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Synopsis 
Infrared spectra of polypeptides were measured in the region of 1800-400 cm-1. For 

the a-helical form, disordered form, and antiparallel-chain &form, amide V bands arising 
from N-H out-of-plane bending modes were observed at 610-620, around 650, and 
700-705 cm-1, respectively, and amide V' bands arising from N-D oubof-plane bending 
modes were observed at  455-465, around 510, and 515-530 cm-1, respectively. These 
correlations are useful for conformation diagnoses, particularly for copolyamino-acids 
or proteins which are not oriented. The nature of low-frequency amide bands are dis- 
cussed with reference to potential energy distributions calculated for the a-helical form 
and p form. 

INTRODUCTION 
Polypeptides and proteins exhibit characteristic infrared bands at  about 

3300 (amide A), 3100 (amide B), 1650 (amide I), and 1550 cm-I (amide 11). 
Conformational changes of polypeptide chains may be studied by observ- 
ing amide bands. that 
the frequencies and dichroism of these amide bands vary with chain con- 
formations and then amide bands were extensively used for structure 
 diagnose^.^.^ Later, the nature of the amide I and I1 vibrations was 
elucidated by normal vibration  treatment^.^ Also, correlations between 
amide bands and conformations of polypeptides were analyzed theoretically 
with the coupled-oscillator model and some additional correlations were 
found.6-8 Accordingly, the a-helical form, parallel-chain p form, anti- 
parallel-chain p form and disordered form may be distinguished by amide 
I and I1 bands observed for oriented samples of polypeptides or fibrous 
 protein^.^-'^ 

However, if various conformations coexist in unoriented samples, the 
fraction of each conformation may not necessarily be estimated by inten- 
sity measurements of the amide I and I1 bands only, because these amide 
bands of the a-helical form are hardly separated from those of disordered 
form. In  view of these situations, characteristic amide bands in the low- 
frequency region were studied. 

It was first remarked by Ambrose and 
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1,ow-frcquency :mide bands were previously studied for model mole- 
c u l e ~ ~ ~ ' ~  and the amide IV (627 cm-'), V (723 cm-'), and VI bands 
(GOO cni-I) of N-nicthylacet~tmide \\-ere found to arise from the C=O in- 
plme bending mode, S-H out-of-plane bending mode, and C=O out-of- 
plane mode, respectively. These assignments I\ cre, in fact, confirmed 
by theoreticJ treatments of the in-plane5 and out-of-plane normal vibra- 
t i o n ~ ' ~  of N-methylacetsmide. The atomic displacements involved in 
these amide vibrations are not highly localized within the CONH group, 
and infrared bands due to these vibrational modes are expected to vary 
sensitively with chain conformatiorial changes. In  fact, infrared absorp- 
tion spectra of polypeptides were measured in the low-frequency region of 
SOO-400 cm-l, and amide V bands were found useful for conformation 
diagnoses of polypeptide chains as reported in a previous cornm~nica t ion .~~ 
I n  the present paper, infrared spectra in the low-frequency region will be 
reported in detail and the nature of amide bands \\-ill be discussed with 
reference to vibrational potential energy distributions calculated for the 
a and /3 forrns.Ifi Also new correlations will be given for chain conforma- 
tions arid amide V' bands arising from K-U out-of-plane bending modes. 

EXPERIMENTAL 

Poly (y-methyl L-glutamate) (Phl1,G) and poly-L-alanine (PLA) were 
synthesized by the N-carboxyamino acid anhydride method, as described 
previously for poly (y-benzyl L-glutamatc) (PBLG) Samples of 
sodium poly-a,L-glutamate (SPLG), poly (y-isoamyl L-glutamate) (PALG) 
and poly (y-ethyl L-glutamate) (PELG) were generously given by Prof. 
Blout, Prof. Noguchi, arid Ajinomoto, Ltd., respectively. N-Deuterated 
sample.< were prepared by dissolving urideuterated samples into O-deuterat- 
ed trifluoroacetic acidz0 and was precipitated with ether, filtered, and finally 
dried. Infrared absorption measurements were made by use of a I'erkin- 
Elmer Model 221 spectrophotometer arid a Japan Spectroscopic Model 
IR-G spectrophotometer. Dichroic measurements of oriented solid films 
were made with a pair of silver chloride polarizers. 

a-Helical Form 

The polarized infrared spectra of high molecular weight PltlLG (anhy- 
dride/initiator=200) are shown in Figure 1 for the regions of 1800-1350 
and 800-400 ern-'. The amide I bands are observed a t  1654 cm-I (parallel) 
and 1659 cm-I (perpendicular) and the amide I1 bands are observed a t  
1550 cm-' (perpendicular) and 1519 cm-l (parallel), characteristic of the 
&-helical conformation, l t 7  The polarized infrared spectra of the N -  
deuterated derivatives (Fig. 2 )  exhibit the parallel amide I' band a t  1645 
cm-I and the perpendicular amide 11' band a t  1445 cm-l. 

I n  the low-frequency region, a strong perpendicular band of PMLG is 
observed at 615 cm-', which is shifted, on N-deuteration, to 462 cm-' 
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got PMLG-d (Figs. 1 and 2 ) .  The frequency ratio of these amide bands 
(615/462 = 1.33) indicates that these bands arise largely from the N-H 
and N-D out-of-plane bending modes (amide V and V'), respectively. The 
perpendicular dichroism of these bands is also in accord with these as- 
signments, since the amide CONH (or COKD) planes of the a-helical 
conformation are nearly parallel to the helix axis and the transition moment 

loo I 
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Fig. 1. Polarized infrared spectra of PMLG (A/I = 200) oriented film cast from 

chloroform solution: (-) electric vector parallel and (- -) perpendicular to the direc- 
tion of orientation. 
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Fig. 2.  Polarized infrared spectra of P l I L G  d (A/I = 200) oriented film cast from 
chloroform solution : (--) electric vector parallel and (- -) perpendicular to the direc- 
tion of orientation. 
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Fig. 3. Infrared spectra of (--) PELG arid (--) PELG-d. Films were cast from 
chloroform solution. 

of the N-H (or N-D) out-of-plane bending mode is expected to be nearly 
perpendicular to  the helix axis. The infrared spectra of high molecular 
weight PELG are shown in Figure 3. Again, the amide V and V' bands 
are observed a t  620 cm-l and 465 cm-l, respectively, similar to the cases of 
PBLGIy and PALG (Table I). 

TABLE I 

Characteristic Amide Frequencies 

Poly(7-methyl L-glutamate) 
Poly(r-ethy1 L-glutamate) 
Poly(yisoamy1 L-glutamate) 
Poly(7-benzyl L-glutamate) 
Poly-L-alanine 

Poly (y-methyl L-glutamate) 
Poly (7-benzyl L-glutamate) 
Poly-L-alanine 

Sodium poly-I,-glutamat e 

a-Helical Form 
1658 1550 
1658 1550 
1656 1550 
1653 1550 
1658 1548 

Antiparallel-chain p Form 
1629 1531 
1629 1524 
1632 1.548 

1 )isordered Form 
l(i5S e 

620 
620 
615 
615 
610 

700 

703 
b 

650 

463 
465 
46 1 
458 
456 

53 1 
518 
520 

.i 1 0 

Freqneiicies are list,ed for the maiit conipoiieiit, of amide I, 11, and V bands o f  un- 
deuterated species and amide V' bands of N-deuterated species. 

'' Overlapped by the barid due to berizyl groups. 
Overlapped by the barid due to COO- groups. 
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The amide V band of a-helical poly-L-alanine (PLA) is observed a t  610 
cm-I, which corresponds to  the E vibration (phase difference of 100') 
calculated a t  612 cm-' for the right-handed a-helical form.16 In  fact, the 
potential energy of this E vibration is associated primarily with the N-H 
out-of-plane bending mode. The amide V' band of N-deuterated deriva- 
tive (PLA-d) is observed a t  456 cm-'. This band corresponds to  the E 
vibration calculated a t  442 cm-', which is largely associated with the 
N-D out-of-plane bending mode. l6 

Amide I, 11, and V frequencies of PMLG, PELG, PALG, PBLG, and 
PLA are listed for comparison in Table I, together with amide V' fre- 
quencies of the N-deuterated derivatives. The frequencies of perpen- 
dicular amide V bands of the a-helical form are thus observed in a narrow 
frequency region of 610-620 cm-' and perpendicular amide V' bands in 
the region of 455-465 cm-l. Recently, amide V bands were also observed 
a t  615 cm-' for the a-helical form of poly(L-a-amino-n-butyric acid), 
poly-L-norleucine, and poly-L-leucine.21 

The perpendicular band of PRILG a t  720 cm-' is shifted, on N-deutera- 
tion, to  the perpendicular band of PJILG-d at  717 cm-l. These bands 
appear to  correspond to the bands of PJ,A a t  6.56 cm-1 of PLA-d a t  648 
cm-' (reference 16, Fig. 1). The nature of these bands may be discussed 
on the basis of the potential energy distributions calculated for the corres- 
ponding vibrations; the E vibrations calculated for PIIA a t  655 cm-' is 
due to the N-H out-of-plane bending mode (amide V) strongly coupled 
with the C=O out-of-plane bending mode (amide VI) and E vibration 
calculated for PLA-d a t  636 cm-' is associated with the C=O out-of-plane 
bending mode (amide VI) and the N-C=O bending mode (amide IV). 

For PLA and PLA-d, well-defined bands were observed at  328 and 524 
cm-', respectively (reference 16, Fig. 1). As for potential energy dis- 
tributions, the A vibration (phase difference of 0) of PLA calculated a t  
524 cm-' and of PLA-d a t  515 cm-' are primarily due to the Ca-C=O 
bending modes. Corresponding parallel bands were observed at  562 cm-' 
for PMLG, PELG, and PBLG and a t  554 cm-' for N-deuterated deriva- 
tives. For copoly(y-methyl D,L-glutamate)22 and copoly (y-benzyl D,L- 

g l ~ t a r n a t e ) . ~ ~  the band at  562 cm-' was found to weaken markedly as the 
D/L ratio was raised from 0 to 1, and this band was used for estimating the 
fraction of "regular" helical form.23 

Disordered Form 
The amide I and I1 bands of sodium poly-a,L-glutamate in disordered 

form were observed at  1655 arid 1,535 cm-l, respectively, for a solid film 
cast from aqueous solution in a dry atmosphere without unidirectional 
o r i e n t a t i o ~ i . ~ ~ ~ ~  Infrared absorption of a like film IKLS measured in the low 
frequency region of S.50-450 cm-' nnd is shown in E'igure 4. Since the 
infrared absorption of water abosrbed in solid films predominates in the 
region around 600 cm-l, the solid film of sodium polyglutamate was dried 
in vacuum. The amide V band of the disordered form was now observed 
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Fig. 4. Infrared spectra of solid films of (-) SPLG and (--) SPLG-d in dis- 
ordered form. Films were cast from aqueous solution and were dried in vacuo. 

with the band center around 650 cm-I, which is shifted on N-deuteration, 
to 510 em-'. For poly-DL-alanirie (solid film),22 the amide V band of the 
disordered region was observed at  665 emw1. The amide V band of the 
disordered form is quite diffuse and may readily be distinguished from 
the sharp amide V band of the a-helical form. 

p-Form 
For low molecular weight PA\II,G (anhydride/initiator = 4), the amide I 

bands (Fig. 5) were observed a t  1695 and 1629 em-' and the amide I1 
band was observed a t  1531 cm-I, indicating that this polypeptide is in the 
antiparallel-chain /3 form.'v7 In the low-frequency region, the strong 
band of PMLG at  700 cm-' is shifted, on N-deuteration, to the medium- 
intensity band of PAILG-d a t  531 cm-'. From the frequency ratio of 
700/531 = 1.31, these bands are identified as the amide V and V' bands 
of the p form. 

form (Fig. 6), the amide V band is observed 
a t  703 cm-', which is assigned to the B vibration (phase difference of 180") 
calculated a t  688 cm-', the N-H out-of-plane bending vibration coupled 
with the C=O out-of-plane bcriding mode.16 The amide V' band of  
PT,A-d (N-deuternted with deuterium oxide) a t  520 cm-' is assigned to the 
B vibration calcu1:~ted a t  542 cm-', which is primarily due to the N-I> 
out-of-plane bending mode. Simi1:trly tlic arnide V hnrid of polyglycinc 
114 in the p form is observed a t  700 crn-l. 

The amide I, 11, and V frequencies of PAILG, PBI,G, and I'LA and 
the amide V' frequencies of N-deuterated derivatives are listed for com- 
parison in Table I. The amide V bands of the antiparalle1-chain p form 

For poly-L-alanine in the 
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Fig. 5 .  Infrared spectra of solid films of (-) PMLG (A/I = 4) arid (--) PMLG d .  
Films were cast from chloroform solution. 
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Fig. 6. Infrared spectra of KBr disks of (-) PLA (A/I = 4) and (--) PLA-d. 

are thus observed in a narrow frequency region of 700-705 em-' and the 
amide V' bands are observed in the region of 515-530 em-'. For PBLG-d, 
the amide V' band of the 0-form was observed a t  518 em-', whereas the 
amide V band of PBLG in the 0 form was overlapped by the strong band 
of benzyl groups a t  696 cm-'.14 

CONCLUSION 
Amide V bands arising from IT-H out-of-plane bending modes of polg- 

peptides were thus found to  vary with chain conformations : a-helical form, 
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610-620 em-'; disordered form, around 650 cm-'; antiparallel-chain p form, 
700-705 cm-l. These amide V bands of various forms are widely separated 
from each other and these correlations anre useful for conformation 
studies of polypeptides and proteins. Conformation analyses with amide 
V bands do not necessarily require dichroic measurements and therefore 
are also applicable to  copolypeptides or proteins which are not oriented. 
In  fact, the amide V bands due to the a-helical form, disordered form, and 
antiparallel-chain /3 form were observed for a solid film of lysozyme.l6 

Amide V bands of the a-helical form are well-defined and make sharp 
contrast with diffuse amide V bands of disordered form. Accordintly, 
the intensity of amide V bands a t  610-620 cm-' may be used for esti- 
mating the fraction of the a-helical form, although amide V bands of dis- 
ordered form partially overlap. In  fact, the right-handed and left- 
handed a-helical forms and disordered forms of copoly (y-benzyl D,L- 

glutamate)23 and copoly(y-methyl D,L-glutamate) 22.25  were studied, from 
measurements of the intensity of amide V bands and the optical rotatory 
dispersion. 

Amide V' bands arising from N-D out-of-plane bending modes of 
N-deuterated polypeptides were also found to  vary with chain confor- 
mations : a-helical form, 455-465 cm-'; disordered form, around 510 em-'; 
antiparallel-chain p form, 515-530 em-'. These correlations for amide 
V' bands are useful for conformation studies 011 polypeptides whose 
amide V bands are overlapped by side-chain bands or for confirming the 
conformations derived from analyses of amide V bands. 

The authors wish to express their gratitudes to Professor Elkan It. Blout of IIarvard 
Medical School, Professor Junzo Noguchi of Hokkaido University, and Ajinomoto, Ltd. 
for generous gifts of polypeptide samples. 
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