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ABSTRACT

High-resolution *N NMR spectra of a variety of solid ohigopeptides (X-Gly-Gly) contamning
glycine residues have been measured, of which the crystal structures had already been determined
by X-ray diffraction The experimental >N chemical shifts of the glycine residues were plotted
agamst the N---O hydrogen bond length and the N-H bond length 1n the .C=0---H-N[ type
hydrogen bond form, respectively It was found that the decrease of the N-H bond length leads to
a linear increase m **N shielding, but there 1s no clear relationship between the '*N chemical shafts
and the N---O separation Further, >N chemical shift calculations were carried out using a model
compound, by the FPT-INDO method, in order to further understand the nature of the hydrogen
bond The calculated results reasonably explain the experimental ones

INTRODUCTION

Recently, high-resolution **N NMR spectroscopy in the solid state has been
increasingly applied to the investigation of polypeptides, proteins and biopo-
lymers [1-12]. In a previous paper [13], we demonstrated that the isotropic
15N chemical shifts of a number of homopolypeptides in the solid state, as
determined by the cross polarization-magic angle spinning (CP-MAS) method,
are significantly displaced according to their particular conformations such as
the a-helix and S-sheet forms. Moreover, it was found that the N chemical
shift difference between the «-helix and f-sheet forms for such homopolypep-
tides in the solid state varies by as much as 1.2-10.0 ppm, depending mainly
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on the nature of the amino acid residue [13] Such a large chemical shift dif-
ference may come from changes in the hydrogen bond through changes in the
dihedral angles (¢, ).

We have also measured *C CP-MAS NMR spectra of some oligopeptides
containing glycine residues in the solid state [14], in order to obtain infor-
mation about the relationship between the carbonyl carbon chemaical shift and
hydrogen bond length. It was found that the '*>C signals of the carbonyl carbons
in the >C=0---H-N{ type hydrogen bond form are deshielded with a decrease
in the hydrogen bond length but those in the >C=0---H-N*< type hydrogen
bond form are shielded with a decrease in the hydrogen bond length Quantum
chemical calculations of the *C shieldings for model compounds were per-
formed and found to reproduce reasonably the experimental results, taking
into account the hydrogen bond and conformational effects [14 ]. In this work,
in order to obtain and accumulate further knowledge of the hydrogen bonding
in peptides, we attempt to measure "N CP-MAS NMR spectra of the oligo-
peptides containing glycine residues in the solid state and to clarify the origin
of the relationship between the *N chemical shift and the manner of the hy-
drogen bond. Further, 1n an attempt to obtain a deep 1nsight into the nature of
the hydrogen bond, we calculate the **N shieldings and tensor components of
the glycine amide nitrogens by employing quantum-chemical methods.

EXPERIMENTAL SECTION

Materials

A series of oligopeptides containing glycine residues, except for sarcosylgly-
cylglycine (Sar-Gly-Gly), were purchased from Sigma Co. and were recrystal-
lized according to the same procedures as those used in the X-ray diffraction
studies on them. Sar-Gly-Gly was synthesized by stepwise elongation of N-
hydroxysuccinimide active esters and amino acids [15]. The N-terminal of the
active ester was protected by the o-nitrophenylsulfenyl (Nps-) group. This
sample was purified and recrystallized from aqueous solution. Glycylglycine
nitrate (Gly-Gly-HNO,) was obtained by slow evaporation from an equimolar
mixture of glycylglycine and nitric acid in water. Glycylglycine monohydroch-
loride monohydrate (Gly-Gly-HCl-H,0) was obtained by slow evaporation
from an equimolar mixture of glycylglycine and hydrogen chloride in water.

Measurements

5N CP-MAS NMR spectra were recorded at room temperature and 27.25
MHz with a JEOL GSX-270 NMR spectrometer equipped with a CP-MAS
accessory. Field strength of the 'H decoupling was 1.2 mT. The contact time
was 5 ms, and the repetition time was 10 s. Spectral width and data points were
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20 kHz and 8k, respectively. Samples were placed in a cylindrical rotor and
spun at 4-5 kHz. Spectra were usually accumulated 100-600 times to achieve
a reasonable signal-to-noise ratio. >N chemical shifts were calibrated 1ndi-
rectly through external glycine-"®N (d=11.59 ppm; line width=17 Hz) rela-
tive to saturated "NHNO, (6=0 ppm) solution in H,O.

Theoretical calculation

We employed the finite perturbation theory (FPT) within the INDO frame-
work for calculating the '°N shieldings. The FPT INDO theory has the advan-
tage of permitting the calculation of the paramagnetic term without requiring
the explicit wavefunctions of the excited states and the one-electron excitation
energies, which are difficult to obtain with high accuracy by the usual semi-
empirical MO approximations. This approach reproduces reasonably the ex-
perimental '*C chemical shifts of L-alanine residues in peptides [16]. Accord-
ing to the FPT INDO framework [17-19], 09,;(A) (diamagnetic term) and
oP.s(A) (paramagnetic term) are expressed by
Yv¥a0up —Toa Tap >

3 X
[7a |

oty QZZPuv<0><x#

v

dP,, (B, )) < (yaX V) g >
b _ “ A~ /p
> ) B i
o,f=xy,2

where the gauge origin of the vector potential 1s set at the position of nucleus
A The vectors r, and r, are the position vectors of the electron considered
from the nucleus of the atom containing the atomic orbital (AQ) x, and from
the nucleus A, respectively. P, (B) and P,,(0) are the elements of the density
matrix with and without the perturbation due to the magnetic field, B, respec-
tively. The '°N shielding calculation was carried out by a similar procedure to
that reported previously for a '*C shielding calculation [13]. In the calculation,
we adopted N-acetyl-N'-methylglycine amide as a model compound. The bond
lengths and bond angles proposed by Momany et al. [20] were used. A HITAC
M780H computer at the Computer Center of the Tokyo Institute of Technol-
ogy was used for the calculation The N-H bond length and N-- -0 hydrogen
bond length, optimized by an ab imitio STO-3G MO calculation, were deter-
mined for N-methylacetamide as a model compound. The calculations were
performed on a HITAC M680H computer at the Computer Center of the In-
stitute for Moleculer Science, Okazaki.
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RESULTS AND DISCUSSION

N NMR chemacal shifts of glycine amide nitrogens of peptides in the solid
state

A 27.25 MHz '*N CP-MAS NMR spectrum of L-alanylglycylglycine (1L.-Ala-
Gly-Gly) in the solid state is shown as a typical example in Fig. 1. '*N CP-
MAS spectra of the remaining samples were also obtained with similar reso-
lutions. Signals were also assigned with reference to previous >N CP-MAS
NMR and solution state N NMR data [21].

We use selected glycylglycine (X-Gly-Gly) sequence oligopeptides in this
work. It is well known that the '°N chemical shifts of peptides vary with the
amino acid sequence [22]. For example, '’N chemical shift of the glycine res-
idue depends upon the amino acid residue linked to the N-terminal of the gly-
cine residue. Consequently, we use the glycylglycine sequence oligopeptides, in
order to neglect the sequence-dependent °N chemical shifts.

All the ®N chemical shift values of oligopeptides determined from the ob-
served spectra are tabulated in Table 1, together with the geometrical param-
eters obtained by X-ray diffraction studies. Some of the geometrical parame-
ters were calculated by using the unit cell parameters and fractional coordinates
given in the literature [23-31]. The "N chemical shifts and the geometrical
parameters of tert-butyloxycarbonyl-glycylglycylglycine-benzylester (Boc-Gly-
Gly-Gly-OBzl) are inferred from the results of Hiyama et al. [31].

Figure 2 shows the plot of the observed '*N chemical shifts of Gly NH against
the hydrogen bond length N---O (Ry o). However, it is found that there is
no clear relationship between Ry  and >N chemical shifts. This is different

Ala Gly'Gly?
2 g
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Fig 1 A typical 27 25 MHz "N CP-MAS NMR spectrum of L-alanylglycylglycine in the crystal-
line state
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N chemical shift of glycine residue amide nitrogens for ohgopeptides containng glycine as determined
by **N CP-MAS NMR (0 2 ppm from *NH,NO;) and the geometrical parameters of X-Gly-Gly

peptides
Sample N Geometrical parameters

chemical

shift®, §  Dihedral angle (deg) N- H--- N-H N-H -O Ref

(ppm) (A) (A) (A)  (deg)

¢ v

GlyGly*OH 99 95 1571 107 294 197 102 158 23
GlyGly*-H,0 HCl 90 95 -796 38 330* 230 079 162 24
GlyGly*OH-HNO, 8971 165 6 1769 312 2 38 076 165 25
ValGlyGly*OH 94 43 —146 6 —43 305 219 093 152 26
ProGlyGly*OH 89 44 —-1105 1751 2 89 207 085 165 27
AlaGlyGlv*OH 88 55 1709 1752 300 219 084 160 28
SarGlyGly*OH 89 00 —854 —1775 306 223 085 167 29
TyrGlyGly*OH 92 30 —-1039 —1526 2 88 213 086 144 30
BocGlyGlyGly*OBzl 92 75° —-778 —1784 292 210 092 157 31

*These values are for the Gly residues with an asterisk "The glycine residue participates man H  -Cl

type hydrogen bond “This value 1s converted to the >’ NH,NO, reference from ref 31
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Fig 2 Plots of the observed N shielding of oligopeptides mn the crystalline state against the

N---0 hydrogen bond length

from the case of '*C chemical shifts of the carbonyl carbons associated with
the hydrogen bond which we reported previously [14] where the '°C signals of

the carbonyl carbons are linearly deshielded with a decrease in Ry .

Figure 3 shows the plot of the observed N chemical shifts (J,,.~) of the
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Fig 3 Plots of the observed *N shielding of oligopeptides m the crystalline state agamst the

N-H bond length

glycine residue in X-Gly-Gly against the N-H bond length (Ry_y) associated
with the hydrogen bond. It is found that there 1s a clear relationship between
these parameters and the decrease of Ry_y leads to a linear increase in shield-
ing. The expression for this relationship is

50ng = 39 32RN-H + 57.73

Such a trend is very different from that obtained from *C NMR. Amide N
chemical shifts are closely related to the length of the N-H bond but are not
related to the N+ - -O hydrogen bond length. This implies that the >N chemical
shift value gives useful information about the N-H bond length 1n the hydro-
gen bond. It seems that the hydrogen bond angle ( £ N-H---0) 1s also related
to the >N chemaical shift

Ab initio MO calculation relationship between the N-H bond length and the
N---0 hydrogen bond length

The structure of the two hydrogen-bonded N-methyl acetamides used as a
model system is shown in Fig. 4. At first, the geometrical parameters of an N-
methyl acetamide molecule were optimized using the ab mitio STO-3G MO
method Next, for two hydrogen-bonded N-methyl acetamides, the bond length
N-H was optimized as a function of the hydrogen bond length N---O Figure
5 shows the relationship between the minimized bond length N-H and the
hydrogen bond length N- - -0, as determined by ab 1nitio MO calculations

It1s shown that at Ry <2.97 A, an increase of Ry ¢ leads to an mcrease
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Fig 4 Molecular structure of the two hydrogen-bonded N-methylacetamides used as model

compounds
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Fig 5 Plots of the calculated N-H bond length against the hydrogen bond length (N-- O) ob-

tained using the ab 1mtio STO-3G MO method

of Ry_y. However, at Ry o>2 97 A, an increase of Ry o leads to a decrease
of Ry_p. In the samples used in this work, the Ry ¢ values are between 2.85
and 3.30 A. Therefore, it can be said that the Ry  values decrease with an

increase of Ry o.

On the other hand, X-ray diffraction studies, have shown that the Ry j val-
ues decrease with an increase of the Ry o values [32] From the above results,
1t can be said that there is an apparent relationship between the hydrogen bond

length Ry ¢ and the bond length Ry _g.
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5N shielding calculations

Figures 6 and 7 show the calculated isotropic shieldings (o,,,) and the par-
amagnetic terms of the tensor components (ogy;, 055, 033, from downfield to
upfield) of Gly NH using the model compound N-acetyl-N’ methylglycine (Fig.
8). The calculated values are all expressed in parts per million (ppm) with an
opposite sign to those in Table 1. Note that the negative sign for the calculated
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Fig 6 Plots of the calculated ®N shielding agamst the N-H bond length from the FPT INDO
method
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Fig 7 Plots of the calculated **N shielding tensor components agamnst the N-H bond length from
the FPT INDO method




27

H
AN
H— N —
N AN
W N /C\/ ’\ll/ T
| HH  q
0

24°

Fig 9 Ormentation of the principal axes of the '*N shielding tensors of the glycine residue amide
nitrogen as determined 1n the hiterature [31]

shielding denotes deshielding, which is similar to the positive sign of the ex-
perimental chemical shift values. A shielding value, or tensor component, is
usually represented as the sum of the diamagnetic and the paramagnetic terms.
However, the anisotropic behaviour of the shielding tensor can be predomi-
nantly explained by the paramagnetic term, since the diamagnetic term is
isotropic.

Figure 6 shows the Ry_y dependence of the calculated isotropic *°N shielding
(0s,) of Gly NH. It 1s shown that a decrease of Ry_y leads to a very large
increase of ,,; for example, a decrease of 0.4 A 1n Ry leads to a calculated
shielding increase of about 30 ppm. This agrees with the observed results. This
1mplies that the observed shielding increase is a consequence of changes 1n the
electronic structure through a decrease of the N-H bond length. Figure 7 shows
the Rn_u dependence of the calculated principal values of the N shielding of
Gly NH. It 1s shown that an decrease of Ry_y leads to an increase in shielding
of 011, 095 and a3, respectively. The magnitudes for changes of the shielding
occur 1n the order g5, > 055> gy,. The direction of the principal axes of the Gly
NH "N shielding tensor components, as determined by the NMR study of a
Boc-Gly-Gly-Gly-OBzl single crystal [31], are shown 1n Fig. 9. The o,, com-
ponent lies approximately along the N~H bond, and the 0,3 component lies
approximately along the N-C’ bond. The g,, component 1s aligned 1n the di-
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rection perpendicular to the peptide plane. From this, it can be said that the
032 and g3; components, rather than the ¢;, component, are sensitive to Ry_g
changes. This may be due to the fact that the g,, component lies approximately
along the direction of the nitrogen lone-pair electrons and the electron density
is very high in this direction. The g3 component lies approximately along the
N-C’ bond into which lone-pair electrons of the nitrogen atom transfer, and
so the bond order becomes very high. Consequently, the o,, and g, compo-
nents are sensitive to changes in Ry_g.

Finally, we can draw the following conclusions. The observed °N shieldings
of amide nitrogens increase linearly with a decrease of the N-H bond length
associated with the hydrogen bond; this can be justified by quantum chemical
calculations. The *N shielding is applicable as a means for obtaining direct
information about the nature of the hydrogen bond in the solid state, in addi-
tion to the '*C shielding of the carbonyl carbons in the hydrogen bonds
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