with and without the perturbation due to
the magnetic field, B, respectively. The 15N shielding calculation was
carried out by similar procedure to that reported previously for a 13C
shielding calculation!3. In the calculation, N-acetyl-N'-methylglycine
amide as a model comﬁound was adopted. The bond lengths and bond

angles proposed by Momany et al.20 were used. A HITAC M780H

12
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computer at the Computer Center of the Tokyo Institute of Technology
was used for calculation. The N-H bond length and N---O hydrogen
bond length, optimized by ab initio STO-3G MO calculation, were
determined for N;methylacetamides as a model compound. The
calculations were performed on a HITAC M680H computer at the

Computer Center of the Institute for Molecular Science, Okazaki.
2.3 Results and Discussion

ISN' NMR chemical shifts of glycine amide nitrogen of peptides in the
solid state: A 27.3 MHz 1IN CP/MAS NMR spectrum of L-
alanylglycylglycine (L-Ala-Gly-Gly) in the solid state is shown as a
typical example in Fig.2.1. 15N CP/MAS spectra of the remaining
samples were also obtained with similar resolutions. Signals were also
assigned with reference to previous 1N CP/MAS NMR and solution
state 15N NMR data?!. |

Glycylglycine (X-Gly-Gly) sequence oligopeptides was used in this
work. It vis well known that the 19N chemical shifts of peptides vary with
the amino acid sequence?2. For example, 15N chemical shifts of the
glycine residue depends upon the amino acid residue linked to the N-
terminal of the glycine residue.  Consequently, the glycylglycine
sequence oligopeptides were used, in order to neglect the sequence-
dependent 15N chemical shifts.

All the 15N chemical shift values of oligopeptides determined from the
observed spectra are tabulated in Table2.1, together with the geometrical
parameters obtained by X-ray diffraction studies. Some of the
geometrical parameters weré calculated by using the unit cell parameters
and fractional coordinates given in the literatur623'31. The 15N chemical

shifts and the geometrical parameters of tert-butyloxycarbonyl-

15
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glycylglycylglycine-benzylester (Boc-Gly-Gly-Gly-OBzl) are inferred
from the results of Hiyama et al3!.

Fig.2.2 shows the plot of the observed 19N chemical shifts of Gly NH
against the hydrogen bond length(Ry...0). However, it is found that

there is no clear relationship between Ry...o and 9N chemical shifts.
This is differer}t from the case of 13C chemical shifts of the carbonyl
carbons associzited with the hydrogen bond, reported previously!4 where
the 13C signalé of the carbonyl carbons are linearly deshielded with a
decrease in Ry...o.

Fig.2.3 shows the plot of the observed !SN chemical shifts of the
glycine residue in X-Gly-Gly against the N-H bond length(Rn.g)
associated with hydrogen bond. It is found that there is a clear
relationship between these parameters and the decrease of Rp.y leads to
a linear increase in shielding. The expression for this relationship is
Oiso =39.32 RN.g+ 57.73 . (2.3)

Such a trend is very different from the obtained from 13C NMR study.
Amide 15N chemical shifts are closely related to the length of the N-H
bond but ére not related to the N---O hydrogen bond length. This
implies that the 1N chemical shift value gives useful information about
the N-H length in the hydrogen bond. It seems that the hydrogen bond
angle (£N-H.-0) is also related to the I5N chemical shift.

AbD initio calculation: relationship between the N-H bond length and
the N:+-O hydrogen bond length: The structure of the two hydrogen-
bonded N-methyl acetamides as a model system is shown in Fig.2.4. At
first, the geometrical parameters of an N-methyl acetamide molecule
were optimized using the ab initio STO-3G MO method. Next, for two
hydrogen-bonded N-methyl acetamides, the bond length N-H was
optimized as a function of the hydrogen bond length N---O. Fig.2.5

18
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Fig.2.4 Structural model of the two hydrogen-
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shows the relationship between the minimized bond length N-H or the
total energy and the hydrogen bond length N---O, as determined by ab

initio MO calculations.

It is shown that at RN...o < 2.97 A, an increase of RN...o leads to an
increase of Ry_y. However, at Ry...0 > 2.97A, an increase of RN...O
leads to a decrease of Ry.y. < In the sample used in this work, the Ry;...q
values are betwéen 2.85 and 3.30 A. Therefore, it can be said that the
RN-H values decrease with an increase of RN...0-

On the other hand, X-ray diffraction studies, have shown that the Ry
decrease with an increase of the Ry...q values(Fig.2.6)32. From the

above results, it can be said that there is an apparent relationship between

the hydrogen bond length Ry...g and the bond length Ry

ISN shielding calculation: Figs.2.7 and 2.8 show the calculated isotropic
shielding(0js0) and the paramagnetic terms of the tensor components
(011, 622, 033, from downfield to upfield) of Gly NH using the model
compound N-acetyl-N'-methylglycineamide (Fig.2.9). The calculated
values aré all expressed in parts per million (ppm) with an opposite sign
to those in Table 2.1. the that the negative sign for the calculated
shielding denotes deshielding, which is similar to the positive sign of the
experimental chemical shift values. A shielding value, or tensor
component, is usually represented as the sum of the diamagnetic and the
paramagnetic terms. However, the anisotropic behavior of the shielding
tensor can be predominantly explained by the paramagnetic term, since

the diamagnetic term is isotropic.

Fig.2.7 shows the Rn.g dependence of the calculated isotropic SN
shielding (0jg,) of Gly NH. _ It is shown that a decrease of Ry leads to

very large increase of Gjgo; for example, a decrease of 0.4 A in RN-H

leads to a calculated shielding increase of about 30 ppm. This agree with
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the observed results. This implies that the observed shielding increase is
a consequence of the changes in the electronic state through a decrease of

the N-H bond length.
Fig.2.8 shows the Ry . of the calculated principal values of the 15N

shielding of the Gly NH. It is shown that a decrease of Ry leads to an

increase in shielding of 611, 02 and 633, respectively. The magnitudes

for changes of the principal axes of the shielding occur in the order
622>G33>611:. The direction of the principal axes of the Gly NH 15N

shielding tensor components, as determined by the NMR study of a Boc-
Gly-Gly-Gly-OBzl single crystal3!, are shown in Fig.2.10. The o1
component lies approximately along the N-H bond, and the G33
component lies approximately along the N-C' bond. The 69 component
is aligned in the direction perpendicular to the peptide plane. From this,
it can be said that the 65, and 033 components, rather than the 014
component, are sensitive to Ry.g changes. This may be due to the fact
that the 67y component lies approximately along the direction of the

nitrogen lone-pair electrons and the electron density is very high in this
direction. The 633 component lies approximately along the N-C' bond

into which lone-pair electrons of the nitrogen atom transfer, and so the
bond order becomes very high. Consequently, The 027 and 033

components are sensitive to changes in Ry_y.

Finally, it can be concluded as follows: The observed 15N shieldings of
amide nitrogen increase linearly with a decrease of the N-H bond length
associated with the hydrogen bond length; this can be justified by
quantum chemical calculations. The 5N shielding is applicable as a
means for obtaining direct information about the nature of the hydrogen
bond in the solid state, in addition to the 13C shielding of the carbonyl

carbons in the hydrogen bonds.
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Fig.2.10 Orientation of the principal axes of the 15N
shielding tensors of the glycine residue amide
nitrogen as determined in the literature 31.
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Chapter 3
Hydrogen-Bonding Structure and
15N NMR Chemical Shifts of Peptides
Containing Gly residue in the Solid State II. BocGlyX

3.1 Introduction

15N NMR spectroscopy has demonstrated to provide useful information
about structure and dynamics of synthetic polypeptides and natural
proteins in solution!6. Tt has been reported that the 15N nucleus is
highly sensitive to structural and conformational changes of the
molecules. Most recently, high-resolution solid-state 1N NMR has
been developed by means of the cross polarization / magic angle spinning
(CP/MAS) method, and has been applied to the conformational
characterization of polypeptides and oligopeptides’. It has been
demonstrated that the 1N chemical shifts in the peptide backbone of a
variety of polypeptides exhibit a significant conformation-dependent
change8-10 and the og-helix form(97.0-99.2 ppm) appears more upfield
than that of the -sheet form(99.5-107.0 ppm). On the other hand, if
the exact principal values of 1N chemical shift tensors(cy, 6, and

G33) are available, it provides more detailed information about the

structure of polypeptides and oligopeptides, which are closely associated
with electronic structure compared with the isotropic chemical shift
value( 055, = (011+07,+033) /3) which is determined by MAS method.
Because a nitrogen atom possesses lone-pair electrons, it is of interest to

examine the effects of the lone-pair electrons on the isotropic 1N
chemical shift (0;,) and the principal values of the 5N chemical shift

tensors( Gy, Opp and G33). Further, the direction of the principal axes of

the glycine residue 1SN shielding tensor components was experimentally

determined by some investigators.!! - In preceding chapter?, it was
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described that in a variety of solid oligopeptides ( X-GlyGly, where Gly
is glycine residue and X is the other amino acid residue ) the decrease of
the N-H bond length in the >C=0---H-N< type hydrogen bond for the C-
terminal Gly residue leads to a linear increase in 15N shielding, but there
is no clear relationship between the 15N chemical shifts and N---O
separation. The results that there is no relationship between them may
come from the other amino acid (X) effect. For this, when details of the
hydrogen bond through the SN chemical shift are studied, oligopeptides
without the effect of X on the 15N chemical shift of Gly residues must be
chosen. If oligopeptides with tert-butyloxycarbonyl (Boc) group in the
terminal are chosen, it can be expected that the oligopeptides do not have
the effect of X on the 15N chemical shift of Gly residue. ( The Boc group
is sometimes used as the terminal in oligopeptides.)  As a continuation
of 1SN NMR study of the hydrogen bond in oligopeptides, in this work I
attempt to measure isotropic 19N chemical shifts and individual
components of 15N chemical shift tensors of the glycine residue (Gly) in
a variety of oligopeptidés with the Boc group in the terminal, and to
clarify the relationship between hydrogen bond length and isotropic
chemical shifts and individual components of chemical shift tensors.
The obtained results will be discussed in comparison with my previous
NMR studies about hydrogen bond. Further, to do a deep insight into the
hydrogen bond, the 1N chemical shift and tensor components of the
glycine amide nitrogen are calculated by employing quantum chemical

method.
3.2 Experimental

Materials: A series of oligopeptides containing the 15N labeled glycine

residue (a !9N purity of about 10 % ) were prepared according to the
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condensation reaction of Boc—glyciné N-hydroxysuccinimide activated
esters and amino acids12. The N-terminals of all the peptides considered
here were protected by tert-butyloxycarbonyl ( Boc ) group using Boc-S
(tert-butyl S-4,6-dimethylpyrimidin-2-ylthiocarbonate ). A mixture of |
I5N labeled glycine (Merck Inc., isotope purity 99 atom %) and glycine
(Nihon-Rika Co) was used to obtain remarkably intense signals in the
I5N NMR spectra. The samples obtained were slowly recrystallized
from ethyl acetate solution according to the procedure used in X-ray

diffraction studies!3-17,

15N NMR measurement: 15N CP/MAS NMR spectra were recorded at
room temperature with a JEOL GSX-270 spectrometer operating at 27.3
MHz equipped with a CP/MAS accessory. The field strength of TH
decoupling was 1.2 mT. A contact time was 5 ms, and repetition time
was 10 s. Spectral width and data points were 10 kHz and 8 k,
respectively. Samples were placed in a cylindrical rotor and spun as fast
as 4-5 kHz. Powder pattern spectra were recorded with the same
instrumeht without magic angle spinning.  Spectra were usually
accumulated 100-2000 times to achieve a reasonable signal-to-noise
ratio. 19N chemical shifts Ire calibrated indirectly through external
glycine- 15N (8=11.59 ppm ; line width=17 Hz) relative to saturated
15NH4NO3 solution(d = 0 ppm) in HyO. To obtain the three principal
components of the shielding tensors (0, Gy, and 033, from the
downfield to upfield), a fitting was carried out by superimposing the
theoretical powder pattern line shape with Lorentzian function
(symmetrical broadening function) to the observed powder pattern as

shown in Fig.3.1.
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~ Fig.3.2 27.3MHz 15N CP/MAS NMR spectrum (a)

and 27.3 MHz 15N CP static NMR spectrum (b)
of BocGlyAla in the solid state.
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15N chemical shift calculation: In this work, relative 1SN NMR
chemical shifts (magnetic shielding constants) of a dipeptide fragment,
N-acetyl-glycine methylamide (forming hydrogen bonds with a
formamide molecule) were calculated, employing the finite perturbation
theory (FPT)-INDO method, as shown in detail in a previous paper!8.
The bond lengths and bond angles proposed by Momany et al.19 were
used. A HITAC M780H computer at the Computer Center of the Tokyo
Institute of Technology aﬁd a HITAC S-820 computer at the Computer
Center of the Institute for Molecular Science, Okazaki, were used for the

calculation.
Results and Discussion

15N NMR chemical shifts of the glycine residue of BocGly peptides in
the solid state: A 27.3 MHz !5N CP/MAS NMR spectrum and a
27.3MHz N CP powder pattern spectrum of tert-butyloxy-
carbonylglycylalanine ( Boc-Gly-Ala ) in the solid state were shown as a
typical example in Fig.3.2. 15N spectra of the other remaining samples
were also obtained with similar resolutions. In the BocGly peptides, a
nitrogen of the glycine reéidue forms urethane bond. Thus, its 19N
signal appears more upfield compared with that of the amide nitrogens.
Signals were easily assigned with reference to solution-state 15N NMR

data reported previously20  All the isotropic 1SN chemical shift values
(0jso) and the principal values of the 1SN chemical shift tensors C11> 029,

and 033; from the downfield to upfield) are tabulated in Table 3.1. The
geometrical parameters obtained by X-ray diffraction studies!3-17 were

tabulated in Table 3.2, where some of the geometrical parameters were

estimated by using the unit cell parameters and fractional coordinates
given in the literature. The hydrogen bond lengths (RN---0) of peptides
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used in this work are in the range from 2.95 to 3.08 A.  On the other
hand, the hydrogen bond angles £C=O---N somewhat distribute and are

in the range from 113 to 155° Fig. 3.3 shows the plot of the observed
isotropic 15N chemical shifts (0;5,) of Gly NH against the hydrogen

bond length Ry;...o. Itis found that there is a clear relationship between
Oiso and Ry...0, and a decrease of Ry... leads to a decrease in
shielding.  This trend is similar to that in the relationship between
carbonyl 13C chemical shift and Ry...920. Figs.3.4 a)-c) show the plot
of the observed principal values( 6}y, Gy, and 633) of 15N chemical
shift tensor of Gly NH against Ry...q, respectively. It is found that 011
and 033 are more sensitive than 6,, for change of Ry.... Change of 0.2
Ain Ry...q leads to the change of 20 ppm in 64 and 033, although
change of 65, is 5 ppm. However, only 033 1s linearly downfield with a
decreasing of Ry...q, although in 6 and 6,, there is no clear

relationship with Ry...o. These results show that such behavior is

governed not only by the hydrogen bond length, but also by the hydrogen

bond angle.

Theoretical calculation of 15N shielding constant: In order to do a deep
insight for the experimental finding that isotropic 15N chemical shift and
the principal value of 035 depend upon the hydrogen bond length,
theoretical calculation of 15N chemical shifts were carried out by the

FPT-INDO method. Figs.3.5 and 3.6 a)-c) show the calculated isotropic
ISN shielding (0jg0) and their paramagnetic terms of shielding tensor

components (G119, Oyp and 033) of Gly NH in the model compound,

Tespectively. The calculated values are all expressed in ppm with an
Opposite sign to the experimental chemical shift values shown in Table
3.1.  Note that the negative sign for the calculated shielding constant

denotes deshielding, in contrast to the positive sign of the experimental
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chemical shift values. A shielding constant or tensor component is
usually represented as a sum of the diamagnetic and the paramagnetic
terms. However, the behavior of the shielding tensor can be

predominantly explained by the paramagnetic term, since the diamagnetic
term 1s isotropic. As shown in Fig.3.5, a decrease of Ry-..0 leads to a

decrease of Gjgo. This agrees with the observed results. Therefore,

such a relationship suggests that isotropic 1N chemical shift value can be

~ used in estimation of Ry;...y as well as the case of carbonyl 13C chemical

shift reported previously2!. Figs.3.6 b)-d) show the Ry-...o dependence
of the calculated principle values of 15N chemical shift tensor (G011, 022
and 633 ). It is shown that a decrease of Ry...q leads to decrease in
shielding of Gy, 6y, and 033. The magnitudes for changes of the
shielding are in the order 61> 033 > Gyy. Such an order for changes of
the shielding agrees with the observed one. Further, a linear decrease of
033 with a decrease of Ry...(y agrees with the observed one. However, in
the experimental results there is no relationship between Ry... and 674
Or Gy, but in the calculation there is a relationship between Ry;...q and

011 or'(522. Why is this discrepancy? In the above calculation, the

hydrogen bond length was only taken into account. To understand
deeply the hydrogen-bonding, another important factor such as the
hydrogen bond angle ( that is the distortion from the linearity of hydrogen
bond ) should be taken into account. For this reason, the 5N chemical
shift was calculated as a function of the hydrogen bond angle (ZN-
H:--0) using the model compound (Fig.3.7). The H---O length was fixed
as 1.75 A and then the hydrogen bond angle 6(£/N-H.--0) was varied.
Figs 3.8 and 3.9 a)-c) show the plot of Gj, and 61, Oy, and 633 against

the angle 6, respectively. Fig.3.8 shows the ZN-H---O dependence of
the calculated isotropic !N shielding (0js0)- Change of the angle 6 from

- 140° to 220° leads to change of 5 ppm in Ojso compared with the value of
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about 20 ppm induced by change of Ry...q from 2.4 to 3.2 A. This
change is not so large. Figs.3.9 a)-c) show the ZN-H---O dependence of
the calculated principal values of shielding tensors (G, G5, and 033).
The magnitudes of changes in 6 and 6,, are about 10 and 4 ppm,

respectively, in going from 8=140° to 220°. In this range of 0, the
magnitudes of changes in 67 and 0,, are about 30 and 4 ppm,

respectively, in going from 2.4 to 3.2 A. On the other hand, the
magnitude of change in 033 is about 1 ppm in going from 6=140° to 220°
and in this range of 6 the magnitude of change in G433 1s about 15 ppm in
going from RN-0=241t03.2 A. Therefore, it can be said that 01 and
Gpy are relatively sensitive with change of 8, but 033 is relatively
insensitive with change of 6 compared with the Ry...o dependence of
Gy1>Ogp- For these results, the above experimental finding be
understood that there is the relationship between hydrogen bond length
and 033 or Ojg,, in spite of the distribution in the hydrogen bond angles,

but there is no clear relationship between Ry;...qy and 611 or Gy,.

The direction of the principal axes of the Gly NH shielding tensor:
The direction of the principal axes of the Gly NH 15N shielding tensor

components has been determined by an NMR study of a
BocGlyGlyGlyOBzl single crystalll. It has been reported that the ¢y,

component lies approximately along the N-H bond, the G353 component

lies approximately along the N-C' bond, and the Oy, component is

aligned in the direction perpendicular to the peptide plane. The results of
the FPT-INDO calculations are shown in Fig.3.10. The Gll component

lies approximately along the N-H bond.  This agrees with the
experimental results. However, the 65, component lies approximately

along the N-C' bond, the 033 component is aligned in the direction

Perpendicular to the peptide plane.  This is different from the
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experimental results. In the experiment that it is not easy to determine
the direction of the 65, and G633, because the magnitudes of the Gy, and

033 are very close to each cher. In the process for determination of the
directions of the 6, and G35 , even if the reverse assignment for the 09y
and 033 was done, it seems that its assignment may be acceptable. It is
difficult to differentiate them. The direction of G11 can be easily
determined, because the magnitude of 6 is very different from other

ones. The reason why in the theoretical calculation the most shield
component G35 is aligned in the direction perpendicular to the peptide

plane is due to the fact that the orbital of nitrogen atom's lone-pair
electrons are in its direction. The experimental results that the 033

moves linearly downfield with a decrease of the hydrogen bond length,
and the 033 is not related with hydrogen bond angle, and that the ¢ 11
and the 0y, are related with hydrogen bond length and hydrogen bond

angle were reasonably explained by the theoretical calculation.

Finally, it can be concluded as follows. The observed isotropic 19N
chemical shift moves downfield with decrease of Ry--.o and the principal

value of the 633 component moves linearly downfield with a decrease of
RN...g- This was justified by quantum chemical calculation. Further,

quantum calculations show that the 6, and 6,, components are related

with not only the hydrogen bond length, but also the hydrogen bond

angle.  These explains the experimental finding that there is no
relationship between the hydrogen bond length and O] Or Gp,. From

these, it can be said that the ISN chemical shift of amide nitrogen
provides useful information about the hydrogen bond length and the

“hydrogen bond angle.
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Chapter 4
Hydrogen-Bonding Structure of Peptides and
Polypeptides Containing Gly Residue in the Solid
State as Studied by 170 NMR Spectroscopy

4.1 Introduction

It has been reported that 13C and 1SN NMR chemical shifts of solid
peptides and polypeptides containing glycine residues and/or other
amino acid residues have information about the conformation and
hydrogen-bonding structurel-7. The carbonyl carbon 13C chemical
shiftl-2 and amide nitrogen 15N chemical shift3-5 of the peptides and
polypeptides in the solid stéte are linearly displaced at downfield as the
hydrogen bond length decreases. From these experimental findings, it
has been demonstrated that 13C and 15N chemical shifts provide fruitful
information about the hydrogen-bonding structure in peptides and
polypeptides.

The oxygen atom is one of important atoms constituting hydrogen-
bonding structure in peptides and polypeptides. Nevertheless, solid-
state 170 NMR study for peptides and polypeptides has never been
carried out. This is due to very weak sensitivity for solid-state 170
NMR measurement which comes from two following reasons. One is
that 170 nucleus is very low natural abundance to be 0.037 %.
Another is that 170 nuclear spin quantum number(I) is 5/2, which is
quadrupolar nucleus, and so 170 signal is broaden by nuclear
quadrupolar effects in solid. On the other hand, solution-state 170
NMR spectroscopy has been successfully employed to elucidate a
number of structural problems in organic chemistry8-11, because 170

signal becomes very sharp due to the vanishment of quadrupolar
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interaction by isotropic fast reorientation in solution. For example, as
the oxygen atom is directly associated with the formation of hydrogen
bond, hydrogen bonding for the carbonyl group in various compounds
often results in large upfield shifts of the carbonyl 170 NMR
signall2.13. From these results, solution-state 170 NMR has been

“established as a means for investigating structural characterizations.

From such situations, it can be expected that solid-state 170 NMR
provides deep insight for understanding hydrogen-bonding structure in

solid peptides and polypeptides as described previously!4. The present

aim is to observe high-resolution 170 NMR spectra of PG I, PG 11,

glycylglycine(GlyGly) and glycylglycine nitrate (GlyGly*HNO3) in the
solid state, which cover a wide range of hydrogen bond length, to
obtain three kinds of NMR parameters such as chemical shift,
quadrupolar coupling constant(e2qQ/h) and asymmetric parameter(nq),
and to understand the relationship between the hydrogen-bonding

structure and these NMR parameters.
4.2 Experimental Section

Materials: 6% 170-labeled glycine(Gly) was prepared by glycine
methyl ester in Nal7OH/methanol solution, where Na!7OH was
prepared by reaction of 11 % 170-labeled water ( purchased from
Cambridge Isotope Lab.) with Na metal. Further, 170-labeled Gly N-
carboxy-anhydride(NCA) was prepared using 6% 170-labeled Gly.
6% 170-labeled (Gly)n was prepared by heterogeneous’ polymerization
of 6%-labeled 170-glycine-NCA in acetonitrile by using n-butylamine

~as the initiator. The mole ratio of NCA to initiator (A/I) was chosen

a3 100/5. The polymer of A/ = 100/1 was identified to take PG I (
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antiparallel B-sheet form )!15-16.  Conformation of this sample was
converted to PG II ( 3;-helix form ) by the procedure of precipitation
from aqueous lithium bromide solutionl7. The conformational
characterization was made on the basis of 13C CP/MAS(cross
polarization/magic angle spinning) NMR. GlyGly was synthesized by
stepwise elongation of N-hydroxysuccinimide active esters and amino
acids.  GlyGly*HNO3 was obtained by slow evaporation from an
equimolar mixture of GlyGly and nitric acid in water.

170-labeled samples were identified by measuring solution state 170
-NMR spectrum whether 170-labeling is completed or not.  For
examples, 67.8MHz 170 NMR spectra of 170-labeled PG in aqueous

lithium bromide solution was shown in Fig.4.1. The 170 PG signal
appears at 266.8 ppm relative to H,O.

170 NMR Measurements: 170 CP static NMR spectra were
recorded with a JEOL GSX-500 spectrometer operating at 67.8 MHz,
with JEOL EX-400 spectrometer operating at 54.2 MHz, and with a
JEOL GSX-270 spectrometer operating at 36.6 MHz, with a CP/MAS
accessory at room temperature. 67.8 MHz 170 solution-state NMR
spectra were recorded with JEOL GSX-500 spectrometer at room
temperature. The sample was contained in a cylindrical rotor made of
silicon nitride. 1In the CP static methods, Mg(17OH), was used for IH-
170 CP matching (y3By=37oBo)!8. 'H n/2 pulse length was 5 pus and
170 72 pulse length was 5 us for solid sample ( which correspond to
15 us for liquid sample such as water). 1H decoupling field strength
is 50 kHz. Repetition time wés 5 s. The contact time was determined
by using 170-GlyGly. In order to determine the optimum contact time

for the 170 CP static NMR measurement of solid peptide, the 170 CP
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Fig.4.3 Plots of peak intensity versus cross-
polarization contact time for the GlyGly.
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spectra was observed as a function of contact time as shown Fig.4.2.
For convenience, Fig.4.3 shows the plots of the 170 NMR signal
intensity for GlyGly against the contact time. Since the carbonyl

oxygen atom links no hydrogen atom, long contact time is needed. The
appropriate contact time was 9 ms. From the above plots, the Ty and

IH -.Tlp values were determined to be 2.5 ms and 30.0 ms, respectively.
The Tgy value of GlyGly is much longer compared with inorganic
solid such as AIO(!7OH) whose Ty value is 0.018 ms!8. The 170

chemical shifts were calibrated through external liquid water (6= 0

ppm).
4.3 Theoretical Calculation

170 Spectral Analysis: 170 nucleus has 5/2 spin and has
quadrupolar moment. Solid-state 170 spectrum contains quadrupolar
interactions, and for this, the central transition signal(-1/2, 1/2)
becomes broad by the second-order perturbation. Therefore, 170 static
NMR sighal contains eighf kinds of NMR parameters such as nuclear
quadrupolar coupling constant(e2qQ/h)( which comes from the
electrostatic interaction between the nuclear quadrupolar electric

moment(eQ) and the electric field gradient tensor(eq) ) , asymmetry

parameter (), and principal values of chemical shielding tensor 11,
092 and 633), and the orientation of the principal values of chemical
shift tensor in the quadrupolar frame of reference is defined by the
three Euler angles(c, B, ) as shown in Fig.4.4. In order to determine
these parameters, computer simulation was carried out by

superimposing the theoretical line shapel9-22 to the observed spectrum.
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In the presence of a quadrupolar interaction the quadrupolar

Hamiltonian can be expressed by

R
Hos1/2 =~———| A(9)cos* 6.+ B(g)cos” 6+ C(9)) @.1)
0
where
2 3
=3 I(T+1)->
R wQ[( ) 4]
_ 3¢%40
C a121-1h
A(q))=~ﬂ—2chosz¢—§nécos22¢
8 4 8
772
B(¢)=§9———g+2n coqub-—Enzcoszqu
g 2 ¢ 4 ¢
772
C(¢)=-3+£+ancos2¢—§nécoszz¢
8 2 4 8
np =YL= V22
¢ Vi3

Vas| 2 |[Vaa| 2 V1]
V33 =eq |
V11,V22 and Va3 are the values of the three principal elements of the
electric field gradient tensor, Q is the quadrupolar moment, 0,9 are
Euler angles relating the magnetic field B¢ to the PAS of the electric
gradient tensor of the nucleus.

In the presence of an anisotropic chemical shielding interaction
Hamiltonian can be expressed as follows:
Heg = 0’0[0'11 sin® Osin? @+ 09y sin® 8 cos? ¢+ 033 cos? H]IZ .(4.2)
where G611, 097 and 033 are the three principal values of the chemical
shielding tensor, ) is the fesonance frequency of nucleus, and 0 and ¢
are Euler angles relating ‘the magnetic field B¢ to the PAS of the
;:hemical shift tensor of the nucleus. It can be also expressed by the

following form.
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Heg = 0’0{‘70 +~§—{(3cos2 0-1)— 775iI12 9C032¢}JIZ (4.3)

where

1 R
o) =-3f(ff11 + 09 +033)
0 =033 — 0y

_ 0922 — 0y
)

033 209 2011 -

n

The total Hamiltonian expressed by Bauggher et al. is simply the sum of
eqs. 4.1 and 4.3.

For more general case, one has to consider the second rank tensor
properties of both the quadrupolar and shielding tensofs. One cannot
simply add two tensor quantities without considering the relative
orientation of one tensor with respect to the other. In this case, there
is no reason to believe that-the PAS for the anisotropic shielding tensor
will be coincident with that of the quadrupolar tensor. Hence, the first
step in the analysis is to place the tensors in a common reference frame.
As the quadrupolar interaction is more dominant, it is convenient to
express the shielding tensor in the frame of the quadrupolar tensor.
Thus, the quadrupolar resonance frequency is considered the same as
that in eq.4.3. To obtain the Hamiltonian of the anisotropic chemical
shielding tensor in this frame, I will utilize the standard method of
employing Wigner rotation matrices. In the rotating frame, the
secular chemical shielding Hamiltonian can be expressed as
Heg = woflfolz + W0 Ry0 - 449
Iy = @)2 IzBz

To calculate the chemical shielding powder line shape in the presence

of the second-order quadrupolar via angles Q =(0,0,9). Then, from
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the PAS frame of the quadrupolar it must be expressed the shielding
tensor in terms of its PAS values. To do this, it will be carried out a
further transformation in terms of the fixed angles (a,[3,7), which relate

the quadrupolar PAS frame to the shielding PAS frame, i.c.
2 &
Ryo = ¥, D) (0.6,0)"ry,
n

=y D,g?g (—9,6,0)ry,,
n

Hcs = w0601z = Y20 Doo (=9, 6,0)r29 + D_19(~4,0,0)ry_ +
Dio(=9,6,0)rp1 + D_30(=9,0,0)rp_5 + Doy (=9, 6,0)r] (4.5)

Where Dy, are the Wigner rotation matrix elements. When these

elements are incorporated into this equation, €q.4.5 has the following

form:
1

Hcs — w0001z = YTao[((3cos* 0 1)/ 2)ry -(2)2 sin20¢ " 9r,_,
1 1 1
{3720 Pan 070+ (2 sin? 620135 )

22
T20=(§) I7By

At this point the shielding tensor is transformed from the quadrupolar
PAS to its own PAS frame and pj,; can be expressed as

"om ”—‘ZD,(,,Z,f(OC,ﬁ,Y)*Pzn
n
=Y D (~y,~B.—a)p,,, . 4.7)
n

Further
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and all other p,, are Vanished. Substitution of all the poy,, Dy, and
T20 in eq.4.7 into eq.4.6 yields eq.4.8; this gives us the shielding
Hamiltonian of the chemical shift, which has been transformed to the

quadrupolar PAS frame, expressed in terms of its value in the shielding

frame:
Hcg —wgogly = (ﬂ)ZLZé)[(?) cos® 6— 1)(3—CES—2—'B—1 - gsin2 Bcos2y)

+sin268cos(¢ + a){—%sinZ[)’ — nsinﬁcosﬁcosZ’y}

+sin28sin(¢ + a){nsinBsin2y}
+%sin2 Bcos2(¢ + oc){3sin2 B~ ncos2y(1 + cos? [3)}

+%sin2 Osin2(¢ + a){2ncosfsin2y}] (4.8)

Note that when (o.,,7)=(0,0,0) €q.4.8 reduces to eq.4.3. In our line
shape simulations the Hamiltonian of the system is the sum of eqs.4.1
and 4.8 as well as the Zeeman term.

From these Hamiltonians, the central transition (-172, 1/2) will be at

the frequencies given by

o= COCS + a)Qil . (49)
2
where,
2
Wcs = 0 + (g)[@cosz 0 - 1)(3008—29—1. - 127-sin2 Bcos2y)

+sin26cos(¢ + a){——g—sinZﬁ — nsinﬁcosﬁcbs2y}

+sin20sin(¢ + a){ nsin Bsin2y}
+%sin2 Ocos2(¢ + 05){3sin2ﬁ ~1cos2¥(1 + cos? ﬁ)}

63



+%sin2 Osin2(¢ + o){2ncosBsin2y}] (4.10)

- —L[A(¢)cos40+B(¢)COsz9+C(¢)]><106 (4.11)

w —
Qi% 6 0)02

These formulas are described by ppm unit. It can be obtained

quadrupolar spectrum from the integral over whole spherical angle.

cosevz—AI’7 (4.12)
27 _
¢=Hp (p=0.1, ..., M). (4.13)

when M=200, and p is changed from 0 to M, cos 0 and ¢ are obtained
from eqs.4.12 and 4.13, and o is obtained by substituting these values
in €q.4.9.

The static powder spectrum by integration over possible orientations
was calculated. Sun 4 SPARC Station was used for the calculations. It

takes for about 1 minute to obtain a simulated spectrum.

The direction of the principal axes of the electric field
gradient and chemical shielding calculations: In this Work, I
calculated relative direction of the principal axes of the electric field
gradient and chemical shielding of a dipeptide fragment, N-acetyl-N'-
methyl glycineamide(forming hydrogen bonds with a formamide
molecule), employing the ﬁnite perturbation theory(FPT)-MNDO-PM3
method. In the following chapter, I will describe this methods in
detail. The bond lengths and bond angles proposed by Momany et al.23

were used. Sun 4 SPARC Station was used for the calculations.

4.4 Results and Discussion
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Fig.4.5 36.6 (a), 54.2 (b) and 67.8 (c) MHz CP
static spectra of GlyGly in the solid

‘ state, respectively
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Fig.4.6 67.8 MHz 170 CP static NMR spectra of
GlyGly-HNO; (a), GlyGly (b), PGI (¢),
and PGII (d), respectively.
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Static 170 CP spectra of 170-labeled peptides and
polypeptides: Static 170 CP NMR spectra of GlyGly were observed
at 36.6, 54,2 and 67.8 MHz as shown in Fig.4.5. Each of the spectra at
36.6 and 54.2 MHz consists of two major splitting signals, but thé
spectrum at 67.8 MHz has only one major signal. Such splitting comes
from the quadrupolar interaction. By the computer simulation, the
quadrupolar coupling constant e2qQ/h was determined to be 8.55 MHz.
This value is much larger than that for amide !'4N nitrogen
nuclei(1.11MHz). It is seen that the NMR spectra strongly depend on
the measurement frequency because quadrupolar effect depends on the
measurement frequency ahd the broadening of 170 NMR signal is
further increased by quadrupolar effect as the measurement frequency
1s decreased. Therefore, it can be said that high-frequency
measurement is needed for quadrupolar nucleus such as 170.

Fig.4.6 shows 67.8 MHz static 170 CP NMR spectra of PG I, PG 1I,
GlyGly and GlyGly*HNO3. The computer simulations were performed
for superimposing theoretically-calculated spectra to the experimental
spectra oﬁ computer display. To determine the 170 NMR parameters
unequivocally, the computer simulations for different frequencies such
as 36.6, 54,2 and 67.8 MHz were carried out. At first, for examples,
Fig.4.7 shows 67.8, 54,2 and 36.6 MHz static 170 CP NMR spectra of
GlyGly together with theoretically-calculated spectra. Next, Fig.4.8
shows 67.8 static 170 CP NMR spectra of PG I, PG I, GlyGly and
GlyGly*HNO3 together with theoretically-calculated spectra,
respectively. The 170 NMR parameters of PG I, PG II, GlyGly and
GlyGly*HNO3 obtained by computer simulations are shown in Table
4.1. From these results, the 811, 822 and 833 values of the samples

change from 546 to 574 ppm, 382 to 425 ppm, and -132 to -101 ppm,
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Fig.4.7 36.6 MHz (a), 54.2 MHz (b) and 67.8
, - MHz (c) 170 CP static spectra of GlyGly
together with theoretically-simulated
spectra, respectively.
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Fig.4.8 67.8 MHz 170 CP static NMR spectra of
GlyGly-HNOj; (a), GlyGly (b), PGI (c),
and PGII (d) together with theoretically-
simulated spectra, respectively.
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respectively.  The magnitude of change in chemical shift is much
larger than that of the carbonyl !3C and amide SN chemical shift.
Every Ad defined by A8=833-0j5, is about 400 ppm, which is much
larger than of the carbonyl 13C and amide 5N chemical shift, which
are about 170, 100 ppm, respectively. Every n value defined by n
=(822-611)/Ad is about 0.4. These values are common to the carbonyl
oxygen in peptides. Though the chemical shift tensor is axially-
symmetry (811=0825) for the case of carbonyl oxygen of L-alanine
amino acid as reported by Fiat et al.24:25 the chemical shift tensor of
carbonyl oxygen in peptide is not axially-symmetry from these results.
The e2qQ/h values change from 8.30 MHz to 8.75 MHz. This values

are larger than the €2qQ/h value of L-leucine which is 8.0 MHz at 190
K25, The 1) values of polypeptides such as PG I and II are 0.26 and

0.29, and the nq values of oligopeptides such as GlyGly and
GlyGly*HNOj3 are 0.45, 0.47, respectively. This difference may. come
from large difference in molecular packing between them. Further, it
is found that .the principal axis of the quadrupolar tensor and the
principal Iaxis of the 170 chemical shielding tensor for carbonyl oxygen
of peptides and polypeptides are not coincident with each other. The
relationship these two principal axes is shown in Fig.4.9 for the
situation of PG II. Each of the above NMR parameters is strongly
influenced by the electronié structure of molecules. This seems to be
slight difference in their affects by the characteristic electronic

distribution of the carbonyl oxygen of peptides and polypeptides.
The direction of the principal axes of the electric field

gradient tensor and the chemical shielding of carbonyl

oxygen: No studies have ever tried to determine the direction of the
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| Figd.9 The relationship between the principal axes of quadrupolar

tensor and chemical shift tensor on carbonyl oxygen for the
situation of PG IL.
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Fig.4.10 The direction of the principal axes of the chemical shielding
of carbonyl oxygen employing FPT-MNDO-PM3 method.
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Fig.4.11 The direction of the principal axes of the electric field

gradient tensor of carbonyl oxygen employing
FPT-MNDO-PM3 method.
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principal axes of the electric field gradient tensor and the chemical
shielding of carbonyl oxygen from experiment. 1 tried to determine
the direction of the principal axes of the chemical shielding of the
carbonyl oxygen is shown in Fig.4.10 as determined by FPT-MNDO-
PM3 method. The 672 component lies approximately along the C=0

bond, the 61) component is aligned in the direction perpendicular to the
C=0 bond on the peptide plane, and the 633 which is the most shielded
component is aligned in the direction perpendicular to the peptide
plane. It is a very interested result that the most shield component 633
is not aligned along the direction of the C=0 bond or the direction of
lone pair electron which are aligned 120° or -120° from the C=0 bond
direction on the peptide plane. It can be said that sp2 hybrid property
of the carbonyl bond get out because of the double bonding property of
the peptide bond.

On the other hand, the direction of the principal axes of the electric

field gradient tensor of the carbonyl oxygen is shown in Fig. 4.11 as
determined by FPT-MNDO-PM3 method. The V,, component lies

approxirhately along the C=0 bond, the V33 component is aligned in
the direction perpendicular to the C=0 bond on the peptide plane, and
the Vq1 is aligned in the direction perpendicular to the peptide plane.
It can be said that the largest component V33 of the electric field
gradient lies along the molecular chain direction. The relationship
between the electric field gradient tensor and the chemical shielding
employing this calculation agree with the experimental results in

Fig.4.9.

Nuclear quadrupolar coupling constant (e2qQ/h) of carbonyl

oxygen of peptides and polypepides: The geometrical parameters

74



LT 951~ € S91 791 8€'T (4 X5 6'SP1 9's9T £ONH- L1941

97 SpI- 191- LST LST L6'1 $6°C 0'IST T'LST A1DAD
91 CELY- 89 €€l 6v1 917 S6'C S9pT 6'6b1- I9d
LT LST Ly~ 91 6ST 2. | €L'T 8'SHI 0°8L- II 5d -
7
N-H:-*0=D H'**O=D-N O "H-N” N'0=)7 OH 0N M 0 spdureg
"} ("3ap)o[3ue eapayip ‘g'H ("39p) a8ue ‘g'H (Y)psuwy "g°H ("3ap)s[3ue [expayiq
s1ajouIeed [eoryouI0as m:%:ca-:uwob%ﬂ siyweIed [BIL1)3UI095)

*ANPISAI A[5) SUTUIRIU0D mmmﬁ%_n Jo s1apuered [eoryswoas Surpuoq-usSoapAy pue sxajowered [eoLnaWIods ay |, 7' dqe],




9.0

e’qQ/h(MHz)

8.2 |

| : I | I

8.0
2.7

2.8 2.9 3.0 3.1
Hydrogen bond length RN O(10&)

3.2

Fig.4.12 Plots of the equ/h against the hydrogen bond length.

76



DT £ i

and hydrogen-bonding geometrical parameters of these peptides and
polypeptides are shown in Table 4.2. Some of the geometrical
parameters were calculated by using the unit cell parameters and
fractional coordinates as given in the literature!6.17.26,27  Fig 4.12
shows the plot of the observed e2qQ/h values against the hydrogen bond

length. The e2qQ/h values decrease linearly with a decrease of the
hydrogen bond length (Ry...o). This relationship is expressed by

2 qQ/h(MHZ)=5.15+1.16RN--O(A) . (4.14)

This change comes from change of the q values which are the largest
component of electric gradient tensor(V33). This experimental result
shows that the decrease in the hydrogen bond length leads to the
decrease of electric gradient. The q value seem to be very sensitive in

the hydrogen-bonding length change.

170 NMR chemical shifts of carbonyl oxygen of peptides and
polypeptides:  From Table 4.1, there is large difference in the
chemical shift value between peptides and polypeptides. Fig.4.13
shows the plot of the observed isotropic 170 chemical shifts (0iso)
against the hydrogen bond length (Ry...g). The 8i5o values in both

peptides and polypeptides move upfield with decrease in the hydrogen
bond length(Ry...q). Figs.4.14a)-c) show the plot of the observed

principal values of 170 chemical shifts against the hydrogen bond
length (Ry...g).  Every principal value in both peptides and

polypeptides moves upfield with decreasé in the hydrogen bond
length(Ry;...).
What is the origin of the difference of chemical shift between

peptides and polypeptides? There seem to be two origins. One is the
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difference between peptides and polypeptides comes from the hydrogen
bond angle and hydrogen bond dihedral angle are also related to the
170 chemical shift. Another is the difference in molecular packing
between them.

The spatial location of these samples is shown in Figs.4.15 using the

Table 4.2 parameters. Figs.4.15 show us the following: The dihedral
angle N-C=0---H (defined by & here) shows a measure of the location
of the amide group on the peptide plane. In the case of GlyGly(é=-
160°) and GlyGlysHNO;3(£=3"), the amide group related to hydrogen-
bonding is nearly in the peptide plane and four atoms related to
hydrogen-bonding such as C, O, H, and N are located on the peptide
£ plane. On the other hand, in the case of PG I(£=68°) and I(E=-47"),

f the amide group related to hydrogen-bonding is away from the peptide
; plane. The location of the amide group seems to affect the § value.
In the following chapter, the relationship between the 170 chemical
shift and the hydrogen bond angle and hydrogen bond dihedral angle

will be discussed by using quantum chemical calculation.

Finally, it can be concluded as follows. From the observed carbonyl
oxygen 170 NMR spectra of PG I, PG II, GlyGly, and GlyGlysHNO;
in the solid state, it is found that the e2qQ/h values decrease linearly
with a decrease in the hydrogen bond length. This indicates that it is
possible to determine the hydrogen bond length through the observation
of e2qQ/h values. It was found that there is difference in N between
the polypeptides and oligopeptides. This may come from large

difference in molecular packing between them. The chemical shift

values in both peptides and in polypeptides move upfield with a

decrease in the hydrogen bond length. However, there is difference in
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iFigA.lS The hydrogen-bonding spatial location of peptides.
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d)PG II

Fig.4.15 (continued)
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the chemical shift value between peptides and polypeptides. This may
come from difference in molecular packing between them.  From
these experimental findings, it was demonstrated that 170 NMR
spectroscopy becomes a useful mean for elucidating the hydrogen-

bonding structure in solid peptides and polypeptides.
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Chapter 5
Theoretical Approaches of Nuclear Quadrupolar
Coupling Constants and Chemical Shieldings

5.1 Introduction

In the preceding chapter, it has been stated that the 170 NMR spectra
of solid peptides and polypeptides containing Gly residue were
successfully measured, and the NMR parameters'were obtained, which
are nuclear quadrupolar coupling constant (e2qQ/h), asymmetric
parameter of electric field gradient tensor(ng) and chemical shift(5).
From the observed carbonyl oxygen 170 NMR spectra, the principal
values of 170 chemical shift tensor have many information about the
geometry of hydrogen-bonding. On the other hand, the €2qQ/h values
decrease linearly with a decrease of the hydrogen bond length. It can
be said that it is possible to determine the hydrogen bond structure
through the observation of 170 chemical shift values and e2qQ/h values.
From these experimental findings, it was clarified that 170 NMR
spectroséopy becomes a useful means for elucidating the hydrogen-
bonding structure in solid peptides and polypeptides.

The nuclear quadrupolar coupling arises from interaction of nuclear
quadrupolar moment eQ with electric field gradient eq at the site of
nucleus. This field gradient (which involve nuclear and electronic
contributions) and the asymmetry parameters NQ are sensitive measure
of the electronic charge distributions in the vicinity of the nucleus.
Thus, they represent a means of probing the accuracy’ of molecular
wavefunctions!-2. Severai semi-empirical and ab initio MO methods
have been used for calculating the electric field gradient values and

relation it to structural features and to electronic distributions!-7.
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On the other hand, the chemical shielding arises because of the
simultaneous interaction of a nucleus with an electron and that of the
electron with applied maghetic field Bg. A general theory has been
give by Ramsey®°. Since the chemical shieldings are sensitive to the
electronic structure of molecules, we can obtain information about the
electronic structure with high accuracy through the chemical shielding.

In the preceding chapters, the FPT-INDO method was used for
calculating the chemical shieldings.. The FPT-INDO theory has as
advantage of permitting the calculation of the paramagnetic term
without the expliéit wave functions of excited states and the one-
- electron excitation energies, which are rarely obtained in high accuracy
by the usual semi-empirical MO approximations.  This approach
reproduces reasonably well the experimental 13C and 15N chemical

shifts of peptides and polypeptides!®-13.  In the INDO method, two-
electron repulsion integrals of arbitrary atomic orbitals, ¢y and ¢y,

regardless of s, pg and py electrons on atoms A and B respectively, are
assumed to be <puplvv>=yap, where is constant comes from
experimehtal results.  Semi-empirical approximation of these 2-center
integrals by multiple-multiple interaction has led to the MNDO(
modified neglect of diatomic overlap) method developed by Dewar et
al.14 based on the NDDO (neglect of diatomic differential overlap)
approximation. The MNDO method give good geometrical parameters
and also their merits and deficiencies have been pointed out. The
obvious way to deal with this was to modify the core repulsion function
(CRF) in the MNDO method. The AMI(austin model 1) method!3
introduced a second set of parameters as shown in €.q.5.2, Gaussian
core-core interaction to correct for excessive long-renege repulsion in
the original MNDO core-core repulsion term. Further, in the MNDO-

PM3 ( parametric method 3) method!® core-core repulsion term is
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same type formula as AM1 method, but more optimized parameter set
is used. The hydrogen-bonding can be evaluated better by the MNDO-
PM3 method than the MNDO or the MNDO-AM1 method.

In this chapter, the theoretical approach of calculating the quadropular
coupling constants and the chemical shieldings on the basis of quantum
chemistry will provide systematic information on the hydrogen-

bonding structure and its electronic state.

5.2 Theory

MNDO-PM3 method!4-16; MNDO, AM1 and PM3 methods are
based on the NDDO ( neglect of diatomic differential overlap)
approximation, except for ¢core-core repulsion term, these methods use

same formulas. Each of core-core repulsion terms is,

MNDO method:
£ = 2atal Ao g ) s
AM1 method:
ST =20
Z Z |
ATB ZKA, exp[ Lpi(Rap —My;) }
RAB i=1
4 2
k=1
PM3 method:

Eﬁge =ZAZp (SASA’SBSB){I + fABe_"aARAB +e Ul }

ZAZp
T {zakA CXP[ bkA(RAB CkA) ]
AB (j=1

) |
+ 2 ayp »exp[—ka (Rap —cip)’ ]} (5.3)
k=1
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where, Z, is effective charge of core A, and Sy is the s orbital of atom

A.  When atom A is nitrogen or oxygen and atom B is hydrogen,
JaB:=RAp , and in the other case, f4p. =l. Rap is the distance
between core A and core B. oy, Kai, My, ara, brg and ciy are
parameters optimized for each atom as reproduced the experimental

data on the heat of formation, dipole moment and ionization potential.

The method of electric field calculation: The field gradient

tensor eqy is given by

Zg (3RIKRIK ~Rix I )

eqr=e

5
K#1 R][(
n M '3r rr—r2]
—22 Z CLiCli (0k '—“—~—-—I 15 { (pl . (54)
i=1k,l=1 Fr

where eqy: is the field gradient tensor at the quadrupolar nucleus I, Zg
is charge of nucleus to K, Rjg is the vector from nucleus I to K, Iis
the unit dyadic, r; is the vector from nucleus I to electron vector and n

is the number of doubly occupied MO’s @,.

The first term in eq 5.4 is the nuclear contribution and the second
term is the electronic contribution. Though the nucléar term of the
electric field gradient can be easily calculated using ﬁbint charge in the
nucleus, the electronic contribution term which means the second
differential of the overlap of the electron orbitals in the nucleus cannot
be easily evaluated.

Electronic contribution term of the electric field gradient tensor was

evaluated. The diagonal term of the electric field gradient integral is

2 .3 '
R - 3x; —r, . 5.5
xx =\ PA|— 3 ®B | - (5.5)

e

The off-diagonal term is
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Ry <(DA

3chc

(PB> : (5.6)
rC

In order to evaluate these integral, the representation of Larry et al.17 is
used as follows.

3xg-r) _1(29% P P (Lj 5.
r> 3 ac? &cyz ICZ \ e
3x.y. 92 1
= —1. 5.8
ro acxacy[r ) - ©-8)

eq.5.7 is substituted in egs.5.5,

92 1 92
R 2 Qal—log ) -2
xx 3[ 07)6 <¢A r, ¢B> 5’)}2 <(0A
J
o PA|—

1N |
r, Pp 322 (DAr

0 1
(PB> <§A“‘¢B>+<¢A“‘
X |\r r

on)]

(5.9)

1 1

C
Jd¢p
- ~| ox
The term in eq.5.9 is described as eq.5.11. (5.10)
92 1 o4l
¢ Pp )= —P
Bx2< 4 e B> < ox? |re b

' 2
+2<5’(PA 1 3¢B>+<¢AL9 (DB>
ox |rp| ox Fe

Ix?
c?(DA 3( I, m, nﬁle—ocArj)z(lejz'4

(5.11)

2 L+1\ m, 7l -a,r

e o \FAYA LA —20pAxg|vstzgte
(5.12)

a(pA—lA(lA ~Dxy” —2aA(21A+1)xA+4anQ+2 (5.13)

From eq 5.13, the first term of eq.5.11 is

%0, >
Llop
Ox 3 re |
= [IA(IA ~DV2 —20, 214 + 1)V +4a/%v§0]v§’0v£° . (5.14)

The second term is

<5’¢Al 1 l3€03>

ox ’rcl Ix
= [1algVy"™ ~ 20405V —21pa, v +aaqapVy! VOV
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(5.15)
The third term is

5’2

ox?
= [IB(IB ~DVy 205215 + DV +4afVR VOV, (s.16)

On the other hand, eq.5.8 is substituted in eq.5.6,

R il ! (5,17)
xy = axﬁy (PAr ?p _ ’

c

2 ol op )= 5’2‘/’A_|1|3€0B L[ 994 1)|90p
oxy Arc B dxdy 'rcl ady ox |r.| dy
(5.18)
<8<0A 8¢B>+<¢ _1_32¢B>
dy |r.| ox Arcl dxay
i’xgﬁ (leA~1 —Zanfg“) mAyAm"'1 —ZOCAyZz’“‘ )zﬁ’*e_af*r" (5.19)

From eq.5.19, the first term of eq.5.18 is

°oa|1|dop\ _(, 10 10 ~10 104,00

<axay 5 =(14V;10 ~ 204! )(mAVy 20, V! )vZ .
(5.20)

The second term is

P41 1|dop\ (. . 10 10 0-1 01,00

< g =(14v;10 ~20, ! )(mBVy 204V )VZ .

(5.21)
The third term is

Ip4| 1| dop ~10 10V, L0 011,00
<ay =(mav; ~204 V) {1V 200510 .

Jx
The forth term is

32@3 = (130" Z 20, VO Y V01 2001 )10
(PA “\!BVy @BVy \"™B y apvy |V, -
(5.23)

oxdy
From these eqgs., every integral is evaluated, and we can obtain the

(5.22)

electronic contribution term of the electric field gradient tensor.
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The chemical shielding calculation using the FPT-MNDO-PM3
methods were evaluated by Ando!8 or Wu et al.19
The basis set using practical calculation was STO-6G basic set. Sun

4 SPARC Station was used for the calculations.
5.3 Results and Discussion

Electric field gradient calculation of some oxygen containing
compounds: In order to confirm the reliability for electric field
gradient calculation, the electric field gradient of some oxygen-
containing compounds wasl calculated, of which quadrupolar coupling
constants were already determined by NMR and NQR experiments29-
25, The calculated results were shown in Table 5.1 with the
experimental ones. The calculation results explain the experimental
results ‘qualitatively.  From these results, it can be said that the
calculation is reliable to discuss the relationship between electric field

gradient and hydrogen-bonding structure.

Electric field gradient calculation on the carbonyl oxygen of
hydrogen-bonded peptides model: In order to obtain a deep
insight for the experimental finding that the €2qQ/h values decrease
linearly with a decrease in the hydrogen bond length, theoretical
calculations of the electric field gradient were carried out by the
MNDO-PM3 method using the model compounds as shown in Figs.5.1-
3. Fig.5.4 a) shows the hydrogen bond length Ry;... dependence of
the calculated €2qQ/h values of Gly carbonyl oxygen in the model
compound(Fig.5.1). The ¢2qQ/h values decrease with a decrease in the

hydrogen bond length Ry...o- Figs.5.b) and ¢) show the hydrogen
bond angle ZC=0---H(defined by 8) and hydrogen bond dihedral angle
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Fig.5.1 Structural model of N-acetyl-N'-methylglycine amide
forming hydrogen bonds with two formamide molecules.
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Fig.5.2 Structural model of N-acetyl-N '-methylglycine amide
forming hydrogen bond with a formamide molecule.
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Fig.5.3 Structural model of N-acetyl-N'-methylglycine amide
forming hydrogen bond with a formamide molecule.
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N-C=0---H(defined by &) dependenée of the calculated e2qQ/h values of
Gly carbonyl oxygen in the model compounds(Figs.5.2 and 3). TItis
found that the magnitude of the e2qQ/h values change is small for a
change of 6 or {. It can be said that the e2qQ/h values are dependent
of the hydrogen bond length. The result that the eZqQ/h values
decrease with a decrease in the hydrogen bond length agrees with the
experimental finding.

Figs.5.52a)-c) show the hydrogen bond length Ry...q, hydrogen bond
angle(8) and hydrogen bond dihedral angle (§) dependence of the

calculated 1 values which are asymmetric parameter of the electric

field gradient of Gly carbonyl oxygen. It is found that the magnitude
of the 1 values change is small for the change of Ry..g,80r & It

can be said that Nq values does not depend on hydrogen-bonding
structure. The difference in the NqQ values between peptides and
polypeptides obtained in the preceding chapter, may come from large

difference in molecular packing .

Chemical shielding calculation of the carbonyl .oxygen of
hydrogen-bonded peptides model: Fig.5.6 shows the hydrogen
bond length dependence of the calculated isotropic chemical shielding

(Ois0) Of Gly 4carb0nyl oxygen in the model compound (Fig.5.1).

Figs.5.7 shows the hydrogen bond length dependence of the calculated
principal values (611, 627 and 633) of chemical shielding. Note that

the opposite sign for the calculated shielding denotes deshielding, in

contrast to the positive sign of the experimental chemical shift values.

The ojg, values largely increase with a decrease in the hydrogen bond

length, and every principal value of oxygen chemical shielding

increases with a decrease in the hydrogen bond length.
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Fig.5.6 Plots of the calculated '’0 isotropic
chemical shielding against the hydrogen
bond length._
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Fig.5.8 shows the hydrogen bond angle 6 dependence of the

calculated isotropic chemical shielding (Oiso) of Gly carbonyl oxygen in
the model compound(Fig.5.2). It is found that the magnitude of
change in Gjg, is small for a change of 0. Fi £8.5.9 shows the hydrogen
bond angle 6 dependence of the calculated principal values (01, 699
and 033) of chemical shielding. The G927 values increase with a
decrease in a 0 and the 61 and 633 values decrease with a decrease in
0. Because the 655 and the 6;; and 033 values changes are
compensated with each other, the change of oy, is small against 0

Figs.5.10 and 5.11 show the hydrogen bond dihedral angle &
dependence of the calculated isotropic chemical shielding (ojg4,) of Gly
carbonyl oxygen in the model compound (Fig.5.3), and the hydrogen
bond dihedral angle & dependence of the calculated principal values
(011, 022 and ©33) of chemical shielding, respectively. It is found that
the magnitude of the chaﬁge in Ojg, is small against &, and that the
magnitude of the change in 611, 65, and 633 is small against £,

From these calculated results, isotropic chemical shieldings (Gjso) of
Gly carbonyl oxygen depend on hydrogen bond length and do not
- depend on hydrogen bond angle and hydrogen bond dihedral angle.
These calculations explain the experimental finding that the chemical
shift values in peptides and in polypeptides move upfield with a
decrease in the hydrogen bond length, obtained in the preceding
chapter.  So that the difference in the chemical shift value between
pepﬁdes and polypeptides may come from difference in long-range

molecular packing between them.
The direction of the principal axes of the electric field

gradient tensor and the chemical shielding of carbonyl

oxygen: The direction of the principal axes of the electric field
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Fig.5.8 Plots of the calculated 0 isotropic chemical
shielding against the hydrogen bond angle.
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Fig.5.10 Plots of the calculated '’0 isotropic
chemical shielding against the hydrogen
bond dihedral angle.
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gradient tensor and the chemical shielding of carbonyl oxygen was
shown in the preceding -chapter(Fig.4.9). The direction of the
principal axes of the chemical shielding of the carbonyl oxygen is
shown in Fig.5.12 as determined by the FPT-MNDO-PM3 method.
The G35 component lies approximately along the C=0 bond, the & 11
component is aligned in the direction perpendicular to the C=0 bond on
the peptide plane, and the 633 which is the most shielded component is
aligned in the direction perpendicular to the peptide plane.  On the
other hand, the direction of the principal axes of the electric field

gradient tensor of the carbonyl oxygen are shown in Fig.5.13 as
determined by the FPT-MNDO-PM3 method. The V2o component lies

approximately along the C=0 bond, the V33 component is aligned in
the direction perpendicular' to the C=0 bond on the peptide plane, and
the Vjj is aligned in the direction perpendicular to the peptide plane.
It can be said that the largest component V33 of the electric field
gradient lies along the molecular chain direction.

The relationship between chemical shielding axes and the electric
field gradient axes is a good agreement with the experimental results in
preceding chapter. It can be said that the reliability of the calculation

is sufficient to do discussion on such problem.

Finally, it can be concluded as follows. The quantum-chemical
approach of calculating the quadrupolar coupling constants and the
chemical shieldings will provide systematic information on the
conformatioh and clectronic state. The theoretical calculations of the
electric field gradients of hydrogen-bonded carbonyl oxygen were
successfully carried out by the MNDO-PM3 method. From these
calculated results, it was found that the calculated e2qQ/h value

decreases with a decrease in the hydrogen bond length, and the chemical
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Fig.5.12 The direction of the principal axes of the chemical shielding
of carbonyl oxygen employing FPT-MNDO-PM3 method.

1
1
i
1
1
1

* Vi
'Fig.5.13 The direction of the principal axes of the electric field

gradient tensor of carbonyl oxygen employing
FPT-MNDO-PM3 method.
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shielding values move upfield with a decrease in the hydrogen bond
length. These calculations explain the experimental finding obtained in
the preceding chapter.  Further, the direction of the principal axes of
the electric field gradient tensor and chemical shielding of the carbony]

oxygen were reasonably obtained by the FPT-MNDO-PM3 method.
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Chapter 6
Summary

In this diséertation, I am concerned with two kinds of NMR
observable nuclei such as 15N and 170 associated with hydrogen-
bonding in peptides and polypeptides. Using these nuclei, NMR studies
on hydrogen-bonding structure in solid peptides and polypeptides have
been done. The following is noted in each chapter.

In Chapter 2, in order to obtain and accumulate further knowledge
about the nature of the hydrogen-bonding in peptides, 15N CP/MAS
NMR spectra of oligopeptides containing glycine residue were measured
in the solid state.  Further, in order to clarify the origin of the
relationship between the 15N chemical shift and the manner of hydrogen
bond, the 15N shielding and tensor components of the glycine amide
nitrogen were calculated by using quantum-chemical method. From
these results, it was found that the observed 19N chemical shifts of
amide nitrogen move upfield linearly with a decrease in the N-H bond
length associated with the hydrogen bond length, and quantum chemical
calculations explain reasonably such experimental results. Further, it
was demonstrated that the 19N shielding is applicable as a means for
obtaining direct information about the nature of hydrogen bond in the
solid state, in addition to the 13C shielding of the carbonyl carbon
associated with hydrogen-bonding.

In Chapter 3, the isotropic >N chemical shifts and individual
components of 1N chemical shift tensors of the glycine residue (Gly) in
a variety of oligopeptides with tert-buthyloxycarbonyl(Boc) group in
the terminal were measured. On thé basis of these results, the
relationship between hydrogen bond length, and isotropic chemical

shifts and individual components of chemical shift tensors was discussed.
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Further, to do a deep insight into the experimental results, the 15N
shieldings were calculated by using quantum chemical method. From
these results, it was found that the observed isotropic ISN chemical shift
moves downficld with a decrease in the hydrogen bond length and the
principal value of the 6353 component moves linearly downfield with a
decrease in the hydrogen bond length.  The quantum chemical
calculation explains reasonably these experimental results. Further,
quantum calculations show that the 6, and 65, components are related
to not only the hydrogen bond length, but also the hydrogen bond angle.
From these results, it can be said that the !SN chemical shift of amide
nitrogen provides useful information about the hydrogen bond length
and the hydrogen bond angle.

In Chapter 4, high-resolution 170 NMR spectra of solid
polyglycine(PG)I, PGII, glycylglycine(GlyGly) and glycylglycine
nitrate (G]yGly-HNOg) Wére measured, in order to obtain three kinds
of NMR parameters such as chemical shift(d), quadrupolar coupling
constant(e2qQ/h) and asymmetric parameter(ng), and to understand the
relationsvhip between these NMR parameters and the hydrogén—bonding
structure. From these observed carbonyl 170 NMR spectra, it is found
that the e2qQ/h values decrease linearly with a decrease in the hydrogen -
bond length.  This indicates that it is possible to determine the
hydrogen bond length through the observation of e2qQ/h values. It was
found that there is difference in 1 between the polypeptides and
peptides. This may come from large difference in molecular packing
between them.  The chemical shift values in peptides and in
polypeptides move upfield with a decrease in the hydrogen bond length.
However, there is difference in the chemical shift value between
peptides and polypeptides.  This may come from difference in

molecular packing between them.  From these experimental findings,
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it was demonstrated that 170 NMR spectroscopy becomes a useful mean
for elucidating the hydrogen-bonding structure in solid peptides and
polypeptides.

In Chapter 5, quantum-chemical approach of calculating the
quadrupolar coupling constants and the éhemical shieldings will provide
systematic information on the conformation and electronic state. The,
theoretical calculations of the electric field gradients of hydrogen—:
bonded carbonyl oxygen were successfully carried out by the FPT-
MNDO-PM3 method. From these calculated results, it was found that
the calculated e2qQ/h value decreases with a decrease in the hydrogen
bond length, and the chemical shielding values move upfield with a
decrease in the hydrogen bond length. These calculations explain the
experimental finding obtained in the preceding chapter. Further, the
directions of the principal axes of the electric field gradient tensor and
chemical shielding of the carbonyl oxygen were reasonably obtained by
the FPT-MNDO-PM3 method.

Summing up, it was concluded that 15N and 170 NMR spectroscopy
combined with quantum chemical calculation is a useful means for
elucidating the hydrogen-bonding structure in solid peptides and

polypeptides.
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