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Chapter 1

Introduction

NMR chemical shift is one of the most important parameters for pro-
viding information about molecular structures.® Particularly, chemical shifts
observed by the solid state NMR enable one an understanding of the three
dimensional electronic structure around a nucleus. It is well known that
peptides and proteins are found in almost every biological systems and play
an important role in the biological processes. An understanding of how the
secondary structure of peptides relates to their biological functions is very
important to unravel the many biological systems in nature. The study of
their model peptides is of particular interest because they serve as partial .
model systems for proteins which are too large to crystallize easily for X-
ray diffraction studies and are too large to study with conventional solution
NMR. |

As is well known, both of the X-ray diffraction method and the distance-

geometry method with solution NMR techniques are applied to structural
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elucidation of proteins.? In the X-ray diffraction study, one must prepare a
single crystal sample of a protein. Since it 1s not generally easy to prepare
a single crystal of large protein, the X-ray diffraction method does not nec-
essarily become a powerful methodology for structural elucidation of large
proteins. The distance-geometry method gives the structural information on
proteins in the solution state. This method employs nuclear Overhauser ef-
fect(NOE) and J-coupling obtained by solution NMR experiments. However,
as signal enhancement by NOE is proportional to r~%(where 1 is the inter-
proton distance), the larger the inter-proton distance to be determined is, the
larger experimental error it inevitably contains. Eventually, the main prob-
lern of these two methods is the lack of the number of the experimental data
compared to the number of parameters required for determining the struc-
ture of a protein; the number of parameters is over ten thousand parameters
of bond-lengths, bond-angles, and dihedral-angles. From such situations one
seeks a further method for the structural elucidation in addition to these

methods.

1.1 Conformation-dependent Chemical Shift
of Peptides

Ando et al. have shown that the 3C chemical shift behaviors of poly(L-
alanine) can be interpreted in terms of the change in the electronic structure,
which occurs by changes in main-chain conformations.® From these studies, .

we realized that 3C Chemical shifts of peptides in the solid state give us
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information about conformations; from a point of view, we considered the
term "conformation” as the main-chain dihedral-angles, (¢,%), of a peptide.
However, the hydrogen-bond formed in carbonyl-group seemed to be still

crucial to understand *C chemical shift of peptides.

1.2 Hydrogen-bonding in Peptides

It is well-known that the hydrogen-bond plays an important role in
forming stable com formations of oligopeptides, polypeptides, and proteins.
So far, the nature of the hydrogen-bond has been widely studied by various
spectroscopic methods.* High resolution NMR spectroscopy has been also
used as one of the most powerful tools for obtaining useful information about
details of the hydrogen-bond. 3 & 7 & 9 10 11,12 Since the electronic structure
around the carbonyl carbon is greatly affected by the nature of hydrogen-
bond, 3C NMR chemical shift for the carbonyl-carbon would be sensitive to
the spatial arrangement of the nuclei comprising the hydrogen-bond. In fact,
it was reported that the formation of the hydrogen-bond causes a downfield
shift on the carbonyl-carbon of peptides in solution. It is difficult, however, to
estimate exactly the hydrogen-bond effect on the 13C chemical shift because .
the observed chemical shifts of peptides are often the averaged value for all -
the rotational isomers owing to an interconversion by rapid rotation about
the bonds in solution. .

On the other hand, chemical shifts in the solid state provide useful infor-
mation about the hydrogen-bond of the peptides with a fixed conformation.

From such a viewpoint, recently, Ando et al. have studied the hydrogen-
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bonding effect on the **C chemical shifts of carbonyl carbons for peptides
containing glycine (Gly) residues in the solid state.’® They haye reported
that the 13Cisotropic chemical shifts were determined for a series of oligopep-
tides containing glycine residues, of which the crystal structures were already
available from X-ray diffraction studies. They found that the 13C chemi-
cal shifts for the carbonyl carbons in the amide-amide type(>C=0---H-N<)
hydrogen-bond move linearly dov;/nﬁeld with a decrease of the hydrogen-bond
length. Furthermore, Ando et al. explained the 13C chemical shift behav-
ior for the carbonyl carbon in polyglycine with form I (f8-sheet) or form II
(3-helix) in terms of the differences in their hydrogen-bond length. These
experimental results were understood by *C chemical shielding calculations

based on the semi-empirical molecular orbital method.

1.3 The Aim of This Study

Peptides containing Gly residues provide models for proteins. However,
since proteins have the other amino acid residues besides glycine residue,
of which the a-carbon is chiral, it is necessary to employ such amino acid
residues to clarify generally the hydrogen-bonding effect on the 13C chemi- ‘
cal shift. Further, it is also important to clarify how changes in the main- .
chain dihedral-angles would affect on the ** chemical shift in solid peptides.
However, since the knowledge of the effect of the hydrogen-bond and the
main-chain dihedral-angles does not seem to be well-established, one needs
to accumulate solid state NMR data by using peptides with the well-defined

three-dimensional structures. In order to make it, we prepared some pep-
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tides by the liquid phase organic synthesis, made **C solid state NMR mea-
surements. On the basis of the experimental results, we performed the *C
chemical shielding calculations for some model compounds, and investigated
the correlation between *C chemical shift and the molecular structure.

In Chapter 4, we shall describe the results of the correlation between
hydrogen-bonded structure and *C chemical shifts for the carbonyl car-
bons in amino acid residues such as L-alanine(Ala), L-valine(Val), D- and
L-leucine(Leu), L-aspartic acid(Asp) residues in peptides in the solid state.
In order to discuss the relationship between the '*C chemical shift and the
hydrogen-bond length, we prepared some peptides containing these aImnino
acid residues of which hydrogen-bond lengths and conformations had been
determined from X-ray diffraction studies. These results will be compared
with those of peptides containing Gly residues as reported previously. We
employ peptides of which the L-alanine residue carbonyl-carbon in the amide
group is involved in the >C=0---H-N< type hydrogen-bonds (the carbonyl-
carbon is not in the terminal carboxyl group).

However, in order to describe a correlation between the electronic struc-
ture and chemical shift, one needs to obtain information about both chemical
shift tensor principal values (811, d22, and d33) and the orientation of chem-
ical shift tensor with respect to the molecular axis system, which can be .
described by the atomic coordinates, chemical shift tensor principal values
(011, 692, and S33).

Magic-angle spinning(MAS) technique™ provides a high-resolution spec-
trum of a solid material that includes nuclei which have a large chemical

shift anisotropy(CSA) such as a carbonyl-carbon, by averaging out CSA into
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an isotropic chemical shift instead of obtaining the information about CSA.
Herzfeld and Berger developed the method for determination of CSA by MAS
with low spinning rate relative to the amplitude of CSA."® This method is
useful for the determination of CSA for the systems that include several
nuclei which have different electronic environments and therefore have over-
lapped powder patterns each other. By using the Herzfeld-Berger analysis,
we have measured the principal values of the chemical shift tensor for the L-
alanine residue carbonyl-carbon in the solid peptides. In order to understand
the correlation between the hydrogen-bonded structure and the behavior of
13C7 chemical shift for the carbonyl-carbon, we made **C chemical shielding
calculations by the FPT-INDO(finite perturbation theory with intermediate
neglect differential overlap) method.'® From the knowledge from the results,
we shall make some discussions on the hydrogen-bonded structure in pro-
teins such as basic pancreatic trypsin inhibitor(BPTI) and ribonuclease H
from E.Coli(RNase H).

In Chapter 5, we will propose the possibility of a methodology for struc-
tural elucidation of peptides and proteins through the observation of *C
chemical shifts for the L-alanine residue C4- and Cg-carbons. For this pur-
pose, the combination of 13C solid-state NMR experiments of peptides and
the 3C chemical shielding calculations by the 4-31G-GIAO-CHF(gauge- in- .
variant atomic-orbital and the coupled-Hartree-Fock with 4-31G basis set)
methods!” were made. We shall apply this approach to the elucidation of the
main-chain structure for proteins in the aqueous solution, such as BPTT and
RNaseH. Moreover, we will give as Weﬂ the possibility of detectiop regarding

the differences in the molecular structures in the crystalline state and the
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solution state, and also regarding the solventreffect on the chemical shift for
the L-alanine residue Cg-carbon.

In Chapter 6, we will describe the results of the sophisticated method
for the detection of homonuclear magnetic dipole couplings, hence the de-
tection of internuclear distances. We made the solid state NMR measure-
ments by using the dipolar restoration at the magic-angle with XY-8 7 pulse
sequences(XY-8 DRAMA), in order to determine the distances between inter-
molecular carbonyl-carbons in 10 % labeled a-[1-**C|glycyl-glycine powder
sample. We shall also propose a possibility of obtaining the information

about the inter-chain distances in large proteins.



Chapter 2

Theory

2.1 Theory of NMR Spectrum

There exist several physical parameters that would affect NMR spectrum.'®
They are indirect dipolar coupling(J-coupling), direct dipolar coupling, quad-
rupolar coupling, and chemical shift. J-coupling emerges from the interac-
tion mediated by electrons between nuclear spins. J-coupling, particularly
'H-'H J-coupling, has played a crucial role in the liquid state or the solution
state NMR spectroscopy, because J-coupling constant gives the main-chain
dihedral-angle of a molecule by employing the Karplus equation. A lot of .
studies regarding protein structure have exploited this scheme. Direct dipolar
coupling does not influence on the solution NMR spectrum, since the direct
dipolar coupling is a traceless second-lank tensor and rapid molecular motions
inevitably average this traceless tensor. In the solid state NMR spectroscopy,

on the other hand, direct dipolar coupling had given severe problems onto
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the spectrum before MAS™ and the dipolar decoupling(DD)™ were per-
formed. Recently, some researchers have tried to develop some methods
for detecting the direct dipolar coupling of spin-1/2 pairs in rotating solids;
therefore, we can determine internuclear distances of spin pairs bﬁy detection
of the dipolar coupling. Quadrupolar coupling is an important NMR param-
eter in systems including spins of which spin quantum number is larger than
1/2. Chemical shift has been exploited to identification of molecules because
the different electronic environment around a nuclear spin, i.e., the electron
density and three dimensional spreads of electron wave functions, gives the
different chemical shift value. Although the quantum mechanical description
of chemical shielding, i.e. chemical shift, was established in 1950, highly ac-
curate chemical shielding calculations with employing large molecules could
not been carried out because the computational facilities were not enough to
make it. However, the recent development on computers enables us to per-

form the chemical shielding calculations for large molecules with large basis

sets. -

2.2 Determination of Chemical Shift Anisotropy

2.2.1 Powder Spectrum Analysis

Let us consider the indirect coupling of nuclei to the static magnetic field
by interaction with the electrons. This interaction leads to shifts in resonance
frequencies that are a reflection of the chemical environment of a nucleus in

an atom or a molecule and are therefore important in our understanding of
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electronic structures of molecules. This interaction is referred as chemical
shift or chemical shielding. The chemical shielding is a tensor that is a 3
by 3 matrix and a representation of the value of a particular function in
terms of the coordinates relative to a particular coordinate system( in this
case, the coordinates defined by the magnetic field direction). The forms of
these functions are typically bilinear and, provided that certain inequalities
are satisfied, the values of the function can be represented pictorially by the
length of a line parallel to one of the axes of the coordinate system(magnetic
field) through the center of an ellipsoid of revolution, like the one shown
in Fig. 2.1. For arbitrary orientation in which the coordinat;: system 1is
oriented such that the magnetic field is not parallel to one of the semi-axes
of the ellipsoid, the chemical shift will depend on the angles that specify the
orientation of the field direction relative to the semi-axes of the ellipsoid,
as well as the absolute magnitudes of the lengths of each semi-axis. These
lengths are known as the principal values, and the coordinate system oriented
such that the unit vectors determining the system are oriented along the
semi-axes of the ellipsoid is known as the principal-axis system.

Consider a nucleus in a molecule with some particular shielding environ-

ment. The effect of the environment is to produce a term in the Hamiltonian,

The NMR experiment measures o, in the frame with z axis along the
feld. If we take B to be in the z-direction, and neglect terms including I

and I, since they do not commute with the Zeeman Hamiltonian, we obtain
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H=~l0,.B (2.2)

for the chemical shift Hamiltonian. For powder samples, the NMR ex-
periment consists of determining the chemical shift ¢, for several deferent
orientations of the principal axis system of the sample with respect to the
magnetic field. Now, we consider the situation such that a shielding ten-
sor has principal axes oriented with the laboratory frame as indicated in
Fig.2.2(a). The acute angle between 2z’ and z is . A rotation about the
axis z by the angle o will place the original y axis in the xy plane of the
laboratory system(o}, in Fig.2.2(b). A further rotation by 8 about y’ will
align z with the laboratory frame(Fig.2.2(c)). The result of these rotations
yields a transformed tensor, initially diagonal because it is described in its
principal axis system. The observed resonance frequency associated with this

orientation of the tensor is given by

w = —yBy(0y cos® a sin? B + o,y sin® o sin? 8 + 0, cos® B) (2.3)

where 0,5, 0yy, and o, are the principal values of the chemical shift. When
integrated over all angles, this line shape represents the absorption spectrum
of a powder sample, in which all orientations of the principal axes with respect
to the magnetic field are present with equal probability. Bloembergen and

Rowland?® derived the line shape function I(w) for a powder spectrum. Here,

“we treat the line shape of a chemical shift tensor with an axially symmetric

tensor. The intensity is directly proportional to the number of molecules

with chemical shift tensor orientation(e, 3), as
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[eee]

/Q P(a, B)dasin fdB = /_ Z [(w)dw = / F(o)do (2.4)

where P(c,8) is the probability that a chemical shift principal axes of a

molecule will have the orientation Q, specified by «, 5.

2.2.2 Herzfeld-Berger Analysis

The powder spectrum offers the information about the exact p{incipal val-
ues of a chemical shift tensor only when there does not exist any severe over-
lap between power spectra. In the most case of NMR of organic molecules,
however, this situation might not be able to be encountered; powder spectra
would be composed of some signals that are derived from several chemically
and electronically inequivalent environments. Herzfeld and Berger!® devel-
oped the method for determining the principal values of chemical shift tensors
from the accurate measurements of the spinning sideband intensities under
the condition of MAS with a low spinning rate. While this method, called as
the Herzfeld-Berger analysis, maintains the high-resolution NMR spectrum,
one can obtain principal values of several chemical shift tensors at once.
From a viewpoint of computation, the original Herzfeld-Berger a.nalysis was
not necessarily suitable to write the simulation program. Fenzke et al. made ’
an improvement for determination of the principal values of a chemical shift
tensor from MAS sideband intensities. In the method by Fenzke et al.,
one should calculate the mean square deviation of the calculated sideband
intensities from the experimental results and minimize the deviation.

Here, we describe Floquet theory for spinning sideband spectra.”? The
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chemical shift MAS Hamiltonian in the rotating frame for a single orientation

spin packet can be written in frequency units as

Hay(t) = —Awl, —wilgy cos(w,t + ¢1) + g2 cos(2w,t + ¢2)] 1L, (2.5)

where w, = 27v, is the rotor frequency, Aw = 2rAv is the sum of the

isotropic chemical shift w} plus the off-resonance w,y:

1
Aw = §w0(011+0'22+033)+w0ff :wlo—{—woff. (26)
w; is the anisotropic part of the chemical shift tensor ¢iso, and is given
by
1 0
Wwr = (.UQ(S = LUD{O'33 — é‘TT[O‘]} = Wp0O33 — Ld[, (27)

where wy = vHy and Hy is the external magnetic field. The coefficients
g1 and go are functions of the Euler angles, B and ~, relating the principal
axes of the chemical shift tensor of a spin packet to a coordinate system fixed

on the rotor(Fig.2.3). Their explicit forms are expressed as

3 sin 20,7 sin : 3 .
o= ﬁ—'_g‘—ﬁ'{(n' cos 2y + 3)? cos? B+’ sin’ 27} (2.8)

3 + 2 9 2 . 5
g2 = J;sm2 M {[% sin® B — g— cos 29(1+cos® B)]* +n” cos” B sin” 29}, (2.9)

where the phase angle ¢; and ¢ in Eq.(2.5) are functions of all three

Euler angle and are given by
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b1 =a -+ (2.10)
$2 = 200 + s, (2.11)
where
tan; =7 sin 27 , (2.12)
(7 cos 2y + 3) cos B .
tan y = —1 cos 3 sin 2 (2.13)

3sin? B — % cos 2(1 + cos? B)
Note that for an axially symmetric (n = 0) s tensor, ¥y = e = 0. This

Hamiltonian can be rewritten in terms of its Fourier components with respect

to the rotor frequency w;:

Hyg(t) = —Awl, — 2{X,e" + Xpe ™}, = 2{XGe™ ML (2.14)

with

1
Xi = W10 exp 1¢1 . (2.15)

1 :
X2 = ZLU[gz exp ngg. ) (216) .

The time evolution of a spin packet can be described in terms of its density

matrix r(0) which evolves in time according to

U(t) = U(D)p(0)U (1) (2.17)

where U(t) is the time evolution operator and is defined by’
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U(t) = T expl3 | "L () (2.18)

T is the Dyson time evolution operator. The expectation value of any

operator A can be obtained from the trace of ra:

(A) = Trlp(t)Al. (2.19)

The elements of U(t) are obtained by the integration of the coefficients
of the Hamiltonian(Eq.2.14). The calculation of analytic expressions for the
elements of U(t) is straightforward for time-dependent Hamiltonians H,. (1)
which commute with themselves at all times. In the general case, where
the Hamiltonian does not self-commute at all times, it is convement to use
special techniques in order to evaluate Eq.2.18. Here we employ ghe Floquet
formalism to solve the problem. The Floquet Formalism for the solution
of the spin density matrix for periodic time-dependent Hamiltonians was
extensively discussed by Shirley®® 2* and was recently employed to explain
multi-photon® and pulse spin locking NMR experiments.”® The results of
these papers will be used here to treat the MAS experiment.

The elements of the evolution operator Upy(t) with p,q = d,ﬂ can be
evaluated’by expanding U,,(t) in terms of the matrix elements of an infinite -
Floquet Hamiltonian Hy in a manifold of dressed spin states |p,n), where
|p) are the spin eigenstates of the Hamiltonian Hy(t) and n is the Fourier

expansion coefficients

Upg(t) = 3 (pnlexp(—iH;t)|q0)e™ . - (2:20)

n
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The elements of Hp are defined by

(pn|Hlrm) = Hp™™ + 1w 6prnm | (2.21)

and H. are the Fourier components of < p|H,(t)|r > defined by

»

BlH(lr) = > HEe™, (2.22)

n=—0cd

For the MAS Hamiltonian H,,(t), the elements of Hp are determined

using Eqgs. 2.14 and 2.21 to give

(a,n|Hylo,n +1) = —(8,n|Hf|B,n +1) = X4, (2.23)
la,n + 1| Hfla,n) = —(8,n + 1| Hf|B,n) = X7, (2.24)
(e, n|Hfloyn +2) = —(B,n]|Hs|B,n +2) = Xa, (2.25)
(@, n + 2| Hylayn) = —(B,n + 2| Hy|B,n) = X3, (2.26)
(o0l e ) = o, — A (2.27)
(8,nH;|8,n) = nw, + %Aw. | (2.28)

The Hy Hamiltonian for MAS experiment is shown in the foflowings.

Hoza Haﬁ N
H = ( T ;) (2.29)
HE  HE
1
Hgx = ——Q—Awl + Hf(p = a) (2.30)

1 /
HP = AWl + Hp(p = ) (2.31)
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HY =0 (2.32)

4w, X, E£X, 00 0 o 0 0
£X7 -3w, +Xi 0 0 o 0 0
£Xr EX; —2w £X; £Xp 0 o 0 0
0  +X; +X; -w, X, £X 0 0 0
HE(p)=| O 0 EX; +X; 04X, X, 0 0
0 0 04X X7 w, =X £Xp 0
0 0 0 0 +X; £X7 2w X1 £X
0 0 0 0 0 +£X: £Xr 3w, =X
0 0 0

0 0 0 +£X; £X; dw
(2.33)

In order to calculate the elements of Uyq(t), one must diagonalize Hp and

evaluate exp(—iHr). Hp is diagonalized with the transformation as

D}\/[I’IFDA—/[1 = H%. (2.34)

The resulting matrix H§ has the eigenvalues of Hr along the diagonal.
For the Hp Hamiltonian shown in Eq.2.29, the elements of Hf are equal to .

the diagonal elements of H itself

(a,n]H}lla,n) = (a,n|Hsla,n), (2.35)

(8,n|H{|B,n) = —(B,nlH[|Bn) = X1, (2.36)
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The eigenvalues of Hp -as a function of Dy are shown in Eq.2.42. The

elements of the diagonalization matrix Dy are given by

(a,n|Dyrle,m) = 6m_n, ) (2.37)
(B,n|DumlB,m) = b0 (2.38)
(c, n|Dyg]B,m) = 0, (2.39)
5n = 3 Jumai(Q0) Je(Q) 2%, (2.40)
where k |
Q= —Q.IX:[ Q= —%"’—'. (2.41)

The form of the diagonalization matrix Dy is shown in the followings.

D0 ’
Dy=1 " , (2.42)
0 DM ;
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S 6 62 8 64 &5 bs & s
5. b0 61 62 b3 64 85 s O
Sy 64 b0 & b5 8 b4 &5 G
S5 b6y 6.4 8o 6 62 b5 i S
¢ =l 6.y 65 60 64 G & & b & (2.43)
S5 64 65 6.4 6.4 & & & &
S5 6.5 6.4 6.5 65 6.4 6o & &
§v 6.6 6.5 6.4 6.3 60 61 & &
5.5 6.1 6.5 6.5 0.4 6.3 0.3 6.1 &

(ﬁ,nlDﬂ!ﬂ,m) = {a,n| D%, m)" (2.44)

Insertion of Eqs.2.34-39 in the expressions for Uy, (t) in Eq.2.20 results in

Usalt) = 3 Apemertei®2, (2.45)
Uﬁﬁ(t) — Z ~A:;€——inw,-te-—iAu./t/Q7 (24:6)

where the complex coefficients A, are defined as

A =15 660 (2.47)

M=—00

Egs. 2.45 and 2.46 show that the diagonal elements of U(t) can be written
as an infinite sum of exponential terms with coefficients A,. These expres-

sions for U, (%) together with £qs.2.40 and 2.41 could also be derived using
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the Bessel function expansion. The form of the elements of U(t) allows this

operator to be written as

Ul(t) = i |A, | exp{i[(2n + Aw)t + 20,] 1} (2.48)

=00

where an is the phase angles of A,;

= A", (2.49)

The signal S(a,8,7,t) of a spin packet following a 90 degree pulse is

proportional to the expectation value of (I;):

S(e, B8,7) = Uaal)Ug5 () + U (1)U (2.50)

Using the results of Eqs.2.45 and 2.46, this gives

S = 5 (S Acdg)explilne, +Aw)}  (251)

Nn=—0o0 N=—0Q ~

Fourier transformation of S{a, B,7,t) results, as expected, in a sideband
frequency spectrum, in which the nth sideband has a frequency of nw, + Aw

and a complex amplitude of

(., 8,7) Z AnAn-r, (2.52)

n=-—-0Q

which defines the intensity of the sideband and its phase.
The actual experimental intensities in MAS experiments originate from
powder samples and are therefore obtained by integration of I,(e, 8,7) am-

plitudes over all possible values of the Euler angles. Herzfeld and Berger
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performed these integrations and used them to construct the contour plots.
The values of I,(a, 3,7) averaged over selected sets of orientations have been

utilized(Fig.2.4).

2.3 Theory of NMR Parameters:Inhomogeneous

and Homogeneous Interactions

The basic issue which a theoretical treatment must address is the
general failure of magic-angle spinning to average out homom;clear dipo-
lar interactions. Maricq and Waugh distinguish between systems having a
spin Hamiltonian whose eigenstates are time independent within a phase
factor(called inhomogeneous systems) and those with time-dependent eigen-
states(homogeneous systems).?” For an inhomogeneous system, even slow
magic-angle spinning can read to considerable line narrowing, whilst for an
homogeneous system, spinning more rapid than the differences in the rel-
evant eigenvalues is necessary. The case of a coupled nonequivalent spin
pair is homogeneous, since the flip-flop part of the dipolar interaction does
not commute with the chemical shift term, as examined below. :Hence, it 1s
necessary to use rotation speeds much faster than the size of the Hamilto- :
nian(including the chemical shift term) to remove the effects of the dipolar
coupling. Mari»cq and Waugh treated a case of this type with two nonequiv-
alent 13C sites having identical isotropic shifts but anisotropic shift tensors
of different orientations. Under these conditions, the dipolar coupling leads

to considerable broadening except at high spinning speeds.
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Under the condition of MAS, the Hamiltonian is described as the time-
independent average Hamiltonian, defined over one rotational period 27 /w,

as follows:

(Ho) = > Hoy, (2.53)
u=0
Wy o fwr , ,
= EE/O Ho(#)dt, (2.54)
Hoy = =2 / ol / “ (), Ho())dt'dt" (2.55)
01 — 47 Jo 0[0< )) 0()] ) .

etc. Let us consider the situation so that the Ho should contain only

chemnical shifts of various spins i. Equation 2.54 is particularly simple:

1
Hoyo = Oisowols + 5(3 cos? 0 — 1)(04s — Tiso)wol- (2.56)

Under the condition of MAS(3 cos26 — 1 = 0), the second term of this
equation is vanished.

As regards higher-order Hoy,, since one can observe chemical shifts at any
time, the commutator, [Ho(t"), Ho(t')], will be zero. Then, all higher-order
H,,,, which depend on the same commutator, disappear.

Therefore, the average Hamiltonian for this condition is the following:

(Ho) = O’isowofz. (257)

This corresponds to the results by observations made ”"stroboscopically,”

synchronized with the rotational period of the sample spinning, 27 /w,. This
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means that one can average out chemical shifts even when one use the MAS
speed below the strength of the interaction, chemical shift anisotropies(w, /27

5am’so>-

The same will not be true for the homonuclear dipolar coupling:

g 1
HYP = wp(t)lLis - s = (L7 + I (2.58)

because the operators for different spin pairs, ij and ik, do not com-
mute. For a Hamiltonian including homonuclear dipolar couplings, the aver-
age Hamiltonian should be taken account of the higher terms as well. These
two interactions fall into the classes called ”inhomogeneous” and ”homoge-
neous.” These terms are used to identify the situations where Ho provides, or

does not provide, an exact description of the system for low spinning speeds.

2.4 Detéction of Dipolar Coupling in Rotat-
ing Solids

High-resolution, high-sensitivity NMR of rare spins-1/2 in solids de-
mands rapid rotation of the sample at the magic angle with res.pect to the
static magnetic field in order to suppress broadening due to cht?mical shift *
anisotropy(CSA). Normally this procedure also suppresses the dipolar inter-
actions, which carry clear information as to the molecular geometry. Many
recent developments involve the recovery of selected dipolar interaction be-
tween neighboring spin-1/2, in order to obtain molecular geometric informa-

tion. When the molecular site of interest is labeled with pairs of rare spins
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"

such as 1C or N, methods such as rotational resonance(R?), 2% 30 31, 52 33

dipolar recovery at the magic-angle(DRAMA),* rotary resonance,>® %7 rotational-
echo double-resonance(REDOR) 33 3% 40, 41, 42, 43, 44 gransfer echo double res-
onance (TEDOR),* Simple excitation for rotational echo amplitude (SEDRA),*®
controlled-SEDRA (CEDRA) ,*7 transverse-echo SEDRA (t-SEDRA),* and

so on, allow examination of molecular structure in systems lacking long-range
order, such as polymers and many biomolecules. For detection of homonu-
clear dipolar coupling, one exploits R* phenomenon, which arises when there
are large chemical shift differences between the two members of the cou-
pled spin pair. Here, the partial recovery of dipole interaction is accom-
plished when the sample rotation frequency wy, matches a submultiple of the
isotropic chemical shift difference wit —w? = nw,, where n is a small integer.
DRAMA uses two 7/2 pulses of opposite phase, for every rotor cycle. This
method partially recovers the dipolar couplings in a case where the two cou-
pled spins have identical isotropic chemcail shifts and small chemical shift
anisotropies. In this thesis, we modified the DRAMA with XY-8 7 pulse
sequence that compensates the large chemical shift anisotropy and effects

of carrier offset on the signal intensities and phases, in order to enable to

determine homonuclear dipolar coupling.
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2.5 Molecular Orbital Calculation of Chem-
ical Shielding

13() chemical shift obtained from solid state NMR is closely related to
electronic structure of a molecule, and therefore has information about the
‘three-dimensional structure of the molecule. In order to reveal the correlation
between the structure of peptides and the *C chemical shifts, we carried
out the 2C shielding calculations by the finite perturbation theory with the
intermediate neglect of deferential overlap semi-empirical molecular orbital
method(FPT-INDO)!® and the coupled-Hartree-Fock method with the ab-
initio gauge-invariant-atomic-orbitals ( GIAO-CHF ).!7

The FPT-INDO calculation enables us to understand what kinds of phys-
ical phenomena fundamentally occour on chemical shifts of molecules; it
is much easier to perform the calculation than the ab-initio methods. On
the other hand, ab-initio GIAO-CHF method is suitable for highly accurate
chemical shielding calculation, hence comes to give a methodology for de-
termination of a molecular structure through the observation of chemical
shifts.

In each procedures, the total shielding constants are estimated as a sum .

"

of the diamagnetic(cg,g) and paramagnetic(o’,g) contributions. The dia-
magnetic contribution is largely due to geometrical parameters(r,, £, ¢.;
see Fig.2.5) of a molecule and a unperturbed bond—order(P,Eg)) when the ex-
ternal magnetic field is not applied. On the other hand, the paramagnetic

contribution is largely due to not only its geometrical parameters and the
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unperturbed bond-order but also a perturbed bond-order(Pfg’l))a) when the

molecule is in the magnetic field By.

OBap = U%aﬁ + O‘gaﬁ (259)

has = 3 L < 6l P (D)alradeyy, . 260)

rh

1 L L
TBap = '2‘—‘2 P(Q)a < ¢u|—§—a|¢x >4+ < (TUA)a¢ul—;§£|¢A >}
oA B

(2.61)

3 "Z POV, < 4, LTT |65 > (2.62)
B

rg=r, —Rp (2.63)

Q. =R, @R, T (2.64)

2.5.1 Finite Perturbation Theory with INDO MO Method

(FPT-INDO)

In this section, we describe the finite perturbation theory (FPT) within
the INDO ( Intermediate Neglect of Differential Overlap) framework for cal-
culating the *C shielding constant. The FPT INDO theory has arli advantage
in permitting the calculation of the paramagnetic term without the explicit *
wave functions of excited states and the one-electron excitation energies,
which are hardly obtained in high accuracy by the usual semiempirical MO
approximations. According to the FPT-INDO framework, the 1*C shielding
constant can be estimated by a sum of 0%, (diamagnetic term) and 0B

(paramagnetic term).
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In the FPT-INDO calculations, however, the contributions from AOs cen-
tered on two different nuclei are not involved. Also, the first term of Eq.2.61
was neglected because the contribution of this term by FPT-INDO method
is quite small. We adopted N-acetyl-N'-methyl-L-alanine amide (having the
same skeletal bonds as peptide) forming hydrogen-bonds with two formamide
molecules as a model supermolecule as will be shown below. The bond lengths
and bond angles proposed by Momany et al.4® were used. The calculation was
performed as a function of hydrogen-bond length (the distance between ni-
trogen and oxygen dtoms, abbreviaﬁed as Ry..o) for the right-handed form a-
helix, anti-parallel S-sheet, and 3,-helix form with the three dihedral angles,
(¢ = —57°,9% = —47°), (¢ = —139°% = 135°),and(¢ = —88°, ¢ = 155°),
respectively. ‘

A HITAC M660 computer at the Computer Center of the Tokyo Institute
of Technology and a HITAC 980H computer at the Computer Center of the

Institute for Molecular Science, Okazaki, were used for the calculation.

2.5.2 Coupled Hartree-Fock Method Employing the
4-31G ab-initio MO Method with Guage-Invariant
Atomic Orbitals(4—31G-GIAO—CHF)

In this thesis, we adopted a model molecule, N-acetyl-N'-methyl L-
alanine amide(Ac-L-Ala-NHMe) as shown Figure 5.2. All the bond lengths
‘0 this model molecule were optimized except for the C-H bond lengths in
the methyl-groups, by the ab-initio 4-31G molecular orbital method. And
all the bond angles except for the methyl-groups were also optifnized by the
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same method. The calculated chemical shifts are given in ppm relative to
methane( The calculated '3C shielding of methane by 4-31G/4-31G basis
set5® is 207.2 ppm and the observed *C chemical shift is -2.1 ppm relative
to TMS.). Finally, the calculated chemical shifts are given relative to TMS.

Sun 4 Sparc Station 2 was used for the calculations. For the optimization
of the geometrical parameters and the nuclear shielding constant calculation,
it took for about 26 hours (the initial guess used here was Momany’s standard
values.®® and 6 hours, respectively.

Nuclear shielding calculation also offers information about the relative
orientation of the principal axis system(PAS) of a chemical shielding tensor
with respect to the molecular frame. Each of tensor elements has information
about three-dimensional electronic structure around a nucleus. Thus, in this
thesis, we also calculated the relative orientation of principal axes of the

shielding tensors for the carbonyl-, C4-, and Cg-carbons in L-alanine residue.
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X

G22

Figure 2.1: The chemical shielding ellipsoid, which is used to indicate that
different orientations of the magnetic field relative to the molecular fixed

frame results in different resonance position for the same chemical species.
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Figure 2.2: The two step processes for bringing two arbitrarily oriented coor-
dinate systems into a situation such that the two axes are parallel. a) before

Rz, rotation, b) before Ry rotation, and c) after Ryg rotation.
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Y.

Figure 2.3: The definition of the orientation of the principal axis system for ;

the chemical shift tensor with respect to the rotor fixed frame (X,, Yo, Zr).
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a)

b)

AL

1 I I I
300 200 100 0

Figure 2.4: The examples of the spectrum simulation for the magic-angle
spimiing sideband. The principal values of the chemical shift- tensor are’

943,193, and 94 ppm. The magic-angle spinning rate is 1.6kHz. a) a =
30°, 8 = 45°, and v = 60° , and b) powder averaged.
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orbital

nucleus A
nucleus C

orbital A

nucleus B

gauge origin

Figure 2.5: The schematic representation of molecular orbital needed to cal-

culate the chemical shielding constant for nucleus B.
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Experiment

3.1 Peptides syntheses

A series of peptides containing L-alanine residue, except L-alanyl-
L-prolyl-glycine monohydrate (Ala-Pro-Gly- HyO) were synthesized accord-
ing to a fragment condensation between N-hydroxysuccinimide ester of N-
terminal protected amino acid and an amino acid.” o-Nitrophenylsulphenyl-
group(Nps) or t-butyloxycarbonyl-group(Boc) was used as a N-terminal-
protect group. N-terminal protect groups were de-protected by dioxane /
HCI solution. A mixture of *C labeled L-[1-**C]alanine (Merck Inc., iso- .
tope purity 99 atom of L-alanine(Nihon-Rika Co.) was used to observe
the accurate C chemical shift value of L-alanine carbonyl-carbon in the
130 NMR spectrum. L-[1-**Clalanylglycylglycine (Ala™-Gly-Gly- H;0), L-
[1-13CJalanyl-L-serine (Ala*-Ser), Boc-L-alanyl-a-aminoisobutyric acid (Boc-

Ala-Aib-OH), and Boc-L-alanyl-L-proline (Boc-Ala-Pro-OH) were synthe-
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sized by this procedure. Nps-Ala-OH and methylamine were used for the syn-
thesis of Nps—N’—methyI-L-alaniné—amide(Nps—Ala«NHMe) by dicyclohexyl-
carbodiimide method (DCC). Nps-L-alanyl-a-aminoisobutyric acid methyl
ester (Nps-Ala-Aib-OMe; not *C labeled) was prepared by DCC method
by using Nps-Ala-OH and Aib-OMe. HCl-Ala-NHMe and HCl-Ala-Aib-OMe
were de-protected by HCl/dioxane solution. N-acetyl-Ala-NHMe(Ac-Ala-
NHMe) and N-acetyl-Ala-Aib-OMe(Ac-Ala-Aib-OMe) was prepared in pyTi-
dine by reacting anhydrous acetate with HCl-Ala-NHMe and HCIl-Ala-Aib-
OMe, respectively. Poly(L-[1-'*Clalanine) ((Ala),) was prepared by poly-
merization of L-[1-**Clalanine-N-carboxy anhydride (Ala-NCA). The pep-
tides synthesized here were recrystallized according to the same procedures
as those in the X-ray diffraction studies. The obtained polycrystalline sam-
ples were ground by agatemortar before the NMR measurements were carried

out to eliminate the orientation anisotropy of crystals in the spinning rotor.

3.2 Solid State 3C NMR Measurements

The solid state ¥C NMR measurements were performed on a JEOL
(GSX-270WB spectrometer operating at 67.80 MHz equipped with a CP-
MAS accessory. The rf field intensity for *C channel was 57 kHz. The:
matched Hartmann-Hahn cross-polarization(CP) was carried at the condition
of 57kHz rf intensity; the CP contact time was 2 ms. The repetition time for
pulse sequences was 5 s, and the spectral width was 27.0 kHz. The number
of sampling points was 2k, and zero-filled to 8k. Samples were placed in a

cylindrical rotor and spun as fast as 1.5-4.5 kHz. 3C powder pattern spectra
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are often recorded in order to determine principal values of a 13C chemical

shift tensor, but we adopted the spinning-sidebands analysis2, which allows a

-determination of these parameters from MAS NMR spectra in a more direct

way and with a higher accuracy by using simultaneously all the information
contained in the spinning sidebands. Spectra were usually accuzr;ulated 200-
800 times to achieve a reasonable signal-to-noise ratio. The *C chemical
shifts were calibrated in directly through the adamantine peak observed at

upperfield (29.5 ppm relative to tetramethylsilane ((CHs)451)).
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Hydrogen-bonding Effect on
the 13C Chemical Shift for
L-Alanine Residue

Carbonyl-carbon

4.1 Solid State NMR Measurements:.

Figure 4.1 shows 67.80 MHz *C CP-MAS NMR spectra of Ala-Ser -
in the solid state as a typical example. The carbonyl-carbon of the C-
terminal carboxylic group appears downfield by several ppm as a rather
sharp peak relative to the internal amide carbonyl-carbon.’* The isotropic
13C" chemical shifts of L-Ala carbonyl-carbons measured are listed in Table

4.1, together with the geometrical parameters obtained by X-ray diffraction
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studies.?3 54 55, 56,57, 58 Some of the geometrical parameters were calculated
by using the unit-cell parameters and fractional coordinates in the literature.

Figure 4.2 shows the plots of the observed isotropic 130 chemical shifts
(8;s0) of L-Ala carbonyl-carbon against the N...O hydrogen-bond length
(Ry..0). Tt is found that a decrease of Ry..o leads to a downfield shift,
and there exists approximately a linear relationship between the B0 chem-
ical shift and Rpy..0. It is noted that not only in oligopeptides (dimer or
trimer) but also in polypeptide ((L-Ala), with the ag-helix form) the L-Ala
carbonyl-carbon chemical shifts give a similar hydrogen-bond dependence.
This suggests that the *C chemical shifts of any L-Ala carbonyl-carbon tak-
ing the hydrogen-bond which is formed between the amide >C=0 and amide
>N-H are predominantly determined by the hydrogen-bond length. The ex-

pression for this relationship is

§iso(ppm) = 237.5 — 21.7Ry..0(A). (4.1)

This relationship indicates that the hydrogen-bond length ce:n be deter-

mined through the observation of *C chemical shift of the L-Ala carbonyl-
carbon in peptides and polypeptides. .

On the other hand, the relationship between the observed *C chemi- :

cal shifts in the solid state of Gly carbonyl-carbon and Ry..o has already

determined by Ando et al.»® as expressed by

Siso(ppm) = 206.0 — 12.4Rn..o(A). (4.2)

As can be seen from these two relationships, the slope of the variation of
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the 13C chemical shift of L-Ala carbonyl-carbon against the hydrogen-bond
length is 1.7 times larger than that of Gly carbonyl-carbon. This shows
the R_N,..o dependence of the former is much larger than that of the lat-
ter. Recently, we have performed the same NMR experiments for several
peptides that contains the bulky side-chain such as L-valine(Val), D and
L-leucine(Leu), and L-aspartic acid(Asp) residues. These data are added
to Figure 4.2. From these investigations, we obtained that the expressions
for these relationships as determined by the least-mean squares methods are

given in ppm relative to tetramethylsilane(TMS) in the following;

Siso(ppm) = 206.0 — 12.4Ry..o(A) for Gly (4.3)
8:s0(ppm) = 237.5 — 21.7TRy..0(A) for L — Ala (4.4)
8iso(ppm) = 215.4 — 142Ry..0(A) for L —Val (4.5)
§iso(ppm) = 202.2 - 10.0Ry..o(A) for L—Leu (4.6)
Siso(ppm) = 199.0 — 9.6Ry..o(A) for L dsp. (47)

We found that the slope of the variation of d;,, against the hydyogembond
length for these amino acid residues decreases in the order L—A”La > L-Val
> Gly > L-Leu ~ L-Asp. The magnitude of the intercept decreases in the
same order as the slope. Therefore, we can say that the equation for the

relationship is quite characteristic of individual amino acid residues.



Chapter 4 Hydrogen-bonding Effect ... 40

The Principal Values of *C Chemical Shift Tensor of the L-
Alanine Carbonyl Carbon in Peptides

It is expected that the principal values of '*C chemical shift tensors
(611,022 and d3s, from the downfield to upfield) are, in principle, more valu-
able as parameters for obtaining detailed information of hydrogien—bonding
to be related with electronic structure compared with the isotropic **C chem-
ical shift (850 = (611 - Sa2 + 033)/3). Figures 4.3 a and b show 67.80 MHz
130 NMR powder pattern spectrum of [5%,1-1*C]Ala-Ser measured by CP-
MAS and the dipolar dephasing (DDph) pulse technique,® as a typical
example. From Figures 4.3 a and b, one can see the severe overlap between
the carbonyl-carbon and C,-carbon powder spectra. Even when one use
the DDph pulse sequence, one realize that it is not necessarily easy to de-
termine the exact principal values for **C chemical shift tensor because of
the overlap of powder patterns of more than two sites of carbonyl-carbons
for several amino acid residues, which comes out from the low concentra-
tion of carbonyl-**C-labeled L-Ala residue. For this, we adopt the spinning-
sidebands analysis,'® 2221 namely, Herzfeld-Berger analysis, to determine
the exact principal values of **C labeled L-Ala carbonyl-carbons?

Figures 4.4a-e show the 67.80 MHz BC CP-MAS spectra for the sev- .
eral peptides with the spinning frequency of around 1.6 kHz. The above-
mentioned spinning-sideband analysis was carried out to determine the prin-
cipal values of the *C chemical shift tensor. Figures 4.4f-j show the calcu-
lated MAS SSB spectra for these peptides. The errors of 11,022, and 633
come out from the SSB spectrum simulation were estimated as < 1.5ppm, <

0.7ppm, and < 1.5ppm, respectively.
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Table 4.1 lists the determined principal values of *C chemical shift ten-
sors of peptides as well. The plots of d11,622, and 433 against the N---O
hydrogen-bond length (Ry..0) are shown in Figures 4.5 a-c, respectively.
Cross and his co-worker has made solid state NMR, measurements of Gram-
icidin A, and determined principal values for the chemical shift tensor of
I-alanine carbonyl-carbon. The data are added to Figure 4.5. Cross and
his co-workers has made solid state NMR measurements of Gramicidin A,
and determined principal values for the chemical shift tensor of L-alanine
carbonyl-carbon. The data are added to Figure 4.5. From this plot, we found
that the experimental dgos are the most sensitive to Rn...0, and the d998 shift
linearly downfield with a decrease of Ry..o except for the 845 of Ala-Pro-
Gly-H,0; as for Ala-Pro-Gly-H,O, the covalent bond between the Ala and
Pro residues does not form the peptide bond but the imide bond. For this, it
is thought that the electronic structure of the L-Ala carbonyl-carbon in Ala-
Pro-Gly-H,O is different from that of thé L-Ala carbonyl-carbon forming the
peptide bond, and , hence, the chemical shift for the L-Ala carbonyl-carbon
is sensitive to both En.0 and the nature of the bonds. A decrease of En...0
leads to a slight upfield shift on d;; except for Ala-Pro-Gly-H,0. The ex-
perimental J33s are almost independent of Ry..o with some scatter of the
data. From the above results, we can say that the large downfield shift of.
the isotropic *3C chemical shifts, d;5, With a decrease of By..o ;:omes from

the behavior of the dq, in overcoming that of the ;.
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4.2 3C Shielding Constant Calculation by
FPT-INDO Method

Figures 4.7a-d show the calculated isotropic shielding constants (Tiso0)
and their paramagnetic terms of tensor components (011,092, and o33) for
L-Ala carbonyl-carbon of the model compounds (Figure 4.6) as a function
of Bx..0. The calculated values are all expressed in parts per million (ppm)
with an opposite sign to that of the experimental. Note that negative sign
for the calculated shielding constant denotes de-shielding, in contrast to the
positive sign of the experimental chemical shift values. A isotropic shielding
constant and its tensor component are usually represented as a sum of the
diamagnetic and the paramagnetic terms. However, the relative change for
the 3C shielding tensors is predominantly governed by the paramagnetic
term.

Figure 4.7a shows the Ry..o dependence of the calculated isotropic ¥C
shielding constant (ois) of the central L-Ala carbonyl-carbon of the model
compound with the helix or 34-sheet form. In the large Bn..0 region, the val-
ues of 0450 significantly depend on the conformational changes. On the other
hand, in the short Ry..o region, the changes in Rp...0 dominate the changein -
0is0. Lherefore, the experimental finding that the isotropic *C chemical shift
moves linearly downfield with a decrease of Ey...0 should be explained by the
calculated results in the short Ry.o region. As the semiempirical INDO MO
approximation adopted here neglécts some two-center electron integrals, the

intermolecular interactions are considered to be reproduced reasonably in
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the short Rp..o region.’® The variation of the total energy also supports
this view as shown in Figure 4.8, where the total energy minimum appears
around the Bn..o value of 2.3-2.5 A.

As shown Figure 4.7a, a decrease of Ry..o leads to a decrease of oy,
in the short Ry..o region (Ry..o = 2.3 — 2.5 A) In this region, the effect
of changes in "hydrogen-bond length” on the '*C chemical shift is much
larger than that in the "main-chain dihedral-angles”. These agree with the
experimental results.

Figures 4.7b-d show the Ry..o dependence of the calculated principal
values of 13C shielding tensor (o11, 022, and o33). It is shown that a decrease
of Ry..o leads to reduce in shielding of oy, and increase in that of oyy. 033 18
not sensitive to changes in Ry..o. The magnitude of change for o2, is much
larger than that for oqy and os3. These results agree with the experimental
ones. If we look at the calculations and experiments carefully, it can be said
that the effect of changes in main-chain dihedral-angles on oy; and o3 in
the calculation is relatively larger than that in the experimental results. The
difference between the experiment and the calculation is probably due to the
fact that the calculation was carried out under the assumption which the
hydrogen-bonding angle(/N — O — () is 180 degrees. In order to explain
the experimental behavior, we need calculate the magnetic shielding by us- '
ing a more accurate model which takes account of not only the main-chain
dihedral-angles and the hydrogen-bond length, but also the hydrogen-bond
angle.

Ry..o Dependance of the Calculated Electron Densities on the
Carbonyl-Carbons of L-Ala and Gly
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Figures 4.9 a and b show the Ry..0 dependence of the calculated electron
densities on the carbonyl carbons of L-Ala and Gly residue, respectively. The
B chemical shift is closely related to the electron density on the carbon
atom. The smaller electron density on the carbon atom leads to the lower
field shift. As shown in this figure, the decrease of the Ru..o renders the
electron density decrease. It, however, appears that the variation in the
electron density on the L-Ala carbonyl-carbon is smaller than that on the
Cly, and on the contrary, the change of the experimental **C chemical shifts of
L-Ala carbonyl-carbons is larger than that of the Gly. Therefore, discussion
must be done by 3C chemical shielding calculation.

The Direction of the Principal Axes of the L-Ala Carbonyl-
Shielding Tensor ’

Figures 4.10a-c show the direction of the principal axes system of 13¢
shielding tensor for L-Ala carbonyl-carbon which were determined by the-
oretical calculations in this thesis, where the value of Ry..o of the model
compounds considered here is 9.3Aand the main-chain dihedral-angles are
the ap-helix(¢ = —57°,¢% = —48°), Ba-sheet(dp = —139°,% = 135°), and
3,-helix(¢ = —88°,1¢ = 155°) forms, respectively. Figure 4.10d shows the
direction of principal axes for chemical shift tensor determined by the NMR
study of [1-*3C]Ala['*N]Ala powder sample.®" The dy; component nearly lies ‘
along the amide carbonyl-bond, and the 8y, is in the amide sp? plane and
lies along the direction normal to the carbonyl-bond. The d33 component
is aligned in the direction perpendicular to the amide sp® plane. This cal-
culated direction of the principal axes does not conflict with the previous

experimental resultsl4. Therefore, it is found that the 5, value for the prin-



Chapter 4 Hydrogen-bonding Effect ... 45

cipal axis parallel to the carbonyl-bond is the most sensitive to changes of

RN'...O.

4.3 Verification of Hydrogen-bonding Struc-
ture in Proteins: Basic Pancreatié Trypsin
Inhibitor(BPTI); Ribonuclease H from
E.Coli(RNaseH)

Using the two and three dimensional NMR and the isotopic labeling
téchniques, Yamazaki and Nagayama carried out the assignments of back-
bone carbons of a large protein, ribonuclease H (RNase H) extracted from
E.coli, which consists of 155 amino acid residues and has a molecular mass
of 17.6kDa.6? The sample were dissolved in a 0.1M deuterated acetate buffer
of 80It was also found that the structure of RNase H determined by NMR
agreed with that obtained from the X-ray diffraction study.®® ¢ From these
results, it is obvious that the main-chain conformation of RNase H in the
solution state is quite similar to that of the crystalline RNase H'..

133 Chemical Shifts of the Carbonyl-carbons of the L-Ala Residues
in RNase H

Figure 4.11 shows the plots for the 13CY chemical shifts of the L-alanine
residue carbonyl carbons in RNase H against the .08 obtained from the
X-ray diffraction study. A solid straight line in Figure 4.11 was obtained from

equation 4.2. In this figure, there are many data which have large deviations
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n

from the a solid straight line by equation 4.2. It is thought that this is not
caused by the difference between the secondary structure in the solid state
and that in the aqueous solution, but by lack of the accuracy of Ry..o as
determined by the X-ray diffraction study. Since structural analysis of pro-
teins by X-ray diffraction study gives covalent-bond length and bond angle
related in the accuracy of 1072 A, then the main-chain dihedral-angles can be
determined in the sufficient accuracy.?* In the case of a small protein such as
BPTI, the hydrogen-bond length'can be accurately determined.5® % There-
fore, the datum for the carbonyl-carbon of A48 in BPTI lies on a solid straight
line by the equation 4.2 as shown in Figure 4.11. However, through-space
internuclear distances such as hydrogen-bond length in larger proteins(such
as RNaseH) determined by the X-ray diffraction study may include the large
experimental error(about 0.3 A) which results in by accurulated errors of
the main-chain dihedral-angles.?* This means that for structural elucidation
of larger proteins, it is useful to utilize chemical shifts of the carbonyl-carbon

as indications of hydrogen-bond lengths.
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Figure 4.1: 67.8MHz cross-polarization magic-angle spinning(CP-MAS)
NMR spectrum for [5%,1-*3C]Ala-Ser, as a typical example. The solid state
NMR measurements were performed under the condition of the following.
The rf-field intensity for the carbon channel was 56kHz; the contact time for:
the matched cross-polarization between *H and **C was 2ms; the heteronu-
clear dipolar decoupling during acquisition period was carried out at the

intensity of 56kHz. The number of data collection was 2048;before Fourier

transform, the FID were zerofilled the total data points were 8192. SSB

denotes the spinning sideband.
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Figure 4.2: Plots of *C chemical shifts for the carbonyl-carbons in Gly, .
L-Ala, L-Val, D,L-Leu, and L-Asp residues in peptides in the solid state,

against hydrogen-bond length(Ry..0).
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Figure 4.3: 67.8MHz a) CP-static and b) the dipolar-dephased CP-static
spéctra for [5%,1-'3C]Ala-Ser in the solid state, as a typical example. The :
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other conditions for NMR measurements were the same as those in Figure

4.1.
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Figure 4.4: '°C cross- polarlzatlon magic-angle spinning(CP-MAS) NMR

a) NA Ala-Pro-Gly-H,O

s

L

L

L

spectra(left) for the several peptides that contain L-alanine residues, and
the MAS spectrum simulation(right) for each L-alanine residue carbonyl-
carbon by using the principal values of determined chemical sl:w.ift tensors.
The rf field intensity for the carbon channel was 56kHz; the contact time for:
the matched cross-polarization between 'H and '3C was 2ms;the heferonu-
clear dipolar decoupling during acquisition period was carried out at the
intensity of 56kHz. The delay time beforeacquisition was set at 34.8us;the
gate for 1*C channel was opened at 20.0us after CP contact duration. The
qumber of data collection was 2048;before Fourier transformation, the FIDs
were zerofilled and the total data points were 8192. a) Natural abundance
Ala-Pro-Gly-H,0, b)[5%,1-3C}Ala-Ser, c) [5%,1-'*Ala-Gly-Gly--H, O ,d) Ac-
5%,1-12C]Ala-NHMe, and e) ([10%,1-°C]Ala),. In the spectrum simulation
procedures, 4851 orientations of chemical shift tensors with respect to the

external magnetic field were accumulated.
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Figure 4.5: Plots of the observed principal values for °C chemical shift
tensor for- (a) d11, (b) dag, and (c) J33 against the N --- O hydrogen- .
bond length(Ry..0): 1) Natural abundance Ala—Pro—Gly-HQO: 2) 5%,1-
1BC]Ala-Ser, 3) [5%,1-°C]Ala-Gly-Gly-H,0, 4,5) Ac-[5%,1-"*C]Ala-NHMe,
6) ([10%,1-1*C]Ala),, 7) Ala-5 in Gramicidin A.
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Figure 4.6: Molecular structure of N-acetyl-N’-methyl-L-alanine amide .

hydrogen-bonded with two formamide molecules. The chemical shielding

calculation was made for the carbonyl marked by asterisk.
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Figure 4.7: Variation of the calculated '® shielding constants and the tensor
components of the paramagnetic ferm with respect to the N --- O hydrogen- :
bond length Ry..o for (a) isotropic shielding constant ois, (b) 091 (¢) o2z
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Figure 4.10: Orientation of the principal axes of the calculated and the ob-.
served 13C chemical shift tensors for L-alanine residue carbonyl-carbon: (a)

ap-helix, (b) Ba-sheet, (c) 3;-helix, and (d) [1-1*C]Ala-[**N]Ala. "
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Figure 4.11: Plots of the observed chemical shifts of the L-alanine residue
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the observed 13C chemical shifts of the L-alanine residue carbonyl-carbons in

some peptides in the solid state and their Ry..o values reported previously.



Chapter 5

Correlation Between Chemical
Shifts of L-Alanine Residue
Co- and C 5-carbon and the
Main-chain Dihedral-angles of
Peptides and Proteins '

5.1 Solid State NMR Measurements

130 Chemical Shifts of the L-Alanine C,- and Cg-Carbons in Pep-

tides in the Solid State
Figures 5.1a-d show the 67.8 MHz OP-MAS spectra for several pep-

tides containing L-alanine residues of which the main-chain dihedral-angles
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can be defined; in the other word, L-alanine portions are not terminal amino
acid residue in peptides. From the X-ray diffraction study, it had been found
that the unit cell of Ac-L-Ala-NHMe crystal contains two molecules of which
conformations are not identical. In Figure 5.1c, for the carbonyl-, C,- and
Cg-carbons, the two signals which come from two different conformations
were observed. In Figure 5.1d, we can see the signals derived from the ap-
helix and Ba-sheet. From Figure 5.1a-d and the data from previous works,
we summarized in Table 5.1 the observed chemical shift for L-alanine residue
Cq- and Cg-carbons, with their geometrical parameters as determined by
 the X-ray diffraction studies.?” 6% 7 Some of the geometrical parameters
were calculated by using the unit cell parameters and the fractional coor-
dinates. Table 5.1 shows that L-alanine iesidue in the peptides takes the
dihedral-angles, (¢,%), corresponding to several conformations such as ag-
helix, B4-sheet, 3%-helix, etc. The **C signal of the L-alanine C,-carbon in
poly(L-alanine) which forms the o g-helix conformation appears at upperfield
by several ppm relative to the other conformations; on the other hand, the
13() chemical shift of the L-alanine Cp-carbon in the B4-sheet conformation
is 21.0 ppm, which appears at downfield relative to the other conformations.
The 13C chemical shift of the L-alanine C4-carbon for the S4-sheet conforma-
tion is 48.7 ppm, which appears upfield relative to the other conformations;
on the other hand, the C chemical shift for poly(L-alanine) which forms the
ap-helix conformation is 53.0 ppm, which appears upfield by several ppm rel-
ative to the other conformations. The **C chemical shifts of the L-alanine Co-
and Cg-carbons for the other specified conformations were almost interme-

-

diate values between those for the ap-helix and the B4-sheet conformations.
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i

We can recognize from these results that **C chemical shifts of the C,- and
Cg-carbons in L-alanine residue in peptide closely relates with the main chain
conformation. However, since the term ” the main chain conformation” of
peptide implies not only the main-chain dihedral-angles, ($,), but also its
hydrogen-bonding structure ( hydrogen-bond length and angles), it is not ap-
parent yet whether *C chemical shifts of the L-alanine Cq- and Cg-carbons

should be governed by the dihedral-angles for the L-alanine residue moiety.

5.2 Chemical Shielding Calculation by 4-31G-
GIA O-CHF Method

Dihedral-angle, (¢,v), Dependence of Chemical Shift for the L-
alanine Residue C,- and Cg-carbons
We shall estimate the correlation between the chemical shifts and the

main-chain dihedral-angles of peptides, by carrying out chemical shielding
calculations by the GIAO-CHF with ab-initio 4-31G basis set.

The total chemical shielding tensor is represented by a sum of the dia-
£ magnetic and paramagnetic contributions. The diamagnetic con:tribution is
largely affected by the geometrical parameters of a molecule and an unper- :

turbed bond order when the external magnetic fleld is not applied. On the

other hand, the paramagnetic contribution is influenced not only by the ge-
ometrical geometrical parameters and the unperturbed bond order, but also
a perturbed bond order when the molecule is in the magnetic field.

A N-acetyl-N’-methyl-L-alanine amide (Ac-L-Ala-NHMe) molecule was




|
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employed as a model molecule(Figure5.2). All the geometrical parameters of
this molecule, except for the C-H bond lengths in the acetyl methyl-group and
the amide-methyl-group, were energy-optimized by the ab-initio molecular
orbital method with the 4-31G basis set. By using the optimized geometries
of this molecule, we calculate carbon chemical shielding constants.'” Sun 4
Sparc Station 2 was used for the calculations.

Table 5.1 shows the main-chain conformation and the observed 1B3C chem-
ical shifts for series of peptides.that contain the L-alanine residue. The
term "main-chain conformation” of peptides implies not only the main-chain
dihedral-angles but also the hydrogen-bonding structure. Since the L-alanine
residue in a protein does not necessarily form the hydrogen—bon"d, it would
be still important to estimate the contribution of the main-chain dihedral-
angles to chemical shift of the L-alanine residue Cq- and Cg-carbons. Figure
5.3a shows the (¢,%) dependence of the calculated isotropic chemical shift
for the L-alanine residue Cg-carbon. The isotropic shielding constants for
the Cg-carbon are 186.4 ppm for the main-chain dihedral-angles that cor-
respond to the Ba-sheet conformation, 189.4 ppm for the ag-helix, 189.6
ppm for the ar-helix, 188.7 ppm for the 3,-helix, and 186.5 ppm for silk T
and (Ala-Gly), form II; on the ofuher hand, the observed isotropic chemical
shifts are 21.0 ppm for the B4-sheet,15.5 ppm for the ag-helix, 15.9 ppm.
for the ar-helix, 18.4 for 3;-helix (we employed the chemical shift values for
(Ala-Gly-Gly), that forms a collagen-like helix.), and 17.6 ppm for (Ala-
Gly), form II It is found that the change of the main-chain dihedral angles
dominates the isotropic chemical shift behavior of the L-alanine residue Cg-

carbon;however, except for Silk T and (Ala-Gly), form I1. Saito, Ando, and
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their co-workers had already argued against the structure model of silk I and
(Ala-Gly),, form II that is known as a crankshaft model,”* and predicted that
the structure of silk I and (Ala-Gly), form II might be a loose fourfold helical
conformation, which is originally proposed by the X-ray diffraction study of
Konishi and Kurokawa.™ From our calculation, the loose helix model could
not be accepted either; at this point, it is,however, difficult to determine the
main-chain dihedral-angle yet.

In order to understand the isotropic chemical shift behavior, we calcu-
lated principal values of the chemical shift tensor. The (¢,7) dependences
of the o11, 022, and o33 (that are defined from the least shielding to the most
shielding, respectively.) are shown in Figures 5.3b-d. From Figures 5.3b-d,
the fact that the isotropic Cg chemical shift for the ag-helix appears in a
higher field(15.5 ppm) than that for the S4-sheet (21.0 ppm) is understood
by the explicit differences in the oy;(Aoyy = 9ppm). The careful investiga-
tion of chemical shielding tensor shows that the paramagnetic term for the
011 dominates the total oq; value. The 2p-orbital for the C4-carbon, which
corresponds to the angular momentum operator of electron and which con-
tributes to the C, — Cpo-bond, is the most effective to the paramagnetic
term for the o1, since the magnetic dipole coupling integral of electrons,
< ¢, Lps/r%léx >(here, B = 1), is dominantly estimated by the 2p—orbital.
perpendicular to the oy;. Because, in the 4-31G optimized geometries, the
distance between the C,- and Cg-carbons is 1.51Afor B4-sheet and 1.53Afor
ag-helix, the changes in the oq; 1s explained as the differences in the distances

for the C,-Cp bond, which come out from the changes in the main-chain

dihedral-angles.
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Figure 5.3e shows the dependence of isotropic chemical shielding for the
C,-carbon against the main-chain dihedral-angles. From Figure 5.3e, the
isotropic chemical shieldings for the C,-carbon are 160.4 ppm for the Ba-
sheet, 159.6 ppm for the ag-helix, 159.2 ppm for the «y-helix, 161.4 ppm
for the 3;-helix, and 157.9 ppm for silk I and (Ala-Gly), form II; for these
calculated shielding, the observed isotropic chemical shifts are 48.7 ppm for
the B4-sheet, 53.0 ppm for the ag-helix, 50.1 ppm for the oar-helix, 49.7
ppm for the 3;-helix, and 51.5 ppm for (Ala-Gly), form II, respectively.
Although it is obvious that there exists the main-chain dihedrz;l—angle de-
pendence on chemical shift for the C,-carbon, it seems more complicated
than that for the Cg-carbon, because the orientation of the chemical shift
tensor for the C,-carbon with respect to the molecular fixed frame is dif-
ferent from one (4,1) to another, and also because, in a case in which the
I-alanine residue carbonyl- or amide-group would form the hydrogen-bond,
the hydrogen-bonding structure can also affect on the behavior of chemical
shift for the Cu-carbon. As regards the structure of (Ala—Gly)n form II and
silk I, it needs chemical shift calculation that is taken into consideration of
the hydrogen-bonding; the investigation of chemical shift carbonyl-carbon
will be needed.

In order to give a further insight to the Cq chemical shift behavior, we
calculated principal values of the chemical shielding tensor as well. From Fig-
ures 5.3f-h, it is obvious that all the principal values are quite sensitive to the
(¢,1) differences; particularly, the oa3 is the most sensitive to the (¢,7) dif-
ferences. For almost all (¢,%)s, the principal axis of the o33 is aligned to the

C,-C’ bond but with about 30 degrees deviation and is also nearly perpen-
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dicular to the C,-Cj bond. Since it is generally known that bond extension
makes shieldings decrease,™ then it is predicted that the C4-C’ bond length
differences associated with dihedral-angles variations would dominately con-
tribute to the oss differences. However, the C,-C’ bond lengths in the 4-31G
energy-optimized geometry are 1.512Afor the B4-sheet and 1.516 Afor the
ag-helix; the bond length difference is 0.004 A. Tt seerns that this bond
length difference is too small to understand the behavior of o33. The notice
of the shielding calculation procedures leads us to know where a chemical
shift change comes out from. As for the o33 for the C,-carbon, we found
that the diamagnetic contribution for the o33 dominates the changes in the
total o33, therefore the most crucial factor for this behavior is changes in ge-
ometric parameters of the C,-carbon moiety along to the o33 axis for model
~ compounds with the several main-chain dihedral-angles.

It should be noted that the other principal values, 015 and 0:22, changes
their orientation of principal axes for one (¢,%) to another.

One of the complexities, the orientation of the chemical shift tensor,
will be discussed in the next section. The other complexity, the hydrogen-
bonding effect, seems rather intricated because the chemical shift for the
C,-carbon, especially the principal values of the chemical shift tensor, would
be greatly affected by differences in not only the hydrogen-bond length(Rn...0 .
and Rp..0) but also in"the hydrogen-bond angles (for example,/N --- O =
C,(H---O = C, and so on). We are trying to determine the chemical shift
tensor anisotropies and orientations for the L-alanine residue C,-carbon in
peptides. The hydrogen-bonding effect on the C, chemical shift will be esti-
mated by the solid state NMR measurement combined with the GIAO-CHF
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chemical shielding calculation.

The Orientation of the Principal Axis System of the Calculated
Chemical Shift Tensor with respect to the Molecular Fixed Frame

As mentioned above, the principal values of chemical shift tensor give in-
formation about three dimensional electronic structure of a molecule. How-
ever, in order to understand behavior of the principal values, one should ob-
tain information about the orientation of the principal axis system of a chem-
ical shift tensor with respect to the molecular fixed frame. Figures 5.4 a-d
show the calculated orientations of the principal axis systems of the chemical
shift tensors of L-alanine Cg-carbons in some peptides whose L-alanine moi-
cties have different main-chain dihedral-angles, (¢,%) = (—57.4°, —47.5°)[ap-
helix], (—138.8°,134.7°) [B4-sheet], (—66.3%, —24.1°)[3%-helix], and (—84.3°,
159.0°) [31-helix]. Figures 5.4 a-d show that the 33 component nearly lies
along the C,-Cg bond for allipeptides considered here, and also show that
the oy, is nearly perpendicular to the plane which is defined by the Cg,
the Cq, and the N atoms in L—aianine residue; on the other hand, the o2,
is parallel with regard to the plane. These results agree with the experi-
mentally determined direction of o33 of the Cg-carbon in L-alanine amino
acid by Naito et al.™ As is seen from Table 5.2, the o1 compoﬁent for the
dihedral-angles correspoﬁding to the Ba-sheet conformation is 37.01 ppm.
This shows downfield shift of about 9 ppm with respect to that for the ap-
helix conformation. This result means that the oy dominates downfield shift
on the isotropic chemical shift of the Cg-carbon for the S4-sheet conforma-
tion. Since the oy does not orient to a specifed chemical bond, it is not

easy to comprehend intuitively the chemical shift tensor behavior of the Cgs-
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carbon. However, it is obvious that the through-space interaction between
the Cg-methyl group and its surrounding is important to understanding the
o11 behavior. Figures 5.4 a-d show the calculated orientations of the princi-
pal axis systems of the chemical shift tensors of L-alanine C,-carbons in the
peptides with respect to the molecular frames. As is seen from these figures,
the calculated orientation of the principal axis system for the C,-carbon is
quite different from sample to sample. For all the dihedral-angles employed in
the calculations, the o33 component of **C chemical shift tensor in L-alanine
C,-carbon always lies along the C,-C’ bond. However, for the dihedral-
angles,(¢,%) = (—57.4°, —47.5°)[ag-helix|, (—66.3°, —24.1°)[3%-helix], and
(—84.3°,159.0°), the oy, component lies along the slightly deviated direction
from the C,-Cg bond; while, for (¢,%) = (—138.8°%, 134.7°)[B4-sheet], the ooz
component is along this direction. As is shown in Table 5.2, the principal
value which is nearly along with regard to C,-Cg bond is 47.53 ppm for the
B4-sheet form, 61.93 ppm for the ag-helix form, 64.74 ppm for the 3% -helix
form, and 65.79 ppm for (phi,¥) = (—84.3°, 159.0°)[31-helix]. The change
of the dihedral-angles causes the large deviation on the chemical shift tensor
element which is along the C,-Cs bond. Moreover, since the 043 depends on
changes from one dihedral-angles to another, it is obvious that there exists
the explicit dihedral-angle dependence on the oss. Then, it is thought that~
if the carbonyl-group in the I-alanine residue forms a hydrogen-bond, the
033 will be probably affected. The principal values of chemical shift tensor
of the L-alanine Cy-carbon in peptides have not been measured yet, because
the chemical shift anisotropy is not so large that we can accuratély evaluate

it The measurements of principal values of chemical shift tensor for the



Chapter 5 Correlation Between Chemical Shifts ... 68

L-alanine C,-carbon still remain as a future work.

5.3 Application to Structural Elucida:tion of
Proteins: Basic Pancreatic Trypsin In-
hibitor(BPTI); Ribonuclease H from E.Coli
(RNaseH)

13C Chemical Shift of the Cg-carbons of the I-Alanine Residues in
RNaseH

The correlation between the *C chemical shifts of peptides and
:ts backbone conformation is of great interest for structural elucidation. We
carried out calculation of the isotropic *C chemical shift of the Cg-carbons
in the L-alanine residue by applying the GIAO-CHF method. The calculated
shift shifts are shown in Table 5.3. A comparison of the calculated and exper-
- mental 13C chemical shifts are in Figure 5.5. From this, it is clear that the
isotropic ¥C chemical shift of the L-alanine Cp-carbon is apparently related
to the main-chain dihedral-angles of the L-alanine residue moiety:of RNase H
in the aqueous solution. In this figure, the observed chemical shift behavior
of the L-alanine residue Cg-carbon is generally similar to that of the RNase
H in the aqueous solution. Moreover, by using this comparison between the
experimental and the calculated chemical shifts, one can elucidate interaction
between L-alanine Cg-carbon and its surrounding, solvent molecules(H;O) or

side chains of the adjacent amino acid residues. For example, the data for
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the A58 and A125 as shown in Figure 5.5 are deviated from the correlation
curve. These L-alanine residues do not form any hydrogen-bond in the pro-
tein; that is, the solvent molecules or side-chains of adjacent residues can be
proximate to the C°-methyl group. From such situation, it is thought that
the isotropic chemical shifts for the A58 and A125 Cg-carbons are affected by
not only their main-chain dihedral-angles but also by the above mentioned
interactions. It is important for studying of functional aspect of a protein to
detect these interactions. The detection of such interactions in the solution
can be only done by both solid state NMR measurements and chemical shift
calculations, as well as solution NMR and X-ray diffraction studies.

183G Chemical Shifts of the C,-carbons of the L-Ala Residues in
RNase H

We also carried out the chemical shift calculations of the L-alanine residue
C-carbons by the GIAO-CHF method with 4-31G basis set. In this cal-
culation, N-acetyl-N’-methyl-L-alanine amide (Ac-L-Ala-NHMe) with the
dihedral-angles,(#,), is employed. The experimental and calculated isotropic
chemical shifts are shown in Table 5.3. A comparison between the experi-
mental and the calculated *C chemical shifts is shown in Figure 5.6. From
this figure, it is found that there is no clear relationship between the experi-
mental and the calculated chemical shifts. This is because we carried out the
calculation without taking account of the hydrogen-boning effect. Although
we tried to make calculation taking into account of the h_ydrogen—t;onding, we

have suffered from the difficulty of obtaining the self-consistent field(SCF)

solution yet.
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Figure5.1: 67. 8MHz CP-MAS spectra for some peptides contammg L-alanine
residue in the solid state.. The condition for NMR measurements were the "
same as those in Figure 4.1. a) Boc-Ala-Aib, b) Boc-Ala-Pro, ¢) Ac-[5%;1-
30]Ala-NHMe, and d) (Ala)a.
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Table 5.1 Observed chemical shifts for solid peptides that contain L-alanine residue by

3¢ CP-MAS NMR Measurements, and their main-chain dinedral angles for the L-
alanine residue portions that were determined by the X-ray diffraction studies

chemical shift
(ppm from TMS)

o) 0] secondary
sample Cu Cp (deg.) (deg.) structure
(Ala)n 53.0 155 -54.7 -47.5 aR-helix
48.7 21.0 -138.8 134.7 BA-sheet
(D,L-Ala)p @ 50.1 159 54.7 47.5 c-helix
(Ala-Gly-Gly)n | 49.7 22.6 B-sheet
(Ala-Gly-Gly)n Il 49.7 18.4 -90 150 31-helix &
(Ala-Ala-Gly)n  50.1 21.4 B-sheet
(Ala-Gly)n 1D 495 21.0 B-sheet
{Ala-Gly)n 1€ 51.5 17.6 unknown |
(Pro-Ala-Gly)n 49.3 1856 triple-helix ©
Ac-Ala-NHMe d  49.3  18.8 843 159.0 31-helix like @
50.4 21.2 -87.6 154.8
Boc-Ala-Aib-OH 523 17.4 -66.3 -24.1 31QR-helix
Boc-Ala-Pro-OH 49.2 17.2 -95.4 153.6 34-helix like 9

(D,L-Ala)n denotes copolymer of D- and L-alanines.
(Ala-Gly)n form lis @ model compound for Silk 1.
(Ala-Gly)n form llis a mode! compound for Silk 1.

(Ala-Gly-Gly)n form I and (Pro-Ala-Gly)n are model compounds for Collagen.

Some X-ray crystaliographic structures3:14 was presented by other groups.
However, some arguments about the structure for (Ala-Gly)n and Silk I have been

a.

b

c

d. There exist two conformers in a unit cell.
e

f

raised? .
g. The secondary structure for these samples are not exactly 31-helix conformation,
because the hydrogen-bonding structures are not the same to that for the 31 -helix for

polypeptides.
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Figure 5.2: Molecular structure of N-acetyl-N’-methyl-L-alanine amide. The .

chemical shielding calculation was made for the Cy- and Cp-carbons by using

the 4-31G GIAO-CHF method.
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Figure 5.3: The dependences on the dihedral angles (¢,%), of the chemical

shielding constants for the L-alanine residue Cu- and Cg-carbons in pep-
tides. Chemical shielding calculations were carried out using the GIAOQ-CHF
ethod with the 431G ab initio basis set. The 4-31G optimized geome- -
tries for the model molecules, N-acetyl-N’-methyl-L-alanine amide, were em-
ployed. (a) Isotropic, (b) ou1, (¢) qg, and (d) oss for the Cg-carbon(unit in
ppm). (e) Isotropic, (£) o11, (g) 022, and (h) oas for the C,-carbon(unit in

ppm).
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ﬁ,,\-sheet

3,-helix

_____________

Figure 5.4:

BC  chemical

Orientaion of the principal axes of the calculated

shift for the L-alanine residue C, carbons: (a)

(b)) = —574° 475 (ap-helix); (b) -138.8°,134.7°(Ba-sheet); (<) -°
66.3°, —24.1°(3% -helix); (d) -84.3°,159.0°(3;-helix), and for the Cy-carbon:

(e) (6,%) =

—57.4°, —47.5°(ap-helix); (f) -138.8°,134.7°(Ba-sheet); (g) -

66.3°, —24.1°(3% -helix); (h) -84.3°,159.0°(3,-helix).
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Table 5.2 Calculated 13C Chemical Shifts of L-Alanine Residue
Cq- and Cp-Carbons by 4-31G-GIAO-CHF Method

e ——

13C chemical shift (ppm)

Cqo, CB

sample Giso 011 022 033 Giso o1l 022 033

oR-helix 4552 61.93 43.69 30.93 15.72 28.16 22.14 -3.16
BA-sheet 4473 62.02 47.53 24.64 18.74 37.06 21.70 -2.53
31-helix 43.62 6579 46.46 1891 15.94 33.80 17.97 -3.49

310R-helix 4571 64.74 45.04 26.37 15.84 32.47 19.03 -4.00
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Table 5.3 Geometrical parameters of L-alanine residues in RNase H and BPTI
determined by the X-ray diffraction study and 13C NMR chemical shift of the
carbonyl-, Co-, Cp-carbons in the comresponding residues

dihedral angles hydrogen-bond observed calculated
amino acid (deg.) length(A)  chemical shif t(ppm)  chemical shift(ppm)

residue ¢ Q w Rn.O ' Cq Cg Cq Cp

A24 -144.6 1347 1787 2.83 1737 492 213 49.55 2274

A37 -160.5 1504 1799 3.27 172.1 502 197 50.13  21.61

A51 -552 46l -1759.1 3.20 1755 533 193 4976 19.88

AS52 713 354 -1786 3.24 176.1 527 153 49.52 19.90

AS55 -658  -492 1781 3.30 1756 527 172 4927 19.83

A58 -81.0 -11.5 1768 - 176.1 512 172 4934  20.93

A93 -62.4 229 -179.0 - 1758 53.1  16.0 50.07 20.14
A109 -53.5 499 -1775 3.22 1784 529 158 49.66 20.00
A110 722 256 1800 3.30 178.1 527 165 49.66  20.11
Al125 -66.5 12377 -179.8 - 176.1 508 164 4974  19.06
A137 -537  -5713 179.8 325 . 1773 535 166 4929  20.17
A139 674 384 1717 - 1789 529 157 49.60 19.77
A140 676 417 -1790 3.06 1777 527 153 49.51  19.76
Al4l -60.5 229 -1789 331 1758 527 160 50.14¢ 20.20

Al6 2762 172.0  170.6 - - 50.5 185

A25 -623 280 1770 - - 53.0 17.5

A27 829 231 -1787 - 1763 505 190

A40 -62.5 151.1  170.6 - 1769 525 185

A48 617 359 -1794 280 1779 535 16.0
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Figure 5.5: Comparison of the calculated chemical shifts with the observed
shifts of the L-alanine residue Cg-carbons in some peptides in the solid state

(solid square) and in RNaseH in the solution state(open square).
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Chapter 6

Determination of

Intermolecular Homonuclear
Distance. of a-Glycyl-glycine by
XY8-DRAMA Sequence

It is well known that one needs the knowledge of the higher-order struc-
tures of peptides and proteins in order to understand how these molecules
significantly act in the biological system. The secondary structure is partic- ;
ularly important because it determines the shapes of peptides and proteins.
There exist the characteristic domains such as o-helix, S-sheet, and f-turn,
which are commonly found in proteins. In order to elucidate the structure of

proteins, one needs information about the distances between these domains,

say, inter-chain distances.
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A

However, it is difficult to determine highly accurate inter-chain distances
by X-ray diffraction study even if one use a single crystalline sample. This 1s
because the R-factor obtained by X-ray study should be inevitably large for
polypeptides and proteins. This is originated by the fact that the numbers of
geometrical parameters which must be determined are over 10000 for larger
proteins; therefore, the distances determined include large experimental er-
rors. For example, the X-ray diffraction study of poly(L-alanine) shows the
large experimental error on the inter-chain distances in the B-sheet domain.™
) And, the X-ray crystallographic structure of Ribonuclease H (RNase H)
from B.Coli have a quite large R-factor(R;=0.19)"® ) and the amide-amide
type(>N-H- .. O=C<) hydrogen-bond distances between the nitrogen and
the oxygen atoms (Rn..o) were rather Jonger(Ry..0o = 3.0 ~3.4 A) than the
usual distances found in polypeptides and oligopeptides (By..o = 2.7 ~ 3.1
A). This is because most errors in the distances determined experimentally
are shifted to the hydrogen-bond distances which have beforehand large free-
doms in the optimization procedures.

The distance geometry method with employing solution NMR. techniques
does not give sufficiently accurate inter-chain distances because the nuclear
Overhauser enhansment(NOE) obtained by the solution NMR is proportional
to 7~8 (r:inter-proton distances); therefore, the longer the distances deter- .
mined, the larger the experimental errors are. The recent developments on
the solid state NMR spectroscopy enable one to determine the internuclear
distances regardless of whether one use a crystalline sample or not. The
dipolar restoration at the magic angle(DRAMA) were developed for the pur-

pose of detection of the homonuclear dipolar couplings in rotation solids.? )

-~
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The DRAMA method works well, however, only when the sample contains
homonuclear spin pairs of which isotropic resonance frequencies are identi-
cal to each other and also the chemical shift anisotropy(CSA) is not large.
Therefore, the DRAMA method could not determine the coupling between
carbonyl-carbon pairs. Gullion presented that the rotor synchronized XY-8
r-pulse scheme estimate transverse magnetizations(i.e., X,Y-magnetizations)
equivalently, which leads to compensate the pulse imperfection and the res-
onance frequency offset.”” Klug et al.”™ combined the DRAMA sequence
with the XY-8 p-pulse scheme. Here, we tried to determine the *C-1*C in-
termolecular homonuclear dipolar coupling in 10And we also performed the
XY-8 DRAMA measurements by using natural abundance Gly-Gly in order
to estimate the effect of the coupling between the labeled site and the natural

abundance *C nuclei.

6.1 Solid State NMR Measurements

We made solid state NMR measurements by a home-built spectrometer
which is operated at 50.3MHz for the 130 channel. We used [; field intensity
of 38kHz for cross-polarization and 98kHz for 1-13C heteronuclear decou-
pling. We employed 2ms cross-polarization contact time and 354+47ms ﬁlter:
delay before acquisition (The obéervation gate was opened at 47ms before
acquisition). The magic angle spinning rate was 3125Hz. Figure 6.1 shows
the pulse sequences for XY-8 DRAMA (a: rotor synchronized Harn echo,
b: a XY-8 DRAMA full echo, and c¢: a XY-8 DRAMA dephase echo). We
performed the experiments for 16, 32, 48, 64, 80, 96 rotor cycles. Table 6.1
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shows the phase cycling for quadrature detection.

| Figure 6.2 a and b show the rotor synchronized Hahn echo and the *°C
XY-8 DRAMA full echo spectra of 10respectively. By using the phase cycling
shown in Table 6.1, we were able to obtain the spectra with no significant
phase errors. The XY-8 DRAMA full echo intensity of the Gly-1 carbonyl-
carbon was about 90The decrease of signal intensity with increasing the rotor
cycles is due to the natural T} decay. Figure 6.2 c shows the XY-8 DRAMA
dephase echo spectra. No phase errors were observed even when we used the
sequence for 96 rotor cycles, which has 1008 *C r-pulses. The Tatio(S/So)
of the XY-8 DRAMA dephase echo intensity(S) to the full echo intensity(So)
against rotor cycles(N,) are shown in Figure 6.3. We performed the exper-
iments with three carrier frequencies: on-resonance, -0.45kHz off-resonance,
and +2.00kHz off-resonance for Gly-1 carbonyl-carbon. Figure 6.3 shows

that the carrier offset frequencies does not affect on the ratio of the S/So.

6.2 Determination of Intermolecular Distances

of Peptides

In order to estimate the homonuclear dipolar coupling, we calculated XY-:
8 DRAMA dephasing under é-function pulses assumption. The nearest- and
the next-nearest neighbor dist@nces are 4.8Aand 5.64A respectively(Figure
6.4). These are corresponding to the dipolar coupling of 68Hz and 43Hz,
respectively. Figure 6.3 shows thét we can determine the intermolecular **C-

13C distance for the initial XY-8 DRAMA dephasing(NV, < 48). For larger
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rotor cycles, more dephasing occoured because of the dipolar couplings be-
tween the 3C labeled site and the natural abundance carbonyl-carbons of
both Gly-1 and Gly-2. In order to make it sure, we performed the same ex-
periments by using natural abundance version of Gly-Gly(Figure 6.5). The
values of S/Sg for 64, 80, 96 rotor cycles are 0.94, 0.89, 0.84, respectively.
Figure 6.5 shows that we cannot ignore the natural abundance effect on the
§/So. However, we were able to determine the *C-'>C homonuclear distance
in peptides for performing the experiments for small rotor cycles(/N, < 48).
The residual dipolar coupling between the *C carbonyl-carbon and the di-
rectly bonded amide *N causes the slight splitting and the broadening of the
Gly-1 carbonyl-carbon signal(Figure 6.2), it does not.seem to affect on the
S/So of XY-8 DRAMA. This way, the XY-8 DRAMA method will be useful

to elucidate the structures of peptides and proteins in the solid state.



Chapter 6 Determination of Intermolecular ... 92

P
! cp DECOUPLE
B3
¢, n
S a)
by Py
xyxyyxyxExyx.yyxyx
S b)
@ @ « @ )
o | LULLLMLDIREELE
rotor
0 1 2

Figure 6.1: Pulse sequences for an I-S matched spin-lock, cross-polarization
transfer(with spin-temperature alternation) followed by (a) a rotor synchro-
nized Hahn echo, (b) a compensated DRAMA full echo, and (c) a compen-
sated DRAMA—dephased echo. Phase alternation of the refocusing Hahn = :
pulse after odd-numbered rotor cycles and that of the eight equally spaced
7 pulses during each rotor period of the compensated DRAMA sequences
follow the XY-8 scheme. All dephasing 7/2 pulses have the same phases.

The illustration is for two rotor cycles.
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Table 6.1 Phase cycling for DRAMA experiments. $i(i=1,2,3,4,5,6)
are defined in Figure 6.1.

01 b2 03 Y] 05 g3
X X X y X X
X y y X y Yy
-X X X y | X ~X
X Yy Yy X y Yy
-X -X X y X X
X Yy y X y Yy
X -X X y X -X
-X Y Yy X Yy Yy
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Figure 6.2: 50.3MHz 13C crogs-polarization magic-angle spinning spectra of

10% labeled [1-3CJa-glycyl-glycine measured by (a) a rotor synchronized
Hahn echo, (b) a XY8-DRAMA full echo(Sp), and (¢) a XY8-DRAMA-
dephased echo(S) sequences, respectively. The spectra are plotted as a func-
tion of the rotorcycles(Ne). Magic-angle spinning was at 3205Hz. The **C rf
field intensity was 38kHz and "H decoupling field intensity was 89kHz. The

13C! carrier frequency was at the Gly-1 carbonyl-carbon signal.
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xy8-DRAMA of [10%,1-13C]Gly-Gly
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Figure 6.3: XY8-DRAMA dephasing(S/Sy) for [10%,1-1*Cglycyl-glycine
with the magic-angle spinning at 3205Hz. The 'C carrier frequency
was at on-resonance for Gly-1 carbonyl-carbon(open circle), +2.00kHz off-.
resonance(open square), and -0.45 kHz off-resonance(open diamond). Calcu-
lated DRAMA dephasing assumed d-function pulses and two dipolar **C-1*C
couplings of 68Hz(4.8 A) and 43Hz(5.6 A). The calculation was performed

for the pulse sequence in Figure 6.1(c) and is independent of all shift tensors.
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Figure 6.4: Molecular structure of a-glycyl-glycine in the crystailine state.
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Figure 6.5: Control test for XY8-DRAMA pulse sequences. B¢ natural
abundance version of glycyl-glycine was used for this purpose. For the small -
rotor cycles(lV, < 48), the effect of the natural abundance *C on S/Sy was
able to be ignored. (a) A XY8-DRAMA-full echo and (b) a XY8-DRAMA-

dephased echo were shown; N, is the number of rotor cycles.



Chapter 7

Conclusion

In Chapter 1, we described the current situation of structural study of
proteins, and refer to the necessity of a novel method for this purpose. Partic-
ularly, the X-ray diffraction method is not necessarily powerful for structural
study for a large molecular weight, and also the distance geometry method
with the solution NMR technique is poor for determiﬁation of inter-chain
distances such as hydrogen-bond length. These defects for botﬁh methods
come from the lack of the number of data obtained from the experiments.
Thus, we propose, as a novel method, a structural study of pepﬁides by the
solid state NMR with chemical shielding calculation.

In Chapter 2, we intrqduced two inds of methods for determination of
principal values for chemical shift tensor. One is the powder pattern analysis,
and the other is the magic-angle spinﬁing sideband analysis, namely, the
Herzfeld-Berger analysis. We demonstrated that the Herzfeld-Berger analysis

is more applicable than the powder pattern analysis, in the case of **C solid
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state NMR measurements of peptides. We also made interpretation for the
determination of internuclear distances of a homonuclear spin pair such as
1301.13C by the reintroduce of magnetic dipole coupling in MAS experiments.
In order to understand the correlation between 13(" chemical shift of peptides
and molecular structure, we made chemical shielding calculation. For this
purpose, we describe the two theories, FPT-INDO and 431G GIAO-CHF
methods.

In Chapter 3, we described the procedures for peptides synthesis that
were performed in this thesis, and the detailed conditions for the solid state
NMR measurements. '

In Chapter 4, we described the results regarding hydrogen-bonding ef-
foct on the chemical shift for L-alanine residue carbonyl-carbon. We found
* that the observed isotropic "*C chemical shift(d;5,) of L-Ala carbdnyl-carbon
in the amide-type hydrogen-bond, moves linearly downfield with a decrease
of hydrogen-bond length. Such downfield shift is predominantly governed
by the dz2. The d11 moves somewhat upfield, and the ds3 is not sensitive
to the change of Ry..0. These results could be justified by the chemical
shielding calculation with molecular orbital method. Further,the calcula-
tion shows that the 8y ( corresponding to the observed &) lies along the .
amide carbonyl-bond and is the most sensitive principal value of the B car- .
bonyl chemical shift tensor. The above results are of use in analyzing *C
solid state NMR studies of polypeptides and proteins. Although there exists
the experimental relation that '3C chemical shift for the I-alanine residue
carbonyl-carbon in solid peptides linearly moves to downfield with the de-

crease of Ry .0, we could not find such relation on **C chemical §hift of the
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L-alanine carbonyl-carbon in ribonuclease H in the aqueous solution. This 1s
due to the facts that Ry..os determined by X-ray diffraction study inevitably
include large experimental errors. Then, it is useful to utilize chemical shifts
of the carbonyl-carbons in peptides and larger proteins as an indication of
hydrogen-bond length.

In Chapter 5, we showed that *C chemical shifts of the L-alanine residue
Cg-carbons in peptides in the solid state and in proteins in the aqueous solu-
tion give information about the dihedral-angle of the main-chain of L-alanine
moiety. However, hydrogen-bonded structure as well as the dihedral-angles
complicatedly affects *C chemical shift of the Cq-carbon. These results were
extracted by the 4-31G-GIAO-CHF calculation on 1BC chemical shift .

In 'Chaptef 6, we examined the compensated XY-8 dipolar restoration
at magic angle(XY-8 DRAMA) for 10polycrystalline dipeptide. The XY-
8 DRAMA sequence was used for multiples of 16 rotor cycles. By using
the results for small rotor cycles(N, < 48), we were able to determine the
inter chain distances between carbonyl-carbons in this peptide. And also it
was found that, as for many rotor cycles, we could not ignore the dipolar

coupling between the labeled site and the natural abundance 13C nuclei of

both of Gly-1 and Gly-2.
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Chapter 8

Future Prospect

In this chapter, the author should like to refer to future possibilities
of the solid state NMR spectroscopy for structural elucidation of biological
molecules such as proteins.

Firstly, NMR chemical shift will come to be important in the fleld of
structural biology. So far, a great deal of efforts has been devoted to the
complete assignments of NMR signals for several protein solutions. These
assignments has, however, been utilized to NOE-based distance constraints
for building up the three-dimensional structure of proteins. The more pro-
gressive utilization of chemical shift will increasingly be made for especially :
large proteins of which three-dimensional structure would not be able to be
determined by the only conventional NOE-based distance-geometry method.
Furthermore, as can be seen in chapter 5, chemical shift involves the infor-
mation about the interaction between solvent molecules and the specific site

of an amino acid residue. Therefore, one will be able to address the problem
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of how the specific amino acid interacts with the other site or molecules,
through the observation of chemical shift. This will gain the further insight
on the biological events from the viewpoint of molecular level.

Secondly, the high-resolution solid state NMR spectroscopy will offer one
information about detailed molecular structure of the heterogeneous system
including proteins, lipid, and saccharides. Particularly, the nuclear magnetic
dipolar coupling measured by the solid state NMR provides the direct in-
formation about internuclear distances such as C-1*C, *C-YN, 13C-19F,
13C.31P and so on. Since the solid state NMR. spectroscopy, in principle,
involves no restrictions for performing the structural analysis of the heteroge-
neous systems, one will be able to detect various biological events such as the
protein-protein, protein-lipid, protein-DNA, and protein-saccharide interac-
tions in the solid state. Proteins are often embedded on the membranes and
immobilized like solid materials. Therefore, from the viewpoint of molecular
mobility, situations are often quite different from that can be seen in protein
solutions. For such a system where, in general, the X-ray dif’fract‘ion cannot
be available, the solid state NMR will come to be a powerful methodology
for structural investigations.

Thirdly, it seems to be valuable to refer to the prospect concerning the .
chemical shielding calculation by the molecular orbital methods. In associ-
ated with the recent rapid developments of computational capability, one can
come to carry out chemical shielding calculation with high accuracy. How-
ever, in the case that one seeks to know what kind of chemistry or physics is
really going on the system considered, the semi-empirical chemical shielding

calculation might be sufficient to understand it. Therefore, one should select
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the calculation method in accordance with his requirement.

Fourthly, the chemical shielding calculation offers the information about
not only the shielding tensor Corﬁponents but also the orientation of the
chemical shielding tensor with respect to the molecular fixed frame. However,
at this point, the experimental techniques for determination of the small
anisotropy and the orientation are not established well; particularly, it is
difficult to determine the orientation for the nuclei of which the chemical
shift anisotropy is small. The chemical shift tensor for the L-alanine residue
a-carbon is included in this case. The switching angle sample spinning(SASS)
method is, of course, the well-established, however, the modification of the
NMR probe is needed. One really seeks an easy alternative method for the
determination of the tensor components and the orientation of chemical shift

tensor with small anisotropy.
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A: The Powder Averaging Procedure in the
Magic-angle Spinning Sideband Spectrum Sim-
ulation

In this thesis, we have tried to determine the principal values of *C
chemical shift tensor in L-alanine residue carbonyl-carbon in peptides. In
order to make it, we employ the Herzfeld-Berger analysis instead of the pow-
der pattern analysis. Hereafter, describe details of the spectrum simulation,
particularly arguments regarding powder averaging procedures. From the
viewpoint of computation, since time consuming is a vital problém, one has
to endeavor to diminish the computation time. The question comes out from :
this viewpoint is how many crystalline orientations should be taken account
for the powder averaging that we try to perform.

Figure A.1 a-c show the comparison between the powder averaging by 605
orientations, that by 4851 orientations, and that by 115351 orientations; 605
is the multiplication of 11 for , 5 for 3, and that by 11 for v orientations,
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4851 is 21 by 11 by 21, and 115351 is 61 by 31 by 61. The principal values
for‘the chemical shift tensor are 243,193,94 ppm. The static magnetic field
is 67.8MHz for ' and the MAS rate is 1600Hz. From this figure, 4851
orientations would be enough to build up the spinning sideband spectrum.
One might have a question about why all the spinning sidebands have the
same phase. Figure A.2 a-d shows the spectrum simulations for the single
crystal of which Euler angles are (o, 3,7)= (30°, 45°, 60°) ,(-30°, 45°, 60°)
(30°, -45°, 60°) , and (30°, 45°, -60°). The other parameters are the same
as those in Figure A.l. From this figure, each spinning sideband has the
different phases, that is the mixture of the real part and the imaginal part
of the complex signals. Figure A.3 a and b shows the spectrum partially
averaged by o« and 7, respectively. The number of orientations for each
averaging is 61. From this figure, the averaging by ~ does not make the
absorptive spectrum, but the averaging by « does. If the complete averaging

is desired, one needs the further averaging by g.

B: Remarks on the Behavior of the Chemical
Shift Tensors for L-alanine Residue Cafbonyl—:
, C,-, and Cg-carbons by Molecular (?rbital
Diagram

I-Alanine Residue Carbonyl-carbon

The amide-amide type hydrogen-bonding in solid peptides causes
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downfield shift on the mid-field principal value(dz2) of chemical shift tensor
for the L-alanine carbonyl-carbon; the oy is nearly aligned to the carbonyl-
bond. That is;, decreasing the hydrogen-bond length(Ry..0) renders the
chemical shielding diminished, which is aligned to the carbonyl-bond. In
order to gain the further insight, we try to describe this de-shielding by
MO diagram for L-alanine residue carbonyl-group. Generally,-decreasing
the differences between two specific energy levels that would contribute to
the shielding, causes de-shielding on the paramagnetic contribution. This is

expressed by the following equation:

1
P — A
of o =T (8.1)

When the hydrogen-bonding is formed, the energy level for the n-orbital
that is spreaded around the outside of carbonyl-bond will have a lower en-
ergy level than that in which there exists no hydrogen-bond, because the
hydrogen-bonding enlarges the overlap integral between the n-orbital and
the amide-hydrogen s-orbital(shown in Figure B.1). Moreover, the hydrogen-
bonding also diminishes the double-bond character of the carbonyl-bond,
which causes the energy level of the antibonding orbital(r*—orbitaf)ﬂ immensely
lower(Figure B.1). From these, we might be able to say that the n-7" transi-:
tion energy would be decreased by formation of the hydrogen—bond, and the
decrease of n-7* transition energy renders the o3 downfield shifted. However,
since conventionally, it is well known that hydrogen-bonding causes blue-shift
on the n-7* transition energy, the above mentioned discussion conflicts this.

Then, the more accurate estimation of the n-7* transition energy is needed.
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IL-Alanine Residue C,- and Cg-carbon

_ In section 6, we described the explanation for the chemical shift
behavior of the L-alanine residue Cp-carbon with respect to variation of the
main-chain dihedral-angles, by invoking the differences in the Co-Cp bond
length. In general, the paramagnetic contribution of a specific principal
value(ogp)(B = x or y or z) for a chemical shift tensor is dominantly raised
from the interaction between the 2p-orbital perpendicular to the ogp and the
the external magnetic field. This interaction is called as the magnetic dipole
coupling, and expressed as < ,|Lss/rh]¢x >; the notation is the same as
the defined in section 2. On the other hand, the diamagnetic contribution of
the principal value is dominated by < @x|(rs - TBIss — (m)ﬁ(rg)g)/r%lqb,\ >
_ Therefore, the diamagnetic contribution is largely due to atomic orbitals
parallel to the ogg. As regards the Cy-carbon, the diamagnetic contribution
of the oag is largely affected by changes in the main-chain dihedral-angles,
especially in the comparison between the ap-helix and the 4-sheet main-
chain dihedral-angles. The interaction involving the atomic-orbitals align to
the o33 would be, therefore, important for one to understand the results.
However, the explicit geometrical differences around the C,-carbon portion
in the ag-helix and B4-sheet main-chain dihedral-angles could not be seen. .

This problem still remains as a future work.
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a)

_
_

Q)

_

Figure A.1: The comparison of the 67.8MHz MAS simulation:spectra for
several degrees of powder averaging. a) 603 (o, B,7)=(9,5,9)], b) 4851 :
[(a,ﬁ,y)z(?l,ll,?l)], and a) 115351 orientations [(a,ﬁ,7)=(61,31,61)]. The
principal values of the chemical shift tensor were 243, 193, 94 ppm, and MAS
rate was 1600Hz.
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Figure A.2: The 67.8MHz MAS simulation spectra for -the single
crystal of Whiéh orientations are a) (o,B8,7v) = (30°,45°,60°), b):
(0 1) = (=30°,45%,60°), ¢) (e B7) = (30°,—45°,60°), d) (@, B,7) =
(30°,45°, —60°). The other parameters were the same as those in Figure A.1.
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a)

b)

- Figure A.3: The 67.8MHz MAS simulation spectra partially averaged by o

and 7. a) (o, B,7)=(averaged, 45°,60°), b) (o, 8,7) = (30°,45°, averaged).
For each averaging, single crystalls of 61 orientations were accumulated. The

other parameters were the same as those in Figure A.1.
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2Py 2Px S

-

Figure B.1: Partial MO diagram for the carbonyl-group. The n-7* single
electron excitation gives the main contribution to the o418 of which principal

axis is parallel to the carbonyl-carbon.
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