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ABSTRACT: The relationship between the **N isotropic chemical shift (dis,) or *°N chemical shift tensor
components (611, 022, and d33) and the main-chain conformation—such as the right-handed o-helix (ar-
helix), left-handed a-helix (a.-helix), left-handed w-helix (w -helix), and antiparallel §-sheet (5-sheet)
forms of 1N-labeled poly(s-benzyl L-aspartate) [Asp*(OBzl)], in the solid state—was studied using solid-
state >N NMR methods. We have found that the dis, and 62, of Asp*(OBzl) residue were significantly
displaced depending upon conformation: Jis, (ar-helix, 98.9; o -helix, 96.8; w.-helix, 96.3; 5-sheet, 100.0
ppm) and d2, (ar-helix, 52.8; o -helix, 48.3; w -helix, 47.4; f-sheet, 56.4 ppm). Thus, it became apparent
that the dis, and 0., are very useful barometers for the conformational analysis, especially for the
determination of the helical sense of [Asp*(OBzl)], in the solid state.

Introduction

High-resolution and solid-state 1>N NMR spectroscopy
offers many possibilities for the investigation of the
structure and dynamics in polypeptides, proteins, and
biopolymers.1=1° In our previous investigations, 1317 it
was demonstrated that the °N isotropic chemical shifts
(Jiso) Of solid polypeptides are sensitive to the nature of
individual amino acid residues as well as the secondary
structure (main-chain conformation) such as right-
handed a-helix (ar-helix) and antiparallel g-sheet (3-
sheet), poly(glycine) I (PGI) and Il (PGII), silk I and 11,
and collagen-like triple helix (triple helix) forms. The
diso determined from the cross-polarization—magic angle
spinning (CP-MAS) method in an ag-helical polypeptide
is generally upfield in comparison with that in a S-sheet
polypeptide, which was supported by the theoretical
calculation of 15N shielding constants (chemical shifts)
utilizing the finite perturbation INDO (FPT-INDO)
theory.13 The calculation of the 15N shielding constants
was applied also to PGI and PGII forms, and we found
that our experimental results were qualitatively ex-
plained by the theoretical calculation.t”

The >N chemical shift tensor components (611, 922,
and d33) determined from the CP-static (powder pattern)
spectra, on the contrary, provide more detailed informa-
tion about the conformation of polypeptides.* It is clear,
in particular, that the 6., (the direction of which is
assumed to be perpendicular to the peptide plane20-23)
is sensitive mainly to the secondary structure of polypep-
tides, and the difference of the d,, values between the
ar-helix and g-sheet forms is generally larger than that
of the dis,. Furthermore, the ®N chemical shift tensor
components seem to provide extensive information
about the neighboring amino acid sequence of peptides
in the solid state.’*~17 The 1°N chemical shift tensor
components could become extremely useful for the
structural analysis of polypeptides and proteins in the
solid state.

* Corresponding author. Tel and Fax (+81)-277-301443; e-mail
shoji@bce.gunma-u.ac.jp.

fGunma University.

#Tokyo Institute of Technology.

10.1021/ma981628l CCC: $18.00

Using the >N chemical shift data of peptides, polypep-
tides, and proteins in solution,?425 it is possible to study
the correlation between the **N chemical shifts and the
conformational parameters such as main-chain dihedral
angles. Le and Oldfield?>26 recently reported the em-
pirical correlation between the °N isotropic chemical
shift (0®) of the ith amino acid residue and the dihedral
angles ¢ (C'—N—C,—C') of the ith residue and (-1
(N— Cy4 —C'—N) of the (i — 1)-th residue. However, it is
unfortunate that they did not show any data for 15N
chemical shift tensor components, which are very im-
portant structural parameters to follow and evaluate
whether their conclusion is correct or not. To clarify this,
however, it is necessary to accumulate the experimental
15N chemical shift tensors data for various kinds of
conformation of polypeptides in the solid state. Fur-
thermore, the correlation between the >N chemical
shifts (including chemical shift tensor components) and
the structural parameters describing the conformational
feature is not clarified yet.

To clarify this, therefore, it is necessary to accumulate
the N chemical shift data for various kinds of confor-
mations of polypeptides in the solid state. For this, poly-
(B-benzyl L-aspartate) [Asp(OBzl)], is a quite interesting
sample, because it is well-known to form four types of
conformations, the og-helix, o.-helix, o -helix, and
B-sheet forms, by appropriate treatment.?” Therefore,
we have prepared the S N-labeled poly(3-benzyl L-
aspartate) [Asp*(OBzl)], adopting the four types of
conformations and obtained their 1N chemical shifts
by the ®N CP-MAS and CP-static NMR methods.
Moreover, we have compared their >N chemical shift
data, which have the polar side-chain esters with those
of the other specific amino acid residue with nonpolar
side chains.

Experimental Section

Materials. The **N-labeled -benzyl L-aspartate (Asp*(OBzl);
99 at. % of isotope purity) was purchased from ISOTEC, Inc.
The Asp*(OBzl)-N-carboxy anhydride (NCA) was synthesized
by phosgenation of Asp*(OBzl) and recrystallized from ethyl
acetate/n-hexane and then from chloroform/n-hexane.
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The *N-labeled poly(3-benzyl L-aspartate) [Asp*(OBzl)],
was prepared by polymerization of Asp*(OBzl)—NCA in 1,2-
dichloroethane at 30 °C using triethylamine as an initiator.
The contents of the Asp*(OBzl) against natural abundance of
Asp(OBzl) in the polypeptide is about 20 mol %. The molar
ratio of the Asp*(OBzl)—NCA (A) to the initiator (1), A/l, was
150. The reaction mixture was poured into methanol, and the
precipitated [Asp*(OBzl)], was filtered, washed with methanol
and acetone, and then dried in vacuo.

The conformation of the [Asp*(OBzl)], sample as polymer-
ized was the ar-helix form ([Asp*(OBzl)]»-1). The a.-helical
sample ([Asp*(OBzl)]»-2) was obtained from the [Asp*(OBzl)].-
1 by precipitation from the concentrated chloroform solution
of the sample [Asp*(OBzl)]»-1. The sample [Asp*(OBzl)],-1 was
also converted to the w-helix form ([Asp*(OBzl)]»-3) and to
the -sheet form ([Asp*(OBzl)],-4) by heating at 150 °C for 3.5
h and 220 °C for 3 h, respectively, in vacuo. The conformational
characterization of these samples was made on the basis of
the conformation-dependent *3C chemical shifts determined
using CP-MAS NMR and also by the characteristic bands in
the infrared (IR) spectra.

Measurements. The solid-state N and *C NMR meas-
urements were performed using a JEOL EX-270W spectrom-
eter operating at 27.25 and 67.80 MHz, respectively, equipped
with a CP-MAS probe. The contact time was 2—5 ms (for both
15N and 3C), and the repetition time was 5 s (for both **N and
13C). The 90° pulse width was typically 6.3 us for both >N and
IH under CP conditions and 4.4 us for both 3C and 'H. The
spectral width was 20 kHz (for >N CP-MAS), 200 kHz (for
15N CP-static), and 27 kHz (for 3C CP-MAS), and the data
points were 8K (for CP-MAS) and 16K (for >N CP-static). The
spectra were accumulated ca. 300—3800 (for **N CP-MAS) and
2200—7200 (for 3C CP-MAS) to achieve a reasonable signal-
to-noise ratio for samples. The >N CP-static (powder pattern)
spectra were recorded without spinning and were accumulated
9000—15 000 times to achieve a reasonable signal-to-noise
ratio for samples. The N chemical shifts were calibrated
indirectly by external *>NH.CI (6 18.0) relative to saturated
15 NH4NOj3 solution (6 0) in H20. The 13C chemical shifts were
calibrated indirectly by external adamantane (29.5 ppm rela-
tive to tetramethylsilane, (CHj3)4Si). The experimental errors
in the data for the isotropic >N and **C chemical shift values
were estimated to be less than +0.3 ppm.

The N chemical shift tensor components (011, d22, and d33
from the downfield side) were obtained from powder pattern
spectra. The values of d,, can be read directly from the
observed powder pattern (CP-static) spectra, with the error
being less than £0.5 ppm. The remaining two components (011
and 033) were estimated in order to satisfy the following
equation: Jdis, = (011 + 022 + 933)/3, where the values of dis,
and o2, were read directly from the observed CP-MAS and
powder pattern spectra. So, the error limits of ;1 and ds3 (less
than +2 ppm) were larger than those of dis, and d2,.

Results and Discussion

Conformational Characterization of [Asp*-
(OBzl)], Samples. To clarify the relation between the
15N chemical shifts (diso, 011, 022, and d33) and the main-
chain conformation (or-helix, o, -helix, w_-helix, and
B-sheet forms) of [Asp*(OBzl)]n samples, it is first
necessary to characterize their conformations in the
solid state. The conformational characterization of the
[Asp*(OBzl)], samples was made on the basis of the
conformation-dependent 13C chemical shifts.

Figure 1 shows 67.80 MHz 13C CP-MAS NMR spectra
of [Asp*(OBzl)], adopting four different kinds of con-
formations (og-helix, oi-helix, w_-helix, and g-sheet
forms). The assignment of the peaks for each carbon was
determined on the basis of reference data reported
previously.?82° The 13C isotropic chemical shifts deter-
mined from these spectra are listed in Table 1.

For [Asp*(OBzl)]»-1, the 13C chemical shift values of
the CO (amide), CO (ester), C,, and Cg signals are 175.0,
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Figure 1. The 67.80 MHz 3C CP-MAS NMR spectra of
[Asp*(OBzl)], with (a) ar-helix, (b) a.-helix, (c) w.-helix, and
(d) p-sheet forms in the solid state.

168.9, 54.1, and 34.8 ppm, respectively, which are
characteristic of the agr-helix form. For [Asp*(OBzl)].-
2, the 13C chemical shift values were observed at 172.5
(CO (amide and ester)), 51.5 (C,), and 34.5 ppm (Cp),
which are characteristic of the oy-helix form. These
values are in good agreement with those obtained for
films cast from chloroform solution.?® For [Asp*(OBzl)]-
3, the 13C chemical shift values of the CO (amide and
ester), C,, and Cg signals are 172.1, 51.8, and 34.1 ppm,
respectively, which are characteristic of the w_-helix
form. As shown in Figure 1c, the peaks assigned to the
ar-helix form were not detected, suggesting complete
conformational conversion from og-helix to w_-helix in
the solid state. This result was also confirmed by
characteristic bands (amide I, 1675 cm~1; amide I1, 1533
cm™1) in the IR spectra.3%3! For [Asp*(OBzl)]n-4, finally,
the CO (amide and ester), C,, and Cg peaks appeared
at 171.0, 51.1, and 39.6 and 35.3 ppm (doublet), respec-
tively. These values are in good agreement with refer-
ence data?® in [Asp(OBzl)], (B-sheet) and for S-benzyl
L-aspartate oligomers (5-sheet). The peaks correspond-
ing to the ag-helix, a-helix, or w _-helix form were not
observed in Figure 1d, indicating that most of the
[Asp*(OBzl)],-1 (ar-helix) was transformed into
[Asp*(OBzl)]»-4 (B-sheet).

From these results, it was confirmed that the samples
having the desired conformation were successfully
prepared, and these samples contain negligibly small
amounts of other conformations.

15N Isotropic Chemical Shift (dis,) of [Asp*-
(OBzl)],. Figure 2 shows 27.25 MHz >N CP-MAS NMR
spectra of [Asp*(OBzl)], adopting the ag-helix, o -helix,
w_-helix, and g-sheet forms. The dis, determined from
the observed spectra are listed in Table 2, and a diagram
of the dis, of [Asp*(OBzl)], adopting ar-helix, a.-helix,
w-helix, and fS-sheet forms is shown in Figure 3
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Table 1. 13C Chemical Shifts and Conformational Characterization of [Asp*(OBzl)], in the Solid State

13C chemical shift,2 6 (ppm)

sample C=0 (amide) C=0 (ester) phenyl (C) phenyl (Cz-6) CH,0 Cq Cp conformation
[Asp*(OBzl)]n-1 175.0 168.9 135.9 128.9 66.8 54.1 34.8 or-helix
[Asp*(OBzl)]n-2 1725 sh® 136.6 128.8 66.2 51.5 34.5 o -helix
[Asp*(OBzl)]n-3 1721 shP 136.8 129.4 66.3 51.8 34.1 wL-helix
[Asp*(OBzl)]n-4 171.0 171.0 136.3 128.9 66.7 51.1 39.6, 35.3 p-sheet
a40.3 ppm from TMS. P Abbreviation “sh” indicates shoulder at the C=0 (amide) peak.
og-helix
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Figure 2. The 27.25 MHz ®N CP-MAS NMR spectra of
[Asp*(OBzl)], with (a) ar-helix, (b) a.-helix, (¢) w.-helix, and
(d) p-sheet forms in the solid state.

Table 2. N Chemical Shift (diso) and >N Chemical Shift
Tensors (011, 022, d33) of [Asp*(OBzl)], Characteristic in
or-Helix, o -Helix, o -Helix, and f-Sheet Forms

15N chemical shift,2 6 (ppm)
conformation Jiso 011 O 033 O11+ 033

ar-helix 98.9 205 52.8 39 244
ar-helix 96.8 201 483 41 242
[Asp*(OBzl)]»-3  wi-helix 96.3 202 47.4 40 242
[Asp*(OBzl)]»-4  pB-sheet 100.0 203 56.4 41 244

a Experimental errors were estimated to be less than +£0.3 ppm
for diso, £0.5 ppm for 022, and £2 ppm for 611 and ds3 (from
15N H,4NO3).

sample

[Asp*(OBzl)]n-1
[Asp*(OBzl)]n-2

together with the reference data of dis, for some other
homopolypeptides adopting the agr-helix and S-sheet
forms. The dis, Values of [Asp*(OBzl)], adopting the ag-
helix and -sheet forms appear at 98.9 and 100.0 ppm,
respectively, in agreement with our previous data for
natural abundance of [Asp(OBzl)], within experimental
error.’® We have also confirmed that the dis, of low
molecular weight [Asp(OBzl)] (5-sheet, 100.4 ppm) was
consistent with that of [Asp*(OBzl)].-4 within experi-
mental error.’® Thus, the difference of the dis of
[Asp*(OBzl)]n between ag-helix and S-sheet forms is
small (1.1 ppm) with respect to those of [Ala*], (3.4 ppm)
and [Leu*], (10.0 ppm) with hydrophobic (nonpolar
hydrocarbon) side chains.14~16 It is noteworthy that the
Oiso Of the Asp*(OBzl) residue adopting the og-helix form
appears downfield relative to those of other amino acid
residues and is even close to those of S-sheet polypep-

Figure 3. Diagram of the *N isotropic chemical shifts (Jiso)
of [Asp*(OBzl)], with four different kinds of conformations
(closed bars), together with some other amino acid residues
in homopolypeptides (open bars) in the solid state. Abbrevia-
tions: Ala*, 1°N-labeled L-alanine; Leu*, **N-labeled L-leucine;
Glu(OBzl), y-benzyl L-glutamate; and Glu(OMe), y-methyl
L-glutamate residue.

tides. In contrast, the dis, of the Asp*(OBzl) residue
adopting the S-sheet form appears upfield relative to
those of other amino acid residues and close to those of
Glu(OBzl) (99.5 ppm) and Glu(OMe) (99.5 ppm) with
polar side-chain esters.'316 Since the differences of the
Jiso between ar-helix and g-sheet forms in both [Glu-
(OBzl)], and [Glu(OMe)],, are also small (1.9 ppm), such
chemical shift displacements may be ascribed to a
characteristic feature in amino acid residues with polar
side-chain esters.

Next, we consider the relation between the dis, and
the helix sense of [Asp*(OBzl)],. As Figure 4 shows, the
diso Of the oy -helix [Asp*(OBzl)],-2 (96.8 ppm) is dis-
placed upfield by 2.1 ppm with respect to that of the
or-helix one (98.9 ppm). Similar chemical shift displace-
ment in Jdis, has been observed for the Ala residue
incorporated into the oy -helix of poly(p-alanine), which
was published previously.?® This result indicates that
the Jis is sensitive to the helical sense of polypeptides
and that the left-handed helix form appears upfield with
respect to the right-handed helix form. Therefore, the
15N chemical shift is superior to the 13C chemical shift
in analyzing the helix sense such as right-handed or left-
handed helix conformation.

In addition, the dis, value of the oy -helix [Asp*-
(OBzI)]n-2 (96.8 ppm) is close to that of the w_-helix form
(96.3 ppm). This can be understood by considering the
similar dihedral angles (¢ and ) of polypeptide back-
bone between these two conformations (o -helix, ¢ =
57.2° and y = 47.0°; w_-helix, 64.4° and 55.4°, respectiv-
ely31-35), which was supported also by the 13C chemical
shift data of o,_-helix and w_-helix, as shown in Table
1. From the theoretical calculation of °N shielding
constants (chemical shifts) for N-acetyl L-alanine meth-
ylamide as a model peptide utilizing the finite perturba-
tion INDO (FPT-INDO) theory,! it was shown that the
diso 1S conformation-dependent of polypeptides in the
solid state. Consequently, it is concluded that the i
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Figure 4. The 27.25 MHz N CP-static (powder pattern)

NMR spectra of [Asp*(OBzl)], with (a) ar-helix, (b) a.-helix,
(c) w.-helix, and (d) S-sheet forms in the solid state.
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Figure 5. Diagram of the principal value d,; of the N
chemical shift tensors of [Asp*(OBzl)], with four different
kinds of conformations (closed bars), together with some other
amino acid residues in homopolypeptides (open bars) in the
solid state. Abbreviations: Ala*, *®N-labeled L-alanine; Leu*,
5N-labeled L-leucine.

of [Asp*(OBzl)], depends mainly on main-chain confor-
mation (including the helix sense) of polypeptides in the
solid state.

15N Chemical Shift Tensor Components (011, 022,
and 033) of [Asp*(OBzl)],. Figure 4 shows 27.25 MHz
15N CP-static (powder pattern) NMR spectra of
[Asp*(OBzl)], adopting the or-helix, ai-helix, w -helix,
and S-sheet forms. The >N chemical shift tensor com-
ponents (011, 022, and d33) determined from the powder
pattern spectra are listed in Table 2, and a diagram of
the 02, of [Asp*(OBzl)], adopting ag-helix, o -helix, o -
helix, and $-sheet forms in the solid state is shown in
Figure 5, together with the reference data of d,, for some
homopolypeptides adopting the agr-helix and S-sheet
forms.

We consider, at first, the d,, values of the Asp*(OBzl)
residues. The 62, of the g-sheet [Asp*(OBzl)], (56.4 ppm)
is observed downfield with respect to that of agr-helix
form (52.8 ppm). For the -sheet samples, we analyzed
and determined this powder pattern spectra very care-
fully, because this peak is broader than other spectra
(Figure 4). This conformational dependency of the 02
observed in [Asp*(OBzl)], is the same result as that of
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the Ala* and Leu* residues, indicating that the 6, of
the homopolypeptides*~16 is useful for the conforma-
tional analysis of polypeptides in the solid state. How-
ever, the chemical shift difference of 6., between the
or-helix and g-sheet forms is 3.6 ppm, which is larger
than that of dis,. This feature is the same result as those
obtained for [Ala*], and [Leu*],, but the chemical shift
difference of the 02, is smaller than that of [Ala*], (7.3
ppm) and [Leu*], (11.2 ppm).14~16 It is noteworthy that
the 0, of the Asp*(OBzl) residue adopting the ag-helix
appears upfield relative to those of the Ala* and Leu*
residues, which is quite different from the dis,. On the
contrary, the d,, of the Asp*(OBzl) residue adopting the
[B-sheet appears also upfield relative to those of the Ala*
and Leu* residues, which is nearly the same as the Jis.
Thus, the d,, of the Asp*(OBzl) residue seems to be
characteristic of the nature of amino acid residues with
polar side-chain esters and is very useful for the
conformational analysis of [Asp*(OBzl)], in the solid
state.

Second, as shown in Figure 5, the d,, of the oy -helix
form (48.3 ppm) of [Asp*(OBzl)], is displaced upfield by
4.5 ppm with respect to that of the og-helix form (52.8
ppm). This chemical shift displacement of the 62, (4.5
ppm) between the og-helix and a,-helix forms is large
with respect to that of the dis, (2.1 ppm), suggesting that
the d,, is more useful than Jis, for distinction of the helix
sense such as the right-handed or left-handed a-helix.
However, this is a quite different result from the d,; of
the Ala* residue incorporated into the left-handed
a-helix form of poly(p-alanine).’> As reported previ-
ously,’16 in the case of [Ala*,p-Ala], (Ala* content is
5%), the d,, value (57.1 ppm) of the Ala* residue (a-
helix form) incorporated into [D-Ala], (left-handed a-
helix) is displaced downfield by 2.7 ppm with respect to
that of ar-helix [Ala], (54.4 ppm). This difference in the
chemical shift displacement of the 6, may be caused
by the neighboring amino acid sequence effect in the
case of [Ala*,p-Ala], (Ala* content is 5%).1516 Therefore,
it is noteworthy that 6., depends on both the copolymer
content and conformation of polypeptides in the solid
state, whereas dis, depends only on conformation and
is independent of the copolymer content, which is
consistent with our previous papers.4-17

Third, the 62, of the w_-helix form (47.4 ppm) is
displaced upfield (by 5.4 ppm) with respect to that of
the agr-helix, but it is displaced very little upfield (by
0.9 ppm) with respect to that of the a,-helix [Asp*-
(OBzl)]n. Accordingly, it may be assumed that the o2,
of the Asp*(OBzl) residue is very useful for conforma-
tional analysis and especially for the helix sense deter-
mination of polypeptides. In addition, the characteristic
values for 0, of the a.-helix and w_-helix form of
[Asp*(OBzl)], in the solid state are now clarified.

Finally, we discuss the sum of 11 and d33 values (611
+ 033). As shown in Table 2, the displacement of 611 +
d33 is very small with respect to that of 62, so that 611
+ 033 is almost independent of the conformation. There-
fore, it may be concluded that the displacement in i
comes mainly from that of d,,. A similar relationship
has already been pointed out for the 13C chemical shift
tensors of the carbonyl carbon in these peptides.36:37
Although the reason is not clear yet, this finding seems
to be useful for understanding the nature of the chemi-
cal shift tensors.
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Concluding Remarks

We have synthesized 1°N-labeled poly(3-benzyl L-
aspartate), [Asp*(OBzl)],, and successfully prepared the
samples adopting four different kinds of conformations
(ar-helix, o -helix, w_-helix, and p-sheet forms) by
appropriate treatment. The conformational character-
ization of these samples was made on the basis of the
conformation-dependent ¥C NMR chemical shifts and
also by the characteristic bands in the IR spectra, and
it was confirmed that the samples having the desired
conformation were successfully prepared. The relation-
ship between the 5N chemical shifts (diso, 011, 022, and
033) and the secondary structure (main-chain confor-
mation)—og-helix, o -helix, w_-helix, and -sheet forms
of [Asp*(OBzl)],—was studied using solid-state >N NMR
methods. We have found that the dis, and d2, of the
Asp*(OBzl) residue were significantly displaced depend-
ing on conformation: dis, (ar-helix, 98.9; a,-helix, 96.8;
w_-helix, 96.3; -sheet, 100.0 ppm) and d,, (ar-helix,
52.8; a.-helix, 48.3; w_-helix, 47.4; -sheet, 56.4 ppm).

It should be emphasized in this study that the 1°N
isotropic chemical shift (and 1°N chemical shift tensors)
are superior to the 13C isotropic chemical shift in
analyzing the helix sense such as right-handed or left-
handed helix conformation. Thus, it became apparent
that the dis, and 6, are very useful for the conforma-
tional analysis (including the helix sense determination)
of [Asp*(OBzl)], in the solid state.
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