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Th~ 0-17 NMR spectra of L-alanine containing polypeptides in the 
sohd state were measured chemical shift, quadrupolar coupling 
constant and asymmetric parameter information obtained. The 
relationship between the hydrogen-bonding structure and these NMR 
parameters was investigated. Theoretical calculations of the electric 
field gradients and chemical shielding values of hydrogen-bonded 
carbonyl oxygens in peptides were also carried out, and it was found 
that there exists a relationship between hydrogen-bonding structure 
and the NMR parameters such as quadrupolar coupling constants and 
chemical shieldings. 

Th~ ox~gen atom is one of the more important atoms involved with hydrogen­
bondl~g In polymer~ such as peptides and polypeptides. Nevertheless, few solid­
state 0 NMR. ~t~dIes of ~uch pol?;mers have been carried out. This is due to the 
very weak senSItIVIty of sohd-state 0 NMR measurements due to the two following 

. 17 ' reasgns. FIrSt, th~ 0 nucleus has a very low natural abundance, 0.037 %. Second, 
the 0 nuc!~ar SpIn q~tum number(I) is 5/2, which implies a quadrupolar nucleus, 
and so the 0 SIgnal IS broa1~ned by nuclear quadrupolar effects in the solid. On 
the oth~r hand, solution-state 0 NMR spectroscopy has been successfully employed 
t~ elUCIdate a number of structural problems in organic chemistry, because the 170 
sIgn~1 beco~es re.lative.lY s~arp du~ to the removal of the quadrupolar interaction by 
fast l~otroPI~ reonentatIOn. In solutIOn. For example, as the oxygen atom is directly 
assocIa~ed WI~ the formatIOn of a hydrogen bond, hydrogen bonding for the carbonyl 
group In varIOUS compounds often results in large low frequency shifts of the 
carbonyl 170 NMR signal. From these results, solution-state 170 NMR has been 
established as a means for structural characterization. 
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In such situations, it can be expected that solid-state 170 NMR will provide a deep 
insi~t into understanding the hydrogen-bonding structures of solid polymers, such as 
peptldes and polypeptides(l). High-resolution 170 NMR spectra of solid 
polyglycine(PGI(~-sheet) and PGII(3lhelix», glycylglycine(GlyGly), glycylglycine 
nitrate (GlyGly·HN03), have been measured previously, in order to obtain three 
kinds of NMR parameters: the chemical shift(8), quadrupolar coupling 
constant(e2qQ/h) and asymmetry parameter(l1), in order to understand the relationship 
between these NMR parameters and the hydrogen-bonding structure(2). From these 
observed 170 carbonyl NMR spectra, it is found that e2qQ/h values decrease linearly 
with a decrease in the hydrogen bond length. This indicates that it is possible to 
determine the hydrogen bond length through the observation of e2qQ/h values. The 
chemical shift values in peptides and in polypeptides move to low frequency with a 
decrease in the hydrogen bond length. However, there is a difference in the chemical 
shift value between peptides and polypeptides, which may come from differences in 
molecular packing. From these experimental findings, it was demonstrated that 170 
NMR spectroscopy is a useful mean for elucidating the hydrogen-bonding structure 
in solid peptides and polypeptides. 

In addution, it was also demonstrated that the quantum-chemical approach of 
calculating the quadrupolar coupling constants and the chemical shieldings will 
provide systematic information on the conformation and electronic state. The 
theoretical calculations of the electric field gradients of hydrogen-bonded carbonyl 
oxygen were successfully carried out by the FPT-MNDO-PM3 method. From these 
calculated results, it was found that the calculated e2qQ/h value decreases with a 
decrease in the hydrogen bond length, and the chemical shielding values move to low 
frequency with a decrease in the hydrogen bond length. These calculations explain 
the experimental findings obtained in the NMR measurements. Also, the directions 
of the principal axes of the electric field gradient tensor and chemical shielding of the 
carbonyl oxygen were obtained with resonable accuracy(3). 

In addition to the glycine-containing polypeptides and peptides, we show here new 
results on the 170 NMR chemical shift and quadrupolar coupling constant of poly(L­
alanine)s in both a-helix and ~-sheet forms, in the solid state. There results help 
clarify the relationship between hydrogen-bond length and e2qQ/h and chemical shift 
parameters. 

Experimental Section 
Sample Preparations. 10% 170-labeled the L-alanine methyl ester in 
Nal70H/methanol solution, where Nal70H was prepared by reaction of 20% 170_ 
labeled water with Na metal. Further, L-Ala' N-carboxyanhydride(NCA) was 
prepared using 10% 170-L-alanine. 10% 170-labeled poly(L-alanine)[(L-Ala)n] was 
prepared by heterogeneous polymerization of 10% 170-labeled NCA in acetonitrile 
by using n-butylamine as the initiator. The conformational characterizations of these 
polymers were made on the basis of l3C CP/MAS(cross polarization/magic angle 
spinning) by using reference data of l3C chemical shift values for various 
polypeptides, which are associated with the main-chain conformation. [L-Ala]n with 
A/I=100 takes a-helix form, and [L-Ala]n with AlI=5 takes ~-sheet forms, 
respectively. 
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Solid state 170 NMR Measurements. Static 170 CP NMR spectra were recorded 
with a JEOL GSX-270(6.3T) spectrometer and a JEOL GSX-500(11.7T) 
spectrometer operating at 36.6 and 67.8 MHz, respectively, with a CP/MAS 
accessory at room temperature. In the CP static methods, Mgct70H)2 was used for 
IH)70 CP matching(yHBH =3YoBo). The IH rc/2 pulse length was 5!ls and the 170 rc/2 
pulse length was 5!ls for a solid sample(which corresponded to 15!ls for a solution 
sample). The IH decoupling field strength was 50 kHz and repetition time was 5s. 
According to the previous work(2) on 170 CP NMR experiments for polyglycines and 
its peptides, 9ms was used as the appropriate contact time. The 170 chemical shifts 
were calibrated through extemalliquid water(o= 0 ppm). Further, 170 MAS NMR 
spectra were recorded with a Bruker AVANCE400(9.4T) spectrometer, a Bruker 
A VANCE 500(11. 7T) spectrometer, and a Bruker A V ANCE800(18.8T) spectrometer 
with a high-speed MAS accessory operating at 54.2, 67.8, and 108.6MHz. The 
sample spinning rate is 15kHz at 54.2 and 67.8MHz, and 25kHz at 108.6MHz, 
respectively. These spectra were obtained by single rc/2 pulse with IH decoupling 
experiments. . 
Solid State 170 NMR Spectral Analysis. The 170 nucleus has a 5/2 spin and so has a 
quadrupolar moment. This means that static and MAS 170 NMR spectrum contains 
information about quadrupolar interactions and the chemical shift. In order to obtain 
the quadrupolar coupling constant and chemical shift separately, we have carried out 
spectral analysis with theoretical calculation taking into account quadrupolar 
interactions and chemical shift interactions. 

Results and Discussion 
170 NMR spectra of poly(L-alanine)s: Figures I and 2 shows the static 170 CP 
NMR spectra of solid (L-Ala)u[AlI=IOO] with an a-helix form, and solid (L­
Ala)u[AlI=5] with a ~-sheet form at 67.8 MHz(a) and 36.6 MHz(b), respectively(4). 
The spectrum at 36.6 MHz consists of two major split signals, but that at 67.8 MHz 
has one major signal overlapping with two signals. Such large variation comes from 
the quadrupolar interaction because the appearance of the spectrum depends on the 
NMR frequency. If the NMR frequency is extremely high, the influence of 
quadrupolar interactions may be neglected in the spectrum. D From these static spectra 
we can obtain the NMR parameters such as chemical shift tensors(oll, 022, and 033), 
quadrupolar coupling constant(e2qQIh), asymmetry parameter of electric field 
gradient(TJ),and the Euler angle(a,~,y) between the principal axes of the quadrupolar 
tensor and the chemical shift tensor by theoretical simulation, but it is difficult to 
determine these eight parameters exactly at the same time. For the case of MAS 
spectra, we can obtain only three NMR parameters such as isotopic chemical 
shift(oiso), e2qQ/h , and TJ. It is not so difficult to determine these three NMR 
parameters from MAS spectra compared with the case of static spectra. But until 
now, the typical sample spinning rate is below 10kHz, it was not enough to separate 
the centerband signal and sideband signals of 170 NMR spectrum so that identical 
quadrupolar MAS signal could not be observed. Very recently the high speed MAS 
technique has been developed and we can observed the centerband signal of 170 
NMR signal separated from the sideband signals easily. Figures 3 and 4 shows the 
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Figure 1. 67.8MHz (a) and 36.6MHz (b) 170 CP static NMR spectra of (L-Ala)n 
with the a-helix form (A/I=100) in the solid state. 
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Figure 2. 67.8MHz (a) and 36.6MHz (b) 170 CP static NMR spectra of (L-Ala). 
with the /3-sheet form (A/I=5) in solid state. 
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Figure 3. 170 MAS NMR spectra of solid (L-Ala).[A/I=100j with an a-helix form 
at 67.8 MHz(a) and 54.2 MHz(b) spun at 15kHz. 
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Figure 4. 170 MAS NMR spectra of solid (L-A1a)n[A/I=5] with a l3-sheet form at 
67.8 MHz(a) and 54.2 MHz(b) spun at 15kHz. 
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170 MAS NMR spectra of solid (L-Ala)n[AlI=100] with an a-helix form, and solid 
(L-Ala)n[AlI=5] with a ~-sheet form at 67.8 MHz(a) and 54.2 MHz(b) spun at 15kHz, 
respectively. At 54.2MHz, the centerband signal was not separated from the 
sideband signal both poly(L-alanine)s, though at 67.8 MHz the centerband signal was 
separated from the sideband signals. The centerband linewidth at 54.2MHz was 
broadened compared with that at 67.8MHz. The centerband linewidth is proportional 
to roQ2/roL. rods the Larmor frequency and roQ is proportional to e2qQ/h. Therefor, it 
can be said that high-frequency measurement is needed for a 170 MAS experiment 
simultaneously with high-speed sample spinning. In addition, the 170 MAS NMR 
spectra spun at 25kHz of solid (L-Ala)n[AlI=100] with an a-helix form, and solid (L­
Ala)u[AlI=5] with a ~-sheet form at 108.6 MHz are shown in Figure 5. In these 
spectra, the centerband signal was completely separated from the sideband signals. 
The obtained NMR parameters for the a-helix form and the ~-sheet form of poly(L­
alanine)s are shown in Table I, together with the NMR parameters obtained from 
polyglycines I(~-sheet form) and II(3 1-helix form) as reported previously(2). Table I 
also shows the hydrogen-bond length N ... O of poly(L-alanine)s and polyglycines 
obtained by X-ray analysis. It was found that e2qQ/h value decreases with a decrease 
in the hydrogen bond length, and the chemical shift values move low frequency with 
a decrease in the hydrogen bond length. This results coincided with glycine residue 
containing peptides and polypeptides results(2). 

Electric field gradient and oxygen nuclear shielding calculations of the carbonyl 
oxygen of the model hydrogen-bonding system; The theoretical approach of 
calculating the quadropular coupling constants and the chemical shiel dings on the 
basis of quantum chemistry provides systematic information on the hydrogen­
bonding structure and its electronic state. The theoretical calculations of the electric 
field gradients and of hydrogen-bonded carbonyl oxygen of glycine residue were 
successfully carried out by the FPT-MNDO-PM3 method(3). Figures 6 and 7 shows 
these calculated results, and it was found that the calculated e2qQ/h value decreases 
with a decrease in the hydrogen bond length, and the chemical shielding values move 
low frequency with a decrease in the hydrogen bond length. These calculations 
explain the experimental finding obtained in the NMR measurement. Further, in this 
study we calculated the oxygen chemical shielding values by the ab-initio GIAO­
CHF method using model compound. The I3C chemical shielding calculated by the 
ab-initio GIAO-CHF method reasonably explained the experimental findings(6, 7). 
Figure 8 shows the calculated oxygen chemical shielding against the hydrogen bond 
length N ... O. The chemical shielding values moved low frequency with a decrease 
in the hydrogen bond length. This result coincided with the results obtained by the 
FPT-MNDO-PM3 method and explain the experimental finding obtained in the NMR 
measurement. 

Summary 
We can successfully measure 170 MAS NMR spectra of poly(L-Ala)s using high­

field and high-speed magic-angle spinning technique. From the 170 MAS spectra 
three kinds ofNMR parameters such as chemical shift, quadrupolar coupling constant 
and asymmetric parameter were obtained exactly and understood the relationship 
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Figure 5. 170 MAS NMR spectra spun at 25kHz of solid (L-Ala)n[A/I=l00] with 
an a-helix form(a), and solid (L-Ala)n[A/I=5] with a l3-sheet form(b) at 108.6 MHz 
with theoretically simulated spectra. 
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Figure 6. Plots of the calculated e2qQ/h using the FPT-MNDO-PM3 method 
against the hydrogen bond length. 
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Figure 7. Plots of the calculated oxygen chemical shielding using the FPT-MNDO­
PM3 method against the hydrogen bond length. 
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Figure 8. Plots of the calculated oxygen chemical shielding using the GIAO-CHF 
method against the hydrogen bond length. 
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between the hydrogen-bonding structure and these NMR parameters. Further, the 
theoretical calculations of the electric field gradients and the chemical shielding 
values of hydrogen-bonded carbonyl oxygens in peptides were carried out by the 
FPT-MNDO-PM3 and ab-inito GIAO-CHF methods, and it was found that there is a 
relationship between the hydrogen-bonding structures and the NMR parameters such 
as quadrupolar coupling constants and the chemical shielding values. 
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