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ABSTRACT 

CP-MAS and CP-statIc 15N NMR spectra were measured for a vanety of solId olIgopeptIdes 
contammg the glycme resIdue, the crystal structures of whIch had already been determmed by X­
ray dIffractIOn From the results ofthe observed 15N chemIcal shIfts, It was found that the IsotroPlC 
15N chemlcal shlfts «(J,so) of the glycme resldues move downfleld wlth a decrease of hydrogen bond 
length (RN 0) between the mtrogen and oxygen atoms m the amIde groups, and that the prm­
clpal value of (J33 moves lmearly downfleld wlth a decrease of RN 0 There lS no relatIOnshlp 
between the prmCIpal value of (Jll or (122 and RN 0 ThIS mdlcates that such a lmear downfleld 
shIft of (J33 contrIbutes predommantly to the downfleld shlft of (J,so Quantum chemIcal calcula­
tIOns of the 15N shIeldmg constant for the model compounds were carned out by the FPT-INDO 
method, and the relatIOnshlp between 15N chemlcal shIft and RN 0 dIscussed 

INTRODUCTION 

15N NMR spectroscopy has been demonstrated to provide useful informa­
tion about structure and dynamics of synthetic polypeptides and natural pro­
teins in solution [1-6]. It has been reported that the 15N nucleus IS highly 
sensItive to structural and conformational changes of the molecules. Most re­
cently, high-resolution sohd-state 15N NMR has been developed by means of 
the cross polarization-magic angle spinning (CP-MAS) method, and has been 
applied to the conformational characterization of polypeptides and oligopep­
tides [7]. It has been demonstrated that the 15N chemical shIfts in the peptide 
backbone of a variety of polypeptides exhibit a significant conformation-de­
pendent change [8-10], the aR-hehx form (97.0-99.2 ppm) appearing more 
upfield than thefi-sheet form (99.5-107.0 ppm). 

However, if the exact prmcipal values of 15N chemical shift tensors (a11 , a22 

and a33 ) are available, this provides more detailed information about the struc-
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ture of polypeptides and oligopeptides, which are closely associated wIth elec­
tromc structure, compared wIth the Isotropic chemical shift value 
(a,SO = (an +a22+a33)/3) which is determmed by MAS. Because a nitrogen 
atom possesses lone-pair electrons, It is of interest to examine the effects of 
these electrons on the isotropic 15N chemical shift (a,SO) and the prmcipal 
values of the 15N chemical shift tensors (alb a22 and a33 ). Further, the direc­
tion of the prmcipal axes of the glycine resIdue 15N shielding tensor compo­
nents has been experimentally determined by some investigators [11]. 

Our previous work [7] reported that in a variety of solid ohgopeptides (X­
GlyGly, where Gly is glycine residue and X IS some other amino acid resIdue) 
the decrease of the N - H bond length in the )C=O' .. H - N:::: type hydrogen bond 
for the C-termmal Gly residue leads to a linear increase m 15N shielding, but 
there is no clear relationship between the 15N chemical shifts and N· . ·0 sep­
aration. The absence of any such relationship may be caused by some effect of 
the other amino acid (X). For this reason, when we study details of the hydro­
gen bond through the 15N chemical shIft, we must choose oligopeptIdes without 
any effect from X on the 15N chemical shIft of the G ly resIdues. If ohgopeptides 
with a tert-butyloxycarbonyl (Boc) group at the termmus are chosen, we can 
expect that they will not have any effect from X on the 15N chemical shift of 
Gly residue. (The Boc group is sometimes used as the terminal group in 
ohgopeptides. ) 

As a continuation of our 15N NMR study on the hydrogen bond in ohgopep­
tides, in thIS work we attempt to measure isotropic 15N chemical shifts and 
indIvidual components of the 15N chemIcal shift tensors of the glycine residue 
(Gly) in a varIety of oligopeptides with a terminal Boc group, and to clarify 
the relationship between hydrogen bond length and isotropic chemical shifts 
and indIvidual components of chemical shift tensors. The results obtained will 
be discussed in comparison with our previous NMR studIes about hydrogen 
bonds. Further, to obtain a deep insight mto the hydrogen bond, we attempt 
to calculate the 15N chemical shift and tensor components of the glycine amIde 
nitrogen atoms by employing quantum chemical methods. 

EXPERIMENTAL 

Matenals 

A series of oligopeptides containing the 15N-Iabeled glycine residue (a 15N 
purity of about 10%) was prepared by condensing of Boc-glycine N-hydroxy­
succinimide-activated esters with amino acids [12]. The N-terminals of all the 
peptides considered here were protected by a tert-butyloxycarbonyl (Boc) group 
using Boc-S- (tert-butyl) -S- (4,6-dimethylpyrimIdm-2-ylthiocarbonate). A 
mixture of 15N labeled glycine (Merck Inc., isotope purity 99atom%) and gly­
cine (Nihon-Rika Co.) was used to obtam remarkably intense signals in the 
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15N NMR spectra. The samples obtained were slowly recrystallized from ethyl 
acetate solution according to the procedure used on X-ray diffraction studies 
[13-17] 

15N NMR measurements 

15N CP-MAS NMR spectra were recorded at room temperature with a JEOL 
GSX-270 spectrometer operating at 27.25 MHz equipped with a CP-MAS ac­
cessory. The field strength of 1 H decoupling was 1.2 mT. The contact hme was 
5 ms, and repetition time 10 s. Spectral wIdth and data pomts were 10 kHz and 
8 k, respectIvely. Samples were placed in a cylmdrical rotor and spun as fast 
as 4-5 kHz. Powder pattern spectra were recorded with the same mstrument 
but without magic angle spinmng. Spectra were usually accumulated 100-2000 
hmes to achieve a reasonable signal-to-noise ratIO for the 15N chemical shifts. 
15N chemical shifts were calibrated mduectly through external glycine-15N 
(0"= 11.59 ppm; hne width = 17 Hz), relative to saturated 15NH4N03 solutIOn 
(0"=0 ppm) in H20. 

To obtain the three principal components ofthe shIelding tensors (O"lb 0"221 

and 0"33, from downfield to upfield), a fitting was carried out by superimposing 
the theoretical powder pattern line shape with a Lorentzian function (sym-

fir::~ 
_~ ,!: I-~ 

~ I I ~ 

, 
, 
, 
, 
, 
, 

I 
I 
I 
I , 
I 

I 
, 
I 
I 

! 
I 

FIg 1 SchematIc representatIOns of experImental powder pattern and theoretIcal powder pattern 
convoluted wIth the LorentzIan functIOn The cIrcles are the experImental data for BocGlyAla, 
au = 1215 ppm, a22=52 2 ppm and a33 = 111 ppm 
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metrical broadening function) to the observed powder pattern as shown in 
FIg. 1. 

15N Chem~cal shift calculatwns 

In this work, we calculated relative 15N NMR chemIcal shifts (magnetic 
shielding constants) of a dipeptide fragment, N-acetyl-glycine methyl amide 
(forming hydrogen bonds with a formamide molecule), employing the finite 
perturbation theory (FPT)-INDO method, as shown in detail in a previous 
paper [18]. The bond lengths and bond angles proposed by Momany et al. [19] 
were used. 

A HITAC M780H computer at the Computer Center of the Tokyo Institute 
of Technology and a HITAC S-820 computer at the Computer Center of the 
Institute for Molecular Science, Okazaki, were used for the calculations. 

RESULTS AND DISCUSSION 

15N NMR chemical sh~fts of the glycme res~due of BocGly pept~des in the sohd 
state 

A 27.25 MHz 15N CP-MAS NMR spectrum and a 27.25 MHz 15N CP powder 
pattern spectrum of tert-butyloxycarbonyl-glycylalanine (BocGlyAla) in the 
solid state are shown as a typical example in Fig. 2. 15N spectra of the other 
remaining samples were also obtained with similar resolutions. In the BocGly 
peptides, a nitrogen of the glycine residue forms a urethane bond. Thus, its 15N 
signal appears more upfield compared with that of the amide nitrogens. Signals 
were easily assigned with reference to solution-state 15N NMR data reported 
previously [20]. 

All the isotropic 15N chemical shift values (0',S0) and the principal values of 
the 15N chemical shIft tensors (0'11, 0'22 and 0'33; from downfield to upfield) are 
shown in Table 1. The geometrical parameters obtained by X-ray diffraction 

TABLE 1 

Observed 15N IsotropIC chemIcal ShIft and chemIcal ShIft tensor components of glycme amIde 
mtrogen ofBocGly-contammgpeptIdes (ppm from 15NH4N03) 

Sample alSO 0"11 0"22 0"33 

BocGly 5975 1270 512 11 
BocGlyAla 6161 1215 522 111 
BocGlyPhe 5404 1127 561 -67 
BocGlyAIb 5770 1270 491 -30 
BocGlyProOBzl 5306 1172 506 -86 



b 

a 

ppm 
1--'---'--'-,[ ~I --r-,---.---_,__-~-,--[ ---,---,---r-r-.-----.-~ 

lr:-u llJIJ 0 _co 

73 

FIg 2 2725 MHz 15N CP-MAS NMR spectrum(a) and 2725 MHz 1°N powder pattern spec­
trum (b) of BocGly Ala m the solId state 

studies [13-17] are shown in Table 2, where some of the geometrIcal param­
eters were estimated by using unit cell parameters and fractional coordinates 
given in the literature. The hydrogen bond lengths (RN . 0) of peptides used 
in thIS work are in the range 2.95-3.08 A. On the other hand, the hydrogen 
bond angles L C=O· .. N are somewhat variable and are m the range 113-155 0

• 

Figure 3 shows the plot of the observed isotropic 15N chemical shifts (alSO) 
of Gly NH against the hydrogen bond length RN 0. It is found that there is a 
clear relationship between alSO and RN-- 0, and a decrease of RN ° leads to a 
decrease m shielding. This trend is similar to that m the relatIOnship between 
carbonyll3C chemical shifts andRN ° [20]. Figures 4(a)-(c) show the plot 
of the observed prmcipal values (alb a22 and a 33 ) of the 15N chemical shIft 
tensor of Gly NH against RN 0, respectively. It is found that all and a 33 are 
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TABLE 2 

GeometrIcal parameters of glycme resIdue amIde mtrogens of BocGly-contammg peptJdes 

Sample DIhedral angle (deg) Hydrogen bond geometry Ref 

w t/J If! N···O H···O LN-H· ·0 LN···O=C 
(A) (A) (deg) (deg) 

BocGly 1740 -615 -151 301 - - 1131 13 
BocGlyAla 1788 -1256 450 295 202 1611 - 14 
BocGlyPhe -1769 -880 -145 308 - - 1554 15 
BocGlyAlb -1594 895 1651 308 - - 1164 16 
BocGlyProOBzl 1722 -1095 1644 310 224 1634 1367 17 
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FIg 3 Plots of the observed IsotropIc 1 'N chemIcal shIfts «(J"o) m the sohd state agamst the N· .. 0 
hydrogen bond length (RN 0) 

more sensitive than (722 to a change m RN o. A change of 0.2 A m RN 0 leads 
to a change of 20 ppm in (711 and (733, but a change of only 5 ppm for (722. How­
ever, only (733 IS shIfted linearly down field with a decrease of RN 0, and m (711 

and (722 there is no clear relationship with RN o. These results show that such 
behavior is governed not only by the hydrogen bond length, but also by the 
hydrogen bond angle. 

Theoret~cal calculatwn of 15 N shwlding constant 

In order to obtam a deep insIght for the experimental findmg that the iso­
tropIC 15N chemical shift and the prmcipal value of (733 depend upon the hy-



75 

100 b 
a 

110 

0 

0 
120 

0 

o 
o o o 

o 
0 0 

110 

140 70'---~----'-----~--~~ 

29 30 3 1 3 2 2 9 3 0 J 1 _ ~ 

N--O length(A) N--O length(A) 

-20 

C 

-10 

I o 
;; 0 

tl 
o 

10 

20 

29 30 31 32 

N--O length (AI 

FIg 4 Plots of the observed prmcIpal values of 15N chemIcal shIft tensors (a) (111, (b) (1221 and 
(c) (133, agamst the N···O length (RN 0) 

drogen bond length, theoretical calculations of 15N chemical shifts were carried 
out by the FPT -INDO method. 

Figures 5 (a) - ( d) show the calculated IsotropIc 15N shielding «(),so) and the 
paramagnetic terms of the shielding tensor components (alb a22 and (33) of 
Gly NH in the model compound. The calculated values are all expressed m 
ppm with an OpposIte sign to the experimental chemical shift values shown in 
Table 1. Note that the negative sign for the calculated shielding constant de­
notes deshielding, in contrast to the posItive sign of the experimental chemical 
shift values. A shielding constant or tensor component is usually represented 
as a sum of diamagnetic and paramagnetic terms. However, the behavior of 
the shielding tensor can be predominantly explained by the paramagnetic term, 
smce the diamagnetic term IS isotropic. As shown in Fig. 5 (a), a decrease of 
RN - 0 leads to a decrease of (),so. This agrees with the observed results. There­
fore, such a relationship suggests that isotropic 15N chemical shift values can 
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FIg 5 VanatlOn of the calculated 15N shIeldmg constant and Its tensor components WIth the 
N· .. 0 hydrogen bond length (R N 0) (a) IsotropIC shleldmg constant a,so, (b) all, (c) a22, and 
(d) aJ3 

be used in estimation of RN 0, Just as in the case of carbonyl 13C chemIcal 
shifts reported previously [21]. Figures 5 (b) - (d) show the RN 0 dependence 
of the calculated principal values ofthe 15N chemical shIft tensor (all, a22 and 
a 33 ). It is shown that a decrease in RN 0 leads to decreases in shielding of al b 

a 22 and a33, with magmtudes in the order all> a33> a22' This agrees with the 
observed order. Further, a linear decrease of a33 with a decrease in RN 0 agrees 
wIth the observed result. However, in the experimental results there IS no re­
lationship between RN 0 and all or a22 , but in the calculation there is such a 
relationship. Why IS there this discrepancy? In the above calculatIOns, we are 
concerned with the hydrogen bond length only. To understand deeply hydro­
gen bonding, another important factor such as the hydrogen bond angle (i.e. 
the distortIOn of the hydrogen bond from linearity) should be taken into 
account. 

For this reason, we calculated the 15N chemical shift as a function of the 
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hydrogen bond angle (L N -H· . ·0) using the model compound (Fig. 6). The 
H· . ·0 length was fixed as 1.75 A and then the hydrogen bond angle e (L N­
H· .. 0) was varied. Figures 7 (a)- (d) show the plot of (i,SO> and (ill, (i22 and (i33 

against the angle e, respectively. 
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FIg 6 Molecular structure of N-acetyl-N' -methylglycme amIde hydrogen-bonded wIth a form­
amIde molecule 
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Figure 7 (a) shows the L N - H .. ·0 dependence of the calculated isotropic 
15N shIeldmg (O",so)' A change in the angle e from 140 0 to 220 0 leads to a change 
of 5 ppm in O",so compared wIth the value of about 20 ppm induced by a change 
of RN 0 from 2.4 to 3.2 A. Figures 7 (b)- (d) show the L N-H·· . 0 dependence 
of the calculated princIpal values of shielding tensors (0"1l> 0"22 and 0"33) The 
magmtudes of changes m 0"11 and 0"22 are about 10 and 4 ppm, respectively, in 
gomg from e= 140 0 to 220 0

• In this range of e, the magnitudes of changes in 
0"11 and 0"22 are about 30 and 4 ppm, respectively, m gomg from 2.4 to 3.2 A. On 
the other hand, the magmtude of change in 0"33 is about 1 ppm in going from 
e = 140 0 to 220 0 and in thIS range of e the magnitude of change in 0"33 is about 
15 ppm in going from RN 0 = 2.4 to 3.2 A. Therefore, it can be said that 0"11 

and (J22 are relatively sensitive to change of e, but 0"33 is relatively msensitive, 
when compared wIth their RN 0 dependences. For these results, we can un­
derstand the above experimental finding that there IS a relationship between 
hydrogen bond length and 0"33 or o",so) in spite ofthe distribution m the hydrogen 
bond angles, but there is no clear relationshIp between RN 0 and 0"11 or 0"22' 

The dLrectwn of the prmcLpal axes of the Gly NH shLeldmg tensor 

The dIrection of the principal axes of the Gly NH 15N shielding tensor com­
ponents has been determined by an NMR study of a BocGlyGlyGlyOBzl single 
crystal [11]. It has been reported that the 0"11 component hes approximately 
along the N-H bond, the 0"33 component hes approxImately along the N-C' 
bond, and the (J22 component is aligned in the direction perpendicular to the 
peptide plane. 

The results of the FPT-INDO calculations are shown in Fig 8. The 0"11 com­
ponent lIes approximately along the N-H bond, in agreement with the exper­
imental results. However, the 0"22 component lies approximately along the N­
C' bond and the 0"33 component IS aligned in the direction perpendIcular to the 
peptide plane, which is different from the experimental results. Experimen­
tally it is not easy to determine the dIrectIOn of 0"22 and 0"33, because theIr mag­
nitudes are very close to each other. The present assignments of 0"22 and (J33 

seem to be acceptable, although it is difficult to differentiate between them. 
The direction of 0"11 can be easily determined, because its magnitude is very 
different from the others 

FIg 8 OnentatlOn of the prmcipal axes of the calculated 15N chemIcal shIft tensors of glycme 
resIdue amIde mtrogen 
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The reason why in the theoretical calculation the most shielded component 
a 33 is aligned m the direction perpendlCular to the peptide plane is due to the 
fact that the orbitals ofthe nitrogen atom lone-pair electrons are in thIS direc­
tion. The experimental results (that a33 moves linearly downfield with a de­
crease of the hydrogen bond length, that a33 is not related to hydrogen bond 
angle, and that all and a22 are related to hydrogen bond length and hydrogen 
bond angle) were reasonably explained by the theoretIcal calculations. 

Fmally, we can conclude the following. The observed isotropic 15N chemIcal 
shift moves downfield wIth decrease in RN 0 and the principal value of the 
a33 component moves linearly down field with such a decrease. This was justi­
fied by quantum chemical calculations. Further, quantum calculations show 
that the au and a22 components are related not only to the hydrogen bond 
length, but also to the hydrogen bond angle. This explains the expenmental 
findmg that there is no relationship between the hydrogen bond length and au 
or a 22 • From this, it can be said that the 15N chemical shift of amide mtrogen 
prOVIdes useful information about the hydrogen bond length and the hydrogen 
bond angle. 
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