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ABSTRACT

In order to investigate the applicability and its usefulness of the conformation-dependent *C
chemical shift to the molecular structures of oligopeptides in the solid state, we recorded high
resolution *C CP-MAS NMR spectra of a series of oligopeptides having Gly-Pro sequence. Using
the '*C chemical shifts of polypeptides with particular conformations and the hydrogen bond
dependence of Gly CO chemical shift, we obtained useful information about the local conformation
of oligopeptides and examined the molecular structure of the peptides which had not been deter-
mined by X-ray diffraction. It was revealed that '*C CP-MAS NMR is also effective in character-
izing the conformation of oligopeptides in the solid state.

INTRODUCTION

As has been revealed in a series of *C CP-MAS NMR studies of synthetic
and biological polypeptides [1], every amino acid residue in polypeptides has
characteristic *C chemical shift values in the solid state. Since this shift varies
depending on the conformation such as «-helix, S-sheet and 3;-helix, we can
regard it as an intrinsic probe of the secondary structure of peptides. It was
also clear from the experimental [2] and theoretical studies {3] that such a
chemical shift change is not caused by the specific peptide sequence, but by the
local conformation and intermolecular interactions. This implies that the *C
chemical shift in the solid state grossly depends on very confined electronic
structure around the nucleus under consideration.

We have reported previously that the behavior of **C chemical shifts of the
glycine residue carbonyl carbons (Gly CO) of oligo- and polypeptides are clearly
explained in terms of the intermolecular hydrogen bond [4,5]. The experi-
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mental finding that **C chemical shifts of Gly CO of polyglycine with forms I
and II were also satisfactorily interpreted by the difference of hydrogen bond
lengths (N---O length in >N-H---0=C{ type hydrogen bond) indicates the
absence of polymer effect on the *C chemical shift in the solid state. This
suggests the possibility of also utilizing the **C chemical shift as a conforma-
tional probe for rather short sequence peptides. Although several *C CP-MAS
NMR spectra of oligopeptides have been reported, the conformational studies
were limited to cyclic peptides having the specific turn-structures [6-8] with
the exceptions of Pro-Leu-Gly-NH, [9] and Leu-enkephalin [10].

To begin with, in order to examine the possibility of expanding the appli-
cability of the '3C chemical shift measurements, we have applied this technique
to the conformational analysis of a series of linear oligopeptides in the solid
state whose crystal structures have already been determined. The conforma-
tions of the samples containing the sequence Z-Gly-Pro
(Z=benzyloxycarbonyl) studied here are tabulated in Table 1. It is interesting
to note that the conformation entirely changes upon increasing the peptide
sequence. Dipeptide [11] and tripeptide [12] take the antiparallel f-sheet
conformation and the 3;-helix-like conformation, respectively, which are the
particular conformations frequently found in polypeptides. It is well known
that oligopeptides mostly take one of the conformations which are classified
as the secondary structures of polypeptides or proteins [15]. On the other
hand, tetra- [13] and pentapeptide [14] have the “S-turn” conformation. This
is occasionally found in cyclic peptides and proteins, but is rarely observed in
the synthetic polypeptides.

According to the result of X-ray study, ;he 3;-helix-like conformation of Z—
Gly-Pro-Leu is characterized by a cis arrangement at the Gly-Pro sequence.
We can also obtain information about the cis/trans isomerism relating to the
Pro residue by checking the chemical shift difference between Pro C; and Cy
carbons [16].

TABLE 1

Oligopeptides containing the Gly-Pro sequence and their solid state conformations

Sample Structure Ref.
Z-Gly-Pro B-Sheet 11
Z-Gly-Pro-Leu 3;-Helix 12
Z-Gly-Pro-Leu-Gly B-Turn 13
Z-Gly-Pro-Leu-Gly-Pro f-turn 14
Z-Gly-Pro-Gly-Gly Unknown
Z-Gly-Pro-Ala-Gly Unknown
Z~-Gly-Pro-Ala-Ala Unknown

Z-Gly-Pro-Val-Gly Unknown
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In addition, the hydrogen bond plays an important role in forming stable
conformations of peptides in the crystalline state. The molecular structures of
linear peptides are generally constructed by intermolecular hydrogen bonds.
However, the f-turn structure is stabilized by the intramolecular hydrogen
bond. For this, we planned to investigate the nature of the hydrogen bond by
incorporating '*C-enriched [1-'3C]glycine residues as the first residue in the
peptide sequence (the amino acid residue is numbered following the Z-group,
for example Leu is the third residue in Z-Gly-Pro-Leu). From the chemical
shift of Gly CO, we can obtain information about whether there is a hydrogen
bond or not and can estimate the hydrogen bond length on the basis of our
previous results [5].

Further, we made an attempt to assess the conformations of a series of pep-
tides whose crystal structures have not yet been determined. By employing the
knowledge and procedure deduced from the results of peptides with known
structures, we can obtain useful information about the conformations of pep-
tides with unknown structures. It should be noted that oligopeptides with sev-
eral residues are sometimes very difficult to crystallize for X-ray studies be-
cause of the low energy barriers of the skeletal bonds. The other spectroscopic
tools, such as IR, etc., do not give immediate information about the confor-
mation in the solid state. The CP-MAS NMR technique can also be applied
for the samples which are not crystallized or are composed of several conformers.

EXPERIMENTAL
Materials

A series of oligopeptides containing the [1-2C]glycine residue (5% ) were
prepared according to the fragment condensation of N-hydroxysuccinimide
esters and amino acids by the DCCI (N,N’-dicyclohexylcarbodiimide) cou-
pling method [17]. The N-terminals of all the peptides were protected by Z-
groups using Z-chloride. A mixture of [1-**C]glycine (Merck Inc., isotope pu-
rity 90 atom% ) and glycine (Nihon-Rika) were provided to get remarkably
intense signals in the ®*C NMR spectra. The samples obtained were slowly
recrystallized from ethyl acetate solution according to the procedure used in
X-ray diffraction studies [11-14]. The samples whose crystal structures had
not been reported were also recrystallized from ethyl acetate by the vapor dif-
fusion method with n-hexane as precipitant. The polycrystalline samples ob-
tained were ground with an agate mortar before the NMR measurement to
eliminate the orientation anisotropy of crystals in the spinning rotor.

3C CP-MAS NMR measurement

3C CP-MAS NMR spectra were recorded at room temperature with a JEOL
GX-270 spectrometer at 67.80 MHz equipped with a CP-MAS accessory. The
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field strength of "H decoupling was 1.2 mT. Contact time was 2 ms, and repe-
tition time was 5 s. Spectral width was 27 kHz and data points were 8 k. Sam-
ples were placed in a bullet-type rotor and spun at about 3 kHz. Spectra were
accumulated 200-500 times to achieve a reasonable signal-to-noise ratio. *C
chemical shifts were calibrated indirectly through the adamantane peak ob-
served upperfield (29.5 ppm relative to tetramethylsilane ((CH,),Si)).

RESULTS AND DISCUSSION
13C Chemical shift of Gly CO

A 67.80 MHz '*C CP-MAS NMR spectrum of Z-glycylprolylleucylglycine
(Z-Gly-Pro-Leu-Gly) is shown as a typical example in Fig. 1. *C CP-MAS
spectra of other remaining samples were also obtained with similar resolutions.
The Gly CO signal can be straightforwardly assigned from its intensity. Other
signals were also assigned with reference to the previous *C CP-MAS NMR
studies and solution state '*C NMR. The '*C chemical shifts of the glycine
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Fig. 1. *C CP-MAS (67.80 MHz) NMR Spectra of Z-glycylprolylleucylglycine.
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residue, aliphatic carbons of Ala, Leu and Val residues and the 48y parameters
of the Pro residue (difference in 3C chemical shift between Pro Cf and Pro
Cy carbons) are listed in Table 2. On the whole, signal separation was very
good, except for the region of carbonyl carbons other than the Gly CO signal
(170-180 ppm).

Figure 2 shows the schematic crystal structures of peptides examined in this
study [11-13]. The conformations and hydrogen-bonding networks of Z-Gly-
Pro and Z-Gly-Pro-Leu are very close to those of antiparallel S-sheet and 3;-
helix, respectively. As shown in Table 2, Gly COs of these peptides which are
resonated at 168.5 and 172.2 ppm are consistent with polyglycine form I (an-
tiparallel f-sheet, 169.5 ppm) and form II (3;-helix, 172.8 ppm) conforma-
tions, respectively [4, 5]. In our previous study [5], it was revealed that there
is a linear relationship between te Gly C **C chemical shift and its hydrogen
bond length. Also in this case, the hydrogen bond length of Z-Gly-Pro-Leu
(2.64 A [11]; 0---0 length in Gly C=0 and H-O-Leu) is much shorter than
that of Z-Gly—Pro (2.91 A [12]; O---N length in Gly C=0 and H-N-Gly) as
determined by X-ray studies. Figure 3 shows the plot of '*C chemical shifts of
Gly CO of the peptides considered here and those studied in the previous study
against the hydrogen bond length. Thus, the chemical shift difference can be
primarily attributed to the difference of hydrogen-bond length. From the other
point of view, we can say that *C chemical shift of Gly CO is displaced de-
pending on its conformation, because the hydrogen bond length generally re-
flects the conformation owing to its steric arrangement of the molecules in the
crystal [18]. This might be the origin of “the conformation-dependent chem-
ical shift” of Gly CO in the solid state.

On the other hand, Gly CO of the peptides taking the f-turn structure
(Z-Gly-Pro-Leu-Gly and Z-Gly-Pro-Leu-Gly-Pro) are resonated in the
midst of the above two samples. The chemical shifts of 170.1 and 170.3 ppm of
Gly COs in S-turn peptides are slightly displaced downfield compared with the
peptides forming intermolecular hydrogen bonds. As mentioned above, the Gly
CO in B-turn forms the intramolecular hydrogen bonds with Gly N-H of the
fourth residue. Although this bond stabilizes the turn structure, the local con-
formation around the Gly-Pro sequence is much constrained and the hydrogen
bond deviates markedly from linearity. The fact that the hydrogen bond angle
of C=0--N is about' 120° in the f-turn structure is in contrast to that of the
corresponding angle in non-cyclic di- and tripeptides which is about 150° as
shown in the previous study [5]. This characteristic bending forces the N-H
group to direct the 7 electrons on the C=0 bond and it caused the relative
downfield shift. In addition, the f-turn conformation is known as an apprecia-
ble fixed structure. Ashida and co-workers [14,15,19,20] carried out system-
atic X-ray studies on a series of f-turn peptides and reported that all the skel-
etal structures of the turning portions containing Pro residue fell in the same
structure with a difference of about 0.1 A. Therefore the Gly CO chemical shift




TABLE 2

C Chemical shifts of some peptides and reference polypeptides in the solid state ( 0.5 ppm from TMS)

Sample Conformation Gly Pro Ala Leu Val
C=0 Ca ABy Ca Cp Ca Cp Ca Cg
Z-Gly-Pro B-Sheet 168.5 45.1 3.3
Z-Gly-Pro-Leu 3,-Helix 172.2 43.2 9.1 53.3 38.5
Z-Gly-Pro-Leu-Gly p-Turn 170.1 42.0 4.7 50.4 41.6
Z-Gly-Pro-Leu-Gly-Pro S-Turn 170.3 43.0 4.7 51.1 41.6
Z-Gly-Pro-Gly-Gly (3,-Helix) 172.7 43.6 4.0
Z-Gly-Pro-Ala-Gly (3;-Helix) 172.1 43.3 7.6 48.7 16.7
9.9
Z-Gly-Pro-Ala-Ala (Triple) 167.6 43.1 4.9 47.5 16.4
19.3
Z-Gly-Pro-Val-Gly (B-Sheet) 169.7 42.4 4.9 59.1 33.5
10.1
[Gly], fS-Sheet 169.5 44.2
3,-Helix 172.8 44.2
[Pro], 105-Helix (cis) 9.3
3,-Helix (trans) 2.4
[Ala], a-Helix 53.4 15.9
B-Sheet 49.2 20.9
[Leu], «a-Helix 56.7 40.5
B-Sheet 51.5 44.3
[Val],, «a-Helix 66.5 29.7
f-Sheet 59.4 334
[Ala,Gly] a-Helix 172.7 53.2 15.6
[Leu,Gly] a-Helix 172.4 56.4 40.0
[Val,Gly] S-Sheet 169.5 59.0 33.0
[Ala-Gly-Gly1, 3,-Helix 172.1 43.0 48.7 17.4
[Pro-Ala-Gly], Triple 168.2 43.5 4.6 48.3 17.6
[Pro-Gly-Pro],, Triple 167.2 43.0 4.0

8¢I
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" Z-Gly-ProlLeu: 3-helix

Fig. 2. Schematic crystal structures for the three types of conformation: antiparallel S-sheet, 3;-
helix-like conformation and f-turn.
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Fig. 3. Plots of the observed Gly CO '*C chemical shifts in the solid state against the hydrogen
bond length. Open circles are of the polypeptides and oligopeptides studied in the previous study
[5]. All the Gly COs form C=0-++H-N type hydrogen bonds with the exception of Z-Gly-Pro-
Leu, in which Gly CO forms the hydrogen bond with the O-H group of the Leu residue of the
neighboring molecule.

around 170 ppm can be regarded as the characteristic value for the B-turn
conformation.

4By Parameter in Pro Residue

As pointed out by some solution *C NMR [16] and *C CP-MAS NMR
studies [6,7,9], the 48y parameter is well correlated with the cis/trans isomer-
ism of the peptide bond in the X-Pro sequence (X indicates another amino
acid residue). Generally, a value of A8y of more than 8 ppm is attributed to a
cis conformation and a value less than 6 ppm to trans. In Table 3, we tabulate
the observed 44y values of peptides together with the observed ones by others,
whose crystal structures have already been determined. The A4 By values in Z—
Gly-Pro, Z-Gly-Pro-Leu, Z-Gly-Pro-Leu-Gly and Z-Gly-Pro-Leu-Gly-Pro
are in agreement with the results of X-ray diffraction studies, where only Z-
Gly-Pro-Leu has a cis arrangement at the Gly-Pro bond. In addition, this
parameter is well correlated with the dihedral angle of Pro v as shown in Fig.
4, in which the dashed lines indicate the relationship introduced from the so-
lution NMR studies by Siemion et al. [32]. There is no difference between the
relationships obtained from the solution and solid state measurements. In par-




TABLE 3

ABy Parameters of the Pro residue in some peptides with their geometrical parameters
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Sample X-Pro Pro(o,y) Pro 4By Ref.
bond (degrees) (ppm)
NMR Structure
Z-Gly-Pro Trans (—170,150) 3.3 This work 11
Z-Gly-Pro-Leu Cis (—72,145) 9.1 This work 12
Z-Gly-Pro-Leu-Gly Trans (—63,—-27) 4.7 This work 13
Z-Gly-Pro-Leu-Gly-Pro Trans (—63,-23) 4.7 This work 14
Boc-Gly-Pro Trans (—70,156) 4.9 This work 23
Boc-Pro-Val-Gly Cis (—81,163) 11.1 This work 24
Boc-Pro-Leu-Gly Trans (—65,—21) 3.6 This work 25
Polyproline I Cis (—83,158) 9.3 21 26
9.9 22
Polyproline I1 Trans (—78,149) 2.4 21 27
2.9 22
Cyclo (D-Phe-Pro-Gly-p-Ala-Pro) Trans (—82,59 0.7 i 28
Trans (—64,128) 4.3
Cyclo(Gly-Pro-Gly), Trans (—53,126) 3.7 7 29
Trans (—66,—-36) 5.5
Cyclo (Phe-Pro-p-Ala), Cis (—83,157) 10.1 6 30
Cis (—170,165)
Cyclo(Gly-Pro-p-Ala), Trans (—54,125) 35 6 31
Trans (—170,116)
Pro-Leu-Gly-NH, Trans (— ,153) 3.8 9 39
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Fig. 4. Plots of the observed Pro 48y (difference in **C chemical shift between Pro C8 and Cy)
against the dihedral angle v of the Pro residue for the peptides tabulated in Table 3.
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ticular, the value of 0.7 ppm for 48y observed in the y-turn conformation by
Opella and co-workers [7] plays an important role in justifying this relationship.

15C Chemical shift of aliphatic carbons of the third residue

The conformation-dependent '*C chemical shift of aliphatic carbons of
homopolypeptides can be utilized as the reference data for particular confor-
mations [1]. Hence, the most probable nucleus reflecting the molecular struc-
ture might be the aliphatic carbons of the third residue in the peptides consid-
ered here. For comparison we also tabulate in Table 2 the reference data of 13C
chemical shifts of polypeptides with various conformations. The aliphatic car-
bons of the Leu residue in Z-Gly-Pro-Leu-Gly and Z-Gly-Pro-Leu-Gly-Pro
are resonated at a unique position, in which the Ca chemical shift is close to
that of the polyleucine ([Leu],) f-sheet but Cf is in the midst of those of
[Leu], a-helix and f-sheet and rather close to the «-helix. The dihedral an-
gles (@, w) of the third residue in the f-turn (—107°, 15°) [15] are quite
different from those of the a-helix (—57°, —48°) [33] and f-sheet (—140°,
135°) [34] conformations. We might consider that these chemical shifts can
be the reference data for the f-turn structure in addition to the Gly CO chem-
ical shift.

We have reported that the calculated '*C shielding constants of Ala Car, C
and carbonyl carbons employing a dipeptide model by means of FPT-INDO
theory exhibit conformation dependence comparable with the experimental
data. This supports our view that conformation dependent *C chemical shifts
can be applied for rather small peptides. As shown below, "*C chemical shifts
of aliphatic carbons of the third residues are informative in the course of de-
termining the peptide conformations.

On the other hand, since the first Gly residue has no side chain, the chemical
shift change of Gly Cax caused by the conformational change is much smaller
than the other residues. We cannot obtain useful information about the con-
formation from the Gly Car chemical shift despite its observability [35].

Conformational analysis of some peptides with unknown structures

We attempted to assess the conformation of related peptides whose struc-
tures have not been determined, on the basis of the knowledge deduced from
the above results and the previous '*C CP-MAS NMR studies.

Z-Gly-Pro-Gly-Gly

The relatively downfield signal of Gly CO (172.7 ppm) in Z-Gly-Pro-Gly-
Gly comes from a shorter hydrogen bond length of around 2.7 A. This chemical
shift is close to that of polyglycine form II ([Gly],, IT) taking the 3,-helix form
with a hydrogen bond length of 2.73 A [18]. In addition, it is kfiown that po-
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lyproline form II ([Pro], II) takes the left-handed 3,-helix form in the solid
state and the tripeptide unit of this sample, Pro-Gly-Gly-OH [36] has a sim-
ilar structure to {Gly], II. A Pro 48y value of 4 ppm indicates that the Gly-
Pro bond is trans. From these results, it can be said that this peptide may
assume a 3,-helix-like conformation which is similar to that of [Gly], II or
[Pro],, Il with a trans X-Pro bond, but not to Z-Gly-Pro-Leuor [Pro],, I with
a cis X-Pro bond.

Z-Gly-Pro-Ala-Gly

The Gly CO chemical shift of this peptide (172.1 ppm) is also relatively
deshielded. This suggests that the hydrogen bond length is about 2.75 A. Such
results indicate that neither the f-sheet nor the S-turn structure exist. The
appearance of the two signals for Pro Cy suggests the existence of two different
conformers, but the discrepancy in conformation between them is not very
large, because their 48y values are close together and are attributed to cis con-
formations. Comparing the *C chemical shifts of the Ala residue of this pep-
tide with those of polyalanine ([Ala], a-helix and f-sheet) and [Ala-Gly-
Gly], (3;-helix), Ca and Cf signals have values closer to a 3,-helical copoly-
peptide. From the above results, it can be said that Z-Gly—-Pro-Ala-Gly might
have a similar structure to Z-Gly-Pro-Leu or [Pro], I with a right handed
105-helix whose X-Pro bonds are in a cis arrangement.

Z-Gly-Pro-Ala-Ala

The most shielded chemical shift of Gly CO (167.6 ppm) apparently indi-
cates the absence of hydrogen bond between Gly CO and the other proton
donor group. The possibility of the f-sheet, f-turn or 3;-helix structures being
taken can then be excluded. A similar phenomenon has already been found by
Saito et al. [2] in the collagen-like polypeptides which take triple helical con-
formations ([Pro-Gly-Pro],, and [Pro-Ala-Gly], ). The Gly CO chemical
shifts of those polypeptides are substantially displaced upfield by 4.1-5.1 ppm
with respect to those of the 3,-helical conformation. This was explained by
assuming that Gly CO of [Pro-Gly-Pro],, is not involved in hydrogen bond.
In addition, chemical shifts of Ala Ca and Cf of Z-Gly-Pro-Ala-Ala coincide
with those of triple helical [Pro-Ala-Gly], and 3;-helical [Ala-Gly-Gly],
within experimental error. Pro 48y values are almost the same in Z-Gly-Pro-
Ala-Ala and [Pro-Ala-Gly],, and both values indicate a trans arrangement at
the Gly-Pro bond. These facts suggest that this peptide takes a similar struc-
ture to the triple helical polypeptides.

However, it is difficult to suppose that such a small peptide forms a triple
helical structure. As Saito et al. [2] have pointed out, the difference in dihedral
angle between the 3;-helix and triple helical conformations in the Gly residue
is about 20° in the y angle and less than 10° in the ¢ angle. Therefore, this
peptide takes a conformation similar to triple helical and 3;-helical polypep-
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tides without a hydrogen bond which involves Gly CO groups. This view is also
supported by the fact that chemical shifts of Ala residues in Z-Gly-Pro-Ala-
Gly taking a 3,-helix-like conformation are very close to those of this sample.

Z-Gly-Pro-Val-Gly

‘Two sets of the signals of Pro Cf and Pro Cy are observed in this peptide.
This suggests that there exist two conformations with a cis and trans Gly-Pro
bond in the solid state. According to the Gly CO chemical shift of 169.7 ppm,
the Gly CO group is included in the hydrogen bond with a length of 3.0 A. This
value suggests the f-sheet or f-turn conformation. On the other hand, Val Cav
and Cf signals of this peptide are resonated at the same position as the S-sheet
in polyvaline ([Val],) and [Val-Gly], within experimental error. Therefore,
this peptide possibly takes the S-sheet structure. The Val residue is known as
the most probable residue found in the sheet region of proteins [37] and it
locates very rarely at the third position of the p-turn [37]. This is also sup-
ported by the fact that two analogous peptides, Boc-Pro-Val-Gly [24] and
Boc-Pro-Val-Gly-NH, [38], have typical f-sheet structures.

CONCLUDING REMARKS

We have demonstrated an ability to interpret the behavior of *C chemical
shifts of oligopeptides as the representation of conformation and the manner
of hydrogen bonding in the crystalline state and also shown the possibility of
applying this method to obtain an insight into the unknown structures of pep-
tides. The conformational features drawn from the investigations of *C chem-
ical shifts are in good agreement with those of crystal structures obtained by
X-ray diffraction. The '*C chemical shifts consistently indicate one particular
conformation for each peptide whose crystal structure has not been deter-
mined. This method is also applicable to samples which are difficult to crys-
tallize or consist of the mixtures of more than two conformers. Accordingly,
the CP-MAS NMR approach is a very useful tool for investigating the confor-
mation not only of polypeptides, but also of oligopeptides in the solid state.
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