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Synopsis

The normal vibration frequencies of poly(l.-alanine) and poly(I.-alanylglycine) in the an-
tiparallel chain-pleated sheet structure have been calculated, using the force field for polyg-
lycine I from the previous paper (Biopolymers 15, 2439-2464) plus additional force constants
for the methyl group. The agreement with observed ir and Raman bands is very good. This
substantiates the excellent transferability of the force field, since polyglycine I was shown
to have arippled-sheet structure. The amide I and amide Il mode splittings are very well ac-
counted for by transition dipole coupling, showing that subtle structural differences are
sensitively manifested through this mechanism.

INTRODUCTION

The conformational structure of proteins, which are important biological
molecules, can be elucidated by understanding the structure and vibrational
spectra of model compounds, in particular synthetic polypeptides. This
is possible because the ir and Raman spectra of poly(L.-amino acids) are
known to be sensitive to conformational change. In order to better cor-
relate vibrational spectra with amino acid sequence and conformation,
considerable research effort has been invested in the study of synthetic
polypeptides. N-Methyl acetamide, the simplest molecule with the peptide
backbone has been investigated in detail.1-®> X-Ray diffraction, ir, and
Raman data have also provided extensive information relevant to an un-
derstanding of the structure of more complicated polypeptides. Despite
this, a detailed understanding of the vibrational spectra of polypeptides
has still to be achieved.

In this paper we continue our analysis of the vibrational spectra of 8
polypeptides, in particular poly(L-alanine) [(Ala),], and poly{(L-alanylg-
lycine) [(Ala-Gly),,]. The ir spectra of (Ala),, in the region 3300-800 cm™!
have been recorded and published.* Fraser et al.® have reported on the
X-ray structure and ir spectra of (Ala-Gly),. Far ir spectra®® as well as
Raman spectra from several sources?1? are available on these polypeptides.
These data, in conjunction with our studies on polyglycine I [(Gly I),,]1:12
form the basis for the development of a transferable valence force field that
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can be used to calculate and study the normal vibrational modes of 8 po-
lypeptides with alkyl side chains.

The normal vibration calculations presented in this paper are based on
two previously published force fields, the Jakes and Krimm3 valence force
field for the amide group and the Moore and Krimm!2 valence force field
for (Gly I),. If force fields and associated normal vibration calculations
are to be applicable in the study of tertiary structure of more complicated
synthetic polypeptides and proteins, they must be systematically derived.
By this we mean that the portion of the force field which describes the
peptide backbone should be consistent from one polypeptide to another
and essentially independent of the nature of the side chain. It is, however,
necessary to consider differences in the force field that exist due to differ-
ences in residue-backbone interactions, as well as those due to the confor-
mation of the polymer being studied. In our studies of 8 polypeptides we
have considered only those that have alkyl side chains and whose tertiary
structure is the antiparallel chain-pleated sheet, except for (Gly I),,, which
has an antiparallel chain-rippled sheet structure.!?

For an initial force field we used the already available force field for the
polyglycines!!-12 combined with the force field for branched hydrocarbons.!3
Available ir and Raman data for (Gly I),,, (Ala-Gly),, and (Ala),, were used
as the basis for a best least squares refinement of the force field. This force
field was subsequently applied in a normal vibration calculation of 8-
poly(L-valine) and poly(L-a-amino-n-butyric acid) (manuscript in prep-
aration), and has given good agreement with experiment.

EXPERIMENTAL DATA

All of the ir and some of the Raman data used in this work were taken
from the literature.* ! The Raman data used for (Ala-Gly),, have not been
previously published, and were obtained independently in this laboratory
by Hsu (unpublished results) and Johnston (unpublished results). The
Johnston data were recorded on a Spex Ramalog spectrometer and cover
the region from 3300 cm~1! to 800 cm~!. The spectrometer used by Hsu
has been described elsewhere.!* These two spectra agree well; however,
when discrepancies exist, values that were used in the refinement are in-
dicated. Subsequent to the refinement, Frushour and Koenig!® published
the Raman spectrum of (Ala-Gly),. Whenever possible their data have
been incorporated.

CRYSTAL STRUCTURES

The sheet structure used for (Ala),, was taken from the work of Arnott
et al.,18 who give a = 4.73 Aand b =6.89 A (3.445 A per residue); the in-
tersheet distance is ¢ = 5.27 A.17 As described previously,!? the relative
axial shift between two adjacent chains in the same sheet is determined
from band splittings arising from transition dipole coupling. The inter-
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TABLE I
Structural Parameters of Crystalline Poly(L -alanine) and Poly(1. -alanylglycine)

Chain Parameters

Bond lengths (in dngstréom): r(Ce—C)=1.53 r(Cx—H)=1.07
r(C—-N)=1.32 r{C—H)=1.09
r(N-Cx)=1.47 r(N—H)=1.00
r(C=0)=1.24

Bond angles: C&CN[(Ala), ] =115.4° CxCO = 121°

CeCN[(Ala-Gly),] = 114.0°  CNH = 123°
CNCe[(Ala), ] = 120.9°
CNCe[(Ala-Gly), )] = 123.0°

All angles about C* and CF tetrahedral

Sheet Parameters (Ala), (Ala-Gly),
¢ -139° —143°
¥ 135° 139°
h 3.445 A 3.475 A
a/2 473 A 4.71 A
¢ 5.27 A 3.79 A (Gly)
5.08 A (Ala)
o 80° 71°
H-- -0 1.76 A 1.74 A
N-- -0 2.74 A 2.73 A
He. . .He 2.37 A 2.19 A
N+H 9° 8°
615\'0
N—QH) 165° 168°
Y 0

sheet organization corresponds to unit cell ¢ of Ref. 16, where we have taken
AZ =0, according to Colonna-Cesari et al.!”

The structure used for (Ala-Gly), consists of antiparallel chain-pleated
sheets in which all glycyl residues are extended from one side of the sheet
and all alanyl residues from the other.® The axial translation per residue
is 3.475 A and the interchain distance within a sheet is 4.71 A.17 The sheets
are packed such that all like residues face one another. This packing results
in different sheet spacings between glycyl-glycyl and alanyl-alanyl con-
tacts: c(Gly-Gly) = 3.79 A and c(Ala-Ala) = 5.08 A.17

These and other structural parameters are collected together in Table
L

VIBRATIONAL ANALYSIS

Internal Coordinates and Corresponding Symmetry Coordinates

The conventional definitions for internal coordinates for the peptide
chain are adhered to. With respect to each of the hydrogen bonds, an in-
termolecular H---O stretching coordinate, two torsion coordinates, and two
bending coordinates are used: Ar(H--O), Ar(C=0--H), Ar(N-H-..0),
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TABLE II
Internal Coordinates of Poly(L -alanylglycine) and Poly(L -alanine)
Group A
R, = Ar(Cx—C) R,, = AB(Co—N-H)
R, = Ar(C-N) R,, = AG(N-Ca~H)
R, = Ar(N—Cx) R , = AB(N—-Ca—Ho)
R, = Ar(C=0) R,, = AG(C—-Ca~H)
R, = Ar(N-H) R,, = A§(C—Ce—Hey
R, = Ar(Ce—H) R,, = AG(H-Ca—H)
R, = Ar(Cx-H%) R,, = Ay(C=0- - -H)
R, = Ar(H.--0) R, = A’)’H(N—H' --0)
R, = Ar(H%- - -H®) R,, = Ay (C=0- - -H)
R,, = AB(Cx—C-N) R, = Ay, (N-H. - -0)
R,, = AJ(C—N=Ce) R, = Aw(0=C<Yy)
R,, = DG (N-Cx-C) R, = Aw(H-N<G,)
R,, = A§(Ce—-C=0) R, = AT(C*—C)
R,, = AO(N—-C=0) R,, = AT(C-N)
R, = A§(C-N-H) R,, = AT(N.-—CO‘)
Group B
R, = Ar(Cx-C) R,, = AG(N-C«—CB)
R, = Ar(C—N) R,, = AB(C—Ce—H)
R, = Ar(N—Cv) R,, = A§(C~-Cx—-C8)
R, = Ar(C=0) R,, = Af (H*—Ca—C8)
R, = Ar(N-H) R,, = AB(Co—CB-H)
R, = Ar(Ce—Hw) R,, = AG(Cx—CB—H)
R, = Ar(CB-H) R,, = Af(Co—CB-H)
R, = Ar(CB—H) R,, = A (H-CB—H)
R, = Ar(CB—H) R,, = A9 (H-CB—H)
R,, = Ar(Cx-CB8) R,, = AB(H-CB-H)
R,, = Ar(H- - -0) R,, = A§(C=0- - .H)
R,, = Ar(He- . -Ho) R,, = AO(N—-H- - -0)
R, , = A§(Ce—-C-N) R,, = Aw(O=C<Iga)
R, , = AG(C-N-Cv) R,, = Aw(H-N <8°‘)
R ;= AB(N-Ca-C) R, = AT(C*-C)
R,, = AB(Ce-C=0) R,, = AT(C-N)
R,, = AB(N-C=0) R,, = AT(N-C%)
R,, = AG(C~N-H) R,, = AT(Cx~C8)
R, , = AB(Ce-N-H) R,, = AT(C==0)
R,, = AG(N—Ca—He) R,,= AT(N-H)

A§(C=0--H), and AO(N-H--0O). Within the peptide group the internal
coordinates for out-of-plane bending, Aw, are defined as in Abe and
Krimm.!! The definition of the coordinates associated with internal
rotation follows the convention of Fukushima and Miyazawa.18 In Tables
IT and IIT we give these internal coordinates and their associated local
symmetry coordinates, respectively. In these tables (Ala-Gly),, requires
both group A and B coordinates, whereas only group B coordinates are
needed for a description of (Ala),,.
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TABLE III
Local Symmetry Coordinates for One Peptide Group of Crystalline
Poly(L -alanylglycine) and Poly(L -alanine)

Group A
S, =R, N—C« stretch
S, =R, Ca—C stretch
S, =R, C~N stretch
S, =R, C=0 stretch
S, =R, N-H stretch
S, =(R,+ R,)2% CH, symmetric stretch
S, = (R, —R,)2" CH, asymmetric stretch
S, =(2R,, —R,,—R,)/6" C-N-Co deformation
S, =(hR,, - R,, - R,, - R, —R,, — R,,)/30% N—-Ca—C deformation
S,,=(2R,,~R,, ~R,,)/6"% Ce—C—N deformation
S]l =(R14 _313)/2‘/2 C=0 1p bend?
S, = (R, —R,)/2" N-H ip bend
S,,=(4R,,-R,,—R,,—R,, - R,,)/20% CH, bend
Sl4=(R17+R13—R19—Rzo)/2 CH, wag
Sls=(R|7—R18_R19+R20)/2 CH: twist
Sns=(Rx7_R18+R19—Rzo)/2 CHz rock
Slv =R, C==0 op bend#
S,s=R,, N-H op bend
S, =Ry, N~-C& torsion
S,, =R, Ca—C torsion
S, =R, C-N torsion
S:z =ty H- - -O stretch
S, =R, He- - -H@ stretch
S,.=R,, C==0- . -H ip bend
S, = Ry, N—-H- - -0 ip bend
S,,=R,, C=0- - -H op bend
S,; =R, N-H- . -O op bend
Group B
S, =R, N~—-Ca stretch
S, =R, Ca—C stretch
S, =R, C—N stretch
S, =R, C=0 stretch
S, =R, N-H stretch
S, =R, Co—CB stretch
S, =R, Coe—H stretch
S, =(R,+ R, +R,)3% CH, symmetric stretch
S, =(R,-R\)/2% CH, asymmetric stretch 1
S,,=(2R,—R, ~R,)/6% CH, asymmetric stretch 2
S,,=(2R,; - R,, — R,;)/6% Cox—C—N deformation
S, =(R,~R,,)/2" C=0 ip bend
S,,=(2R,,—R,,—R,,)/6" C~-N-C« deformation
Sia= (R, —R,,)/2% N—H ip bend
S,;={R,;*+R, *R,,—R,,~R,, —R,)/6" N-Ce—~C deformation
'st:(2Rls_Rzl_Rm)/Gl/2 Cﬁ bend 1
St7:(R:1 _Rza)/21/2 Cﬁ bend 2
Sls = (2R24 - Rzo - Rzz)/Gl/z H® bend 1
Slg=(R20_Rn)/21/z H% bend 2
S,,=(2R,;, —R,, — R,,)/6% CH, asymmetric bend 1
S, =(R,, —R,,)/2% CH, asymmetric bend 2

(continued)
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TABLE III (continued)

Sn = (2st - st - R27)/61/2 CH3 rock 1
S,,=(R,, —R,,)/2" CH, rock 2
S,,=(R,,+R,,+R,,—R,,— R,, - R,,) CH, symmetric bend
S,,=R,, C=0 op bend

S,s = R,, N~H op bend
S,,=R,, N-—-C« torsion

S,s = R,, Ca—C torsion

S,, = R,, C-N torsion

S,, = R, Ca—CB torsion

S,, =R,, C=0- : -H ip bend
S,,=R,, N-H- - -O ip bend
S,,=R,, H- - -O stretch
S,,=R,, Ha. . .Ha stretch
S,,=R,, C=0 torsion

S.. =R N-H torsion

w
EN
-
=3

a4 Here ip denotes vibrations in the plane of the amide group and op denotes
vibrations out of the plane of the amide group.

Optical Activity and Selection Rules

For the optically active modes of 8-(Ala),, the symmetry species and
selectlon rules are those defined in Ref. 12 for the antiparallel chain-pleated
sheet. There are 30 ir inactive normal modes in the A symmetry group,
and the B, Bo, and Bjs species each have 29 ir active modes. The B; modes
display parallel dichroism with respect to the chain axis, while the B, and
B3 modes both have perpendicular dichroism. All modes are Raman active.
Crystalline (Ala-Gly),, with C; symmetry, has 50 and 49 normal modes of
vibration in the A’ and A” symmetry groups, respectively. All modes are
both ir and Raman active.

Transition Dipole Coupling

Amide I Modes. In order to explain the observed splittings in amide
1 it is necessary to incorporate the effects of transition dipole coupling.12
The results on (Ala),, were obtained in conjunction with those for (Gly I),,.
As explained previously,!2 we require that from one polypeptide to another
the location of the transition dipole center and its orientation with respect
to the C=0 bond remain unchanged. Therefore, as in (Gly I),,, the center
is 0.868 A from the carbon atom along the C — O direction and the transi-
tion dipole is tilted 20° with respect to the C=0 bond towards the N — C
direction.

Using the approach described previously,'? the change in potential energy
due to two interacting transition dipoles, du/dS, is represented by

1

€

-3
Ous| | 9me . (cos a cos 3 cos v) AS, AS, 1
aSs1 19S; |Rst |3
These energy terms (in cm™!) for various values of s and ¢ represent the
coefficients, Dy, in the perturbation equation:

AVSZ =
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TABLE IV
Values of Ratios [Egs. (3)] as a Function of Ab for Crystalline
Poly(L -alanine) and Poly(L -alanylglycine)

(Ala), (Ala), : One Sheet (Ala-Gly),,

Ab, A Ratio 1 Ratio 2 Ratio 1 Ratio 2 Ratio 1 Ratio 2

0.0 -0.146 +0.854 +0.019 +1.019 -0.298 +0.702
-0.1 -0.261 +0.739 -0.090 +0.902 —-0.385 +0.615
-0.2 —0.357 +0.642 -0.201 +0.799 —-0.466 +0.533
-0.3 -0.439 +0.561 —0.291 +0.709 —0.534 +0.464
-0.4 —-0.502 +0.487 -0.371 +0.629 -0.595 +0.404
0.5 -0.576 +0.429 ~0.442 +0.558 -0.650 +0.350
-0.6 -0.633 +0.367 —-0.504 +0.496 —-0.698 +0.302
-0.7 —-0.687 +0.313 —-0.562 +0.438 —-0.745 +0.255

Observed: (Ala),—Ratio 1 = —0.40, Ratio 2 = 0.60
(Ala-Gly),—Ratio 1 = —-0.51, Ratio 2 = 0.48

1
v(6,6') =vo+ X D, cos(sd) cos(td’) (2)
$,t=0
where each Dy; represents a summation over similar terms within the chosen
sphere of interaction, and the Dy term is included in »¢. In order to obtain
the relative axial shift between chains, we compare, as for (Gly 1),,, 12 cal-
culated and observed values of the following ratios:

Xoi+ X v(0,0) = »(0,m)

Xio— X1 B p(0,m) — v(w,0) — 2¢,
Xio+ X1 »(0,0) = v(7,0) = 2¢;
Xiw—Xo  #(0,1) = »(m,0) = 2¢,

where the X’s are the geometric factors in Eq. (1).

The calculated values of the ratios, obtained from the X’s, are given in
Table IV for (Ala), and (Ala-Gly),. As for (Gly I),,!? the range of inter-
action was +35 A within a sheet and +3 sheets. (For comparison, we also
give the results for only one sheet of (Ala),,.) The observed values of the
ratios, obtained from the right side of Eq. (3), will depend slightly on the
value of ¢y, which is itself dependent on the force field. This constant is
small, however, and, considering reasonable variations in the force field,
we find that 0 < ¢; £ 1.0 em™1; for (Ala),, then, the value of ratio 1 is —0.40
and the value of ratio 2 is 0.60. This implies that Ab = —0.27 A. Similarly,
for (Ala-Gly),, the values of ratios 1 and 2 are —0.51 and 0.48, respectively,
implying that Ab = —0.25 A. With these values of Ab the amide I
frequencies have been calculated, and these and the interaction constants
are given in Table V, with the results for (Gly I),, included for comparison.
It will be seen that the agreement with the observed frequencies is very
good, particularly in predicting that the »(0,r) frequency is almost 20 cm™!
higher in (Ala-Gly), than in (Gly I),,.

Amide Il Modes. The effects of transition dipole coupling on the

ratiol =

(3)

ratio 2 =
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TABLE V
Amide I Frequencies and Interaction Constants (in em™') for Crystalline
Poly(L -alanine}, Poly(L -alanylglycine), and Polyglycine I

(Ala), (Ala-Gly),, (Gly I),

Obsd Caled Obsd Caled Obsd Caled
v(0,0) 1669 1669 1665 1665 1674 1674
0,m) 1695 1695 1702 1702 1685 1685
v(m,0) 1630 1630 1630 1630 1636 1637
y(m,m) 1701 1693 1694 1690
D,, 8.40 10.88 7.91
D,, -24.20 ~25.60 -16.10
D,, 11.20 6.83 10.55
D,, -1.66 -3.90 —6.10
V4 1673.6 1672.9 1671.6
Apegr® 0.370D 0.370D 0.348D
Ab -0.27 A -0.25 A 0.00A

AP, =0, + Dy,
b Aptegr =:(314/0S) AS.

frequencies of the amide II vibrations in (Ala), and (Gly I),, were reported
previously.12 We have also incorporated these effects into our analysis of
(Ala-Gly),. Asin (Gly I),,, we have taken the center of the transition dipole
moment to be along the N-H bond, 0.6 A away from the hydrogen atom.
The angle that the amide I transition moment makes with the C=0 bond
is similarly taken to be 68°. We calculate the magnitude of the transition
dipole moment of amide II from the ratio of the intensity of the amide II
band to that of the amide I band (0.532) and the effective transition moment
of amide I, Auesr. Since amide I for (Ala),, has Auesr = 0.370D, and this value
is the same for (Ala),, and (Ala-Gly),, we use for amide IT a Au.¢r = 0.269.
The results of these transition dipole coupling calculations are given in
Table VI, and agree well with observations.

Amide A and B

It has been established!? that in the antiparallel chain-pleated sheet
structure of homopolypeptides the only combinations of amide II bands
that can possibly participate in Fermiresonance with the unperturbed N-H
stretching mode to produce the observed amide A and amide B bands
are:

v(0,0)11 + »(7,0)11 — »(7,0)B (4)
or
v(0,m)11 + v(mw,m)n — v(7,0)p (5)

In the previous paper!2 we showed how to calculate the unperturbed amide
A and B frequencies from the frequencies and relative intensities of the
observed bands. The method was applied to (Ala), and gave v,° = 3242
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TABLE VI
Amide II Frequencies and Interaction Constants (in cm™) for Crystalline
Poly(l -alanine), Poly(1.-alanylglycine), and Polyglycine I

(Ala), (Ala-Gly), (Gly ),
Obsd Caled Obsd Calcd Obsd Calcd
2(0,0) 1538(R) 1534 1540 1515 (R) 1515
p(0,m) 1524 (ir) 1523 1535 (R, ir) 1533 1517 (ir) 1516
y(m,0) 1555(R) 15565 1560 (R, ir) 1570 1563
v(m.m) 1587 1602 1588
D, —15.77 —-20.60 -24.07
D,, -4 .95 —6.82 —6.43
D,, 11.04 10.34 6.13
Dy, -1.70 6.00 2.90
v, 1550.0 1560.8 1545.8
Alese D 0.269D 0.269D 0.254D

21Vo = Vo' + Doo‘
b Aptesr = (0u/0S) AS.

and v,° = 3109. Using this approach for (Ala-Gly), gives v,° = 3258 and
v, = 3108. In (Ala-Gly), the v(m,7) frequency is predicted very high (1602
cm™!), making the combination,

v(0,m)11 + v(m,m)n — v(7,0)B
le.,

1533 + 1602 — 3135 cm™!

an unlikely one for the unperturbed amide B frequency. On the other
hand, the combination

v(0,0)1 + »(7,0)11 = »(7,0)B
le.,

1540 + 1570 — 3110
agrees well with the predicted v,% = 3108 cm~L.

DISCUSSION
Force Field

The force constants used to calculate the normal modes of (Ala), and
(Ala-Gly), are those associated with the glycine residue, which are un-
changed from the ones reported previously for (Gly I),, 2 plus force con-
stants associated with the alanyl residue. The latter are given in Table
VIL

No least squares refinement of N-H or C—H stretching force constants
was attempted. The reported values of these force constants were adjusted
to produce the best agreement with observation in (Gly I),,, (Ala-Gly),, and
«- and 3-(Ala),,. Modes of (Ala), with A4, By, and B> symmetry were all
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TABLE VII
Force Constants for Alanyl Residue
Force Constanta Value

1. f(Ca~C8) 4.387b
2. f(N—H) 5.674¢
3. f(Ce—He) 4.493d
4. f(C8~H) 4.800¢
5. f(NCaC) 0.595d
6. f(NCeH) 0.7394d
7. ANC«CB) 1.030d
8. F(CCaCh) 1.050d
9. f(CPCaHa) 0.642d

10. f(C*CAH) 0.669d

11. f(HCBH) 0.524d

12. A((C&—=CB tor) 0.110€

13. f(H- - -0) 0.150¢

14. f(He. . -Ho) 0.011 [(Ala), ]

15. f(He- - -Ho) 0.014 [(Ala-Gly), ]

16. f(CaC,CxCh)

17. f(NCe.CaC8) % 0.101°

18. f(CBH,CBH) —0.071¢

19. f(CaC,NCaHa)

20. f(NCe CCaHe) % 0.0564

21. f(CeC,NCeC8)

22. f(NC&,CCaCB) % 0.010¢

23. f(CaC,CCaCB)

24. f(NCe NC2CB)

25. f(C2CH NCaCH) ; 0.417b

26. f(CaCB,CCaCB)

27. f(CaC,CECaHe)

28. fINCe CAC*H®)

29. f(CaCB NCxH®) } 0.079°

30. f(C*CB,COxHa)

31. f(NC® NCeH«) 0.217d

32. f(CaCB, cﬁcaHa % 0.328d

33. f(CCB,CaCAH)

34. f(CNC« NCaHe) 0.100d

35. f(NC®C,NCaHe)

36. fINCeC,CCeHe)

37. AINC*CB NCxHe)

38. f(CCeCH ,CCaH) ~0.031b

39. (CCxCB,CACHY)

40. f(NCeCB CBCeHa)

41. f(INCxCB,CCaCB)

42. f(NCaC,NC«C8) % —0.041b

43. f(NCaC,CCaCB)

44, f(C*NH,NCoHe) 0.0114d

45. f(C*NH,NCaC8) 0.020d

46. f(NCaH® CCeHe) 0.310d

47. AINC*He CBCaHx)

48, f(CCozHa,CﬁC&Ha)% 0.0434

49. f(CeCBH,C*CBH) —0.045¢

50. AINC*CB,CaCBH) ! -0.0494d

{continued)
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TABLE VII (continued)

Force Constanta Value
51, f(INCeCB,CxCPH)# —~0.014d
52. f(C«CBH,CBCaH) ! 0.1224d
53. f(C«CPH,CBCaH )& 0.016d
54. f(N-H- - -O) opb 0.030f
55. f(C=0---H) opb 0.010f

a Superscript ¢, g refer to trans and gauche (Ref. 13);

b Transferred from Ref. 13 without refinement.

¢ Transferred from Ref. 13 and adjusted by trial and error for agreement be-
tween observed and calculated frequencies of (Ala), (@ and §) and (Ala-Gly),,.

d Transferred from Ref. 13 and then refined.

¢ Transferred from Ref. 25 without refinement.

f Transferred from Ref. 11 without refinement.

used in the least squares refinement procedure. It should be noted that
the value of the N-H stretching force constant required to give agreement
with the unperturbed N-H stretching frequency is lower than that required
for (Gly I),,. This is consistent with the stronger hydrogen bond in the
pleated as compared to the rippled-sheet structure. As in the case of (Gly
I},,, the interchain hydrogen bonds are not colinear with respect to the C=0
and N-H bonds of the peptide groups which they connect.

A criticism of our previous force field'! was that it might lack success in
predicting the low-frequency modes because no account was taken of in-
terchain interactions via H*--H® interactions. This argument is seemingly
valid since the He--H« distance in the structure of (Gly I), is only 2.6 A,
compared to a close contact of ~2.5 A in crystalline polyethylene, where
such interactions are known to be important.!®* The Hx.-H« distances in
(Ala), and (Ala-Gly),, are shorter, viz., 2.37 Aand 2.194, respectively, and
we have therefore included such interactions in our calculations through
a Williams potential.20

The calculated frequencies are compared with the observed ir and Raman
bands in Tables VIII and IX for (Ala), and (Ala-Gly),, respectively.

Assignments

Using the observed dichroic behavior, CH3 bending modes in (Ala),
above 1410 em~! are readily assigned. In (Ala-Gly), both CH; and CH,
bending modes have characteristic bands in this region. The 1447 cm™!
band in the Raman and ir spectra of (Ala-Gly),, is most probably associated
with the CH;3 and CH, deformations that are calculated at 1453 and 1440
cm~!, respectively. Inthe spectra of all 8 polypeptides, there is a band at
~1400 cm~1, i.e., 1410 cm~!in (Gly I),,, 1400 cm™—!in (Ala),, and 1405 cm™!
in (Ala-Gly),. Because in (Ala), this band is highly dichroic, we investi-
gated the possibility of its being associated with the crystal lattice. In
polypeptides with a beta carbon, the wagging of H* is invariably the dom-
inant contributor to the potential energy of the 1400 cm~! band. However,
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TABLE VIII
Observed and Calculated Frequencies (in ecm ™) of Poly(L -alanine)
Observed Calculated
Frequencies Frequencies
Raman Infrared A B, B, B, Potential Energy Distribution?

32426 3244 3244 3244 3244 NHstr(97)

so85, 2985 soss 2985 2085) o 0(08)
2968 2984 2984

2970, 2984 2984
2933 2930 2930

2930, 2930 2930

2883, 2873 2883
2871 2883 2873

CH, asym str 1(97)

CH, sym str(99)

Y vy y—

CoH* str(97)

1701  C==0 str(76), CN str(13), NCC* def(12)
1669 1669 C==0 str(77), CN str(14), NCC* def(13)
1695, 1695 C=0 str(76), CN str(14), NCC* def(13)
1630, 1630 C=0 str(76), CN str(13), NCC* def(12)
1538 1534 NH ipb(45), CN stx(30), C=0 ipb(12),
CaC str(11)
1524 1523 NH ipb(44), CN str(30), C=0 ipb(12),
CaC str(11)
1555 1555 NH iph(36), CN str(25), C*C str(17),
NCe str(13), H* bend 2(10)
1587 NH ipb(37), CN str(25), C«C str(17),
NCe str(13), C==0 ipb (11), H® bend 2(10)
1460 1460 CH, asym bend 1(63), CH, rock 1(13)
1453 1453  CH, asym bend 2(75), CH, rock 2(11)
1451 1453 CH, asym bend 2(75), CH, rocK 2(11)
1455, 1453 CH, asym bend 2(75), CH, rock 2(11)

1446, 1450 14502 CH, asym bend 2(55), CH, asym bend 1(31)

1399 1405 ; Ha bend 2(35), H* bend 1(18),
1400, 1401 CH, sym bend (17), NC< str (14)
1380, 1379 1379  CH, sym bend(39), He bend 1(16),
He bend 2(12), NH ipb(11)
1368 1363 He bend 1(22), NH iph(20), CXC str(17),
CH, sym bend(13)
1363 H« bend 1(23), NH iph(20), C*C str(17),
CH, sym bend (14)
1332, 1326 1326  CH, sym bend(53), H* bend 2(25), NH ipb(12)
1335 1322, 1329 1329 & CH, sym bend (66), H* bend 2(10)
1311 1308 1309 1309 Ho bend 1(49), C&C str(13), NH ipb (11)
1243 1241, 1247 1246 He bend 2(30), NH ipb(19), CN str(18),
C=0 iph(15)
1223 1221, 2B e b He bend 1(42), NH ipb(17), ON str(14)
1165 e, nes 2 NC= str(30), He bend 2(27), CH, rock 2(15)
1120 1119  CH, rock 2(23), NC* str(23), CH, rock 1(12),
CaCB str(10)
1096 i 1095 CaCB str(42), CH, rock 2(30)
1095  CoCB str(40), CH, rock 2(31)
1069 1070 CH, rock 1(44), C=CB str(33)
1069 CH, rock 1(42), C*CB str(36)
1050, 1049 1050 CH, rock 1(43), H® bend 1(27)
1046 CaCP str(33), CH, rock 2(21)
1044 C=CB str(30), CH, rock 2(20), CH, rock 1(12)
967 977 CH, rock 2(37), CaC# str(19).
NCe str(14), CaC str(13)
967, 978 CH, rock 2(37)
921 CH, rock 1{22), CN str(12), CNC= def(12),
209 CaCs str(11), C=0 str(10)
913 CH, rock 1{20). ON str(13), CNC defy 131,
CaCP str(10), C=0 st 1)

906

(continued)
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TABLE VIII (continued)
Observed Calculated
Freguencies Frequencies
Raman Infrared A B, B, B, Potential Energy Distribution?
926, 921 CN str(20), CH, rock 2(19), NC2 str(18),
CaCB str(10)
913 NC« str(23), CH, rock 2(20), CN str(18),
CaCB str(13)
855 CaCH str(26), CaC str(23), NC« str(17)
854  CoC str(25), CHCH str(22), NC str(13),
CN str(10)
774 CaC (18), C=0 ipb(16), CNC« def (14)
. C#8 bend 2(11), CH, rock 1(11)
e T 775 G=0 ipb(17), CC str(16), CNC® def(15),
CH, rock 1(11), CA bend 2(10)
709 CN tor(60), NH opb(41), NH- - -O ipb(18),
C==0 opb(12)
710y 713 CN tor(33), NH opb(35), C==0 opb(31),
NH- - -Oiph(12)
709, 702 CN tor(80), NH opb(32), NH- - -O ipb(21)
699 CN tor(78), NH opb(34), NH- - -0 ipb(20)
698 703 C=0 oph(55), CN tor(23), C# bend 1{10)
697 CN tor(51), C=0 opb(35)
682 C=0 opb(50), NCC« def(13)
682 C=0 opb(53), NCCx def(12)
626 C=0 iph(56), C«C str(15)
622 620 C=0 ipb(57), CoC str(15)
613 624 NCC« def(40), C=0 oph(19), NCxC def(11)
621 NCC« def(41), C=0 opb(18), NCaC def(11)
531 528 a-helical structure
437 425 CF bend 2(67), NCxC def(11)
432 426 CH bend 2(66), NCaC def(10)
445 436 437  CB hend 1(50), NH opb(18)
375 372 a-helical structure
332 323 NCaC def(29)
326 325 NCaC def(32)
300 300 C—0 ipb(35), NCaC def(16), CNC« def(15),
C8 bend 2(13)
298 C=0 ipb(36), NCxC def(16), CNC* def(14),
CP bend 2(14)
266 276 NCCadef(44), CxCB tor(20), NCoC def(15)
287 NCC« def(43), C*CB tor(16), H- - -O str(10)
235 240 CaCB tor(69), NC*C def(11)
240y 241 CaCh tor(51), NCaC def(15)
240 CaCh tor(89)
241  CoCP tor(83), CB bend 2(10)
231 CP bend 2(52), CNC& def(10)
233  CP bend 2(46), C*CB tor(15), CNC* def(10)
219 CNCo def(34), C¥CB tor(51), NCaC def(15)
185 191 CNC« def(64)
153 H- - -Ostr(54), NCaC def(14), NH opb(10)
140 NH opb(40), C8 bend 1(13), C==0 opb(12)
135 139 NH opb(37), C==0 opb(14), Cf bend 1(12)
122 118 NCaC def(23), CNC« def(20), NCC def(11)
103 NH. - -0 ipb(23), CN tor(20), NH opb(11)
95 NH- - -O ipb(29), CN tor(26), NH opb(16),
CaC tor(14), C=0 tor(12), NC« tor(10)
91 91 NH opb(22), C8 bend 1(15), H- - -O str(13)
89 H---Ostr(36), CNCx def(18)
71 CaC tor(27), NC« tor(22), H- - -O str(22),
CN tor(12)
43 NH tor(29), C=0- - -H iph(18), NH opb(16),
NH- - -0 ipb(10)
35 NH tor(23), H - -Ostr(16), C=0 tor(13),
NH- - -O ipb(13)
31 NH- - -Oipb(27), NH tor(21),C=0- - -Hipb(19)
25 NH tor(34), C=0- - -H iph(21), C=0 tor(20)

a Only contributions 10% or greater
b Unperturbed frequency.

are included.
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TABLE IX
Observed and Calculated Frequencies (in cm™ ) of Poly(L -alanylglycine)
Observed Calculated
Frequencies Frequencies
Raman Infrared A’ " Potential Energy Distributiona
3248 3248
3258b NH str (96)
3248 3248
2992 2985 2985 CH, asym str 1 (99)
2978 2984 2984 CH, asym str 2 (99)
2933 2930 2925 CH, asym str (99)
2925 2929 2929 CH, sym str (99)
2884
g CaHa str (98)
2871 2875
2867
CH, sym str (99)
2863
1702 1703
C==0 str (78), CN str (15), C*CN def (12)
1693 1694
1665 1665
C=0 str (77), CN str (14), C&CN def (12)
1630 1630
1602
NH ipb (41), CN str (24), CxC str (15), NC« str (11)
1560 1560 1570
1535 1535 1540 1533 NH ipb (47), CN str (29), NC« str (10)
1455 1456 1456 CH, asym bend 2 (62), CH, asym bend 1 (12), CH,
rock 2 (10)
1450 1453 1453 CH, asym bend 1 (70), CH, asym bend 2 (13), CH,
rock 1 (10)
1447 1447 1440 1440 CH, bend (98)
1404 1405 1404 1403 CH, wag (31), He bend 2 (18), C«C str (18), CH,
asym bend 2 (11)
1369 1371 1383 1383 CH, sym bend (25), H® bend 1 (17), NH ipb (12),
CH, wag (10)
1327 1334 1330 1331 CH, sym bend (62), H* bend 2 (22)
~1310 1315 1315 CH, wag (30), He bend 1 (26)
1265 1265 1269 1271 NH ipb (32), C=0 ipb (15), CaC str (15)
1249 CH, twist (62)
1248 CH, twist (65)
1230 1227 CH, twist (25), NH ipb (18), CH, wag (15), He bend
1(14), ON str (13)
1230 1225 CH, twist (23), NH ipb (18), CH, wag (16), Ho bend
1 (15), CN str (14)
1161 1163
NCx str (36), H* bend 2 (22), CH, rock 2 (12)
1171 1163
1087 ~1090 1091 1091 CaCB str (43), CH, rock 1 (19)
1064 CH, rock 2 (40), NC« str (16), C«C8 str (12)
~1067 1063 CH, rock 2 (38), NC« str (20), CxC8 str (20)
1052 CH, rock 1 (29), H® bend 1 (24), NC< str (19)
1049 CH, rock 1 (29), H@ bend 1 (25), NC« str (18)
1004 994 CH, rock (60)
9298 991 CH, rock (64)
980 977 ?
958 CaC str (15), CN str (12)
954 CaC str {17), CN str (12), NC« str {(10), C=0 str
(10), CxC8 str (10)
915 CH, rock 1 (19), NC str (17), CN str (17), CxC8
str (15)
920 920 919 CN str (22), CH, rock 1 {12), NC« str (12), C=0O str
(10), CNC« def (10)
884 873 CaC str (24), CN str (16), C*CB str (11), C=0 str
(10)
875 CoC str (21), CxCB str (15), CN str (11)
773 776 C=0 ipb (18), CxC str (16), NCaC def (14), CNCx
def (12), NCe str (11)
775 C=0 ipb (17), CxC str (18), NC*C def (13), CNCx

def (13), NCo str (11)

(continued)
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TABLE IX (continued)

Observed Calculated
Frequencies Frequencies
Raman Infrared A’ A" Potential Energy Distributions
717 704 CN tor (72), NH opb (32), NH- - -O opb (20)
704 708 CN tor (67), NH opb (32), NH- - -0 opb (17)
701 CN tor {79), NH opb (22), NH- - -O opb (19)
701 CN tor (78), NH upb (38), NH. - -0 opb (23)
681 C=0 opb (64)
680 C=0 opb (63)
657 C=0 opb (22), CN tor (13), NH opb (12}
658 C=0 opb (20), CN tor (16), NH opb (10}
630 622 C=0 ipb (43), NCC def (12)
618 619 C=0 ipb (47), NCaC def (11)
~600 ?
573 CaxCN def (28), C=0 opbh (28), C=0 ipb (11)
554 564 571 C=0 opb (30}, CaCN def (25), C=0 ipb (12)
132 423
( C# bend 1 (25), NCaC def (22), CF bend 2 (11), NH
s opb (11)
441 423/
370 a-helical structure
333 331 Ch bend 2 (48), NH opb (10)
332 335 C# bend 2 (42)
313 301 CoCN def (28), CCoN def (19), C=0 ipb (13)
305 CaCN def (29), CCaN def (18), C=0 ipb (13)
276 C=0 ipb (25), CNC« def (19), NCoC def (13),
CaCN def (13)
279 C=0 ipb (22), CNCo def (15), C&CN def (14),
NCaC def (12), CP8 bend 1 (10)
256 256 CaCH tor (32), CNCe def (34), H- - -O str (10)
247 CaCH tor (76), CNCa def (14)
230 CaCH tor (62), CNCa def (16)
216 CNC¢ def (34), CoCB tor (18). CeCN def (16)
189 NCaC def (28), CNCo def (23)
187 CNC« def (38), NCaC def (21), H- - O str (11)
150 NH opb (59), C=0 opb (16)
151 NH opb (43), C=0 opb (16)
129 H. - -Ostr (74)
110 107 CN tor (19), NH- . -O opb (19)
99 NH- - -0 opb (27), CN tor (24), NH opb (19), CaC
tor (11)
90 N H- - O str (16), NH opb (15), CaC tor (11)
72 CaC tor (27), NCo tor (24), H- - -O str (16), NH opb
(13}, CN tor {11), NH- . -O opb (10)
54 NH- - -O opb (32), NH opb (15)
34 NH- - O opb (56), C=0- - -H ipb (27)
33 NH- - -0 opb (43), C=0- - -H opb (30}
25 C=0- - -H opb (53), NH- - -O opb (30}

a Only contributions 10% or greater are included.
b Unperturbed frequency.

in the absence of the beta carbon, as in (Gly I),,, CHs wagging in conjunction
with N-H in-plane bending was found to give rise to this band. In (Ala-
Gly),, as would be expected, a combination of H* wag and CHs wag con-
tribute to a band at approximately the same frequency (1405 cm~1). This
absorption is also present in the «-helical form of some polypeptides, e.g.,
poly(L-leucine), poly(L-norleucine), and (Ala),. It is plausible that this
particular band may be indigenous to polypeptides with alphatic side chains
and not conformationally dependent. The inclusion of the He-..H® inter-
molecular interaction causes this frequency to shift by only small amounts,
viz., about 4 cm~1. Because the C*~H®-..H*~C® geometry has such a small
effect on the frequency at ~ 1400 cm™!, and also on all frequencies above
100 em™!, the transferability of the portion of this force field associated with
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H® and the side-chain residue to polypeptides in the a-helical form should
be valid.

Elliott* speculated that the observed ir band at 1308 cm~! in §-(Ala),,
was probably due to the presence of some a-helical conformation in the
predominantly 8 sample. Actually in the ir spectrum of (Ala),, there are
two bands in this region, at 1332 and 1308 cm~1.# From the spectrum it
is not clear if these absorptions are indeed spectral contributions from 3
or residual a-helical (Ala),. However, in the Raman spectrum of 8-(Ala),
the bands at 1335 cm~! and 1311 cm™! have intensities which are too large
relative to the intensities of corresponding bands in the o form of the
polymer to be assigned to residual « content. Since bands near these
frequencies are predicted by our calculations, we assign the observed bands
to the B form, acknowledging that there may be some contribution from
the a form. In (Ala-Gly),, which is almost entirely in the antiparallel
chain-pleated sheet structure, there are bands at 1334 cm™! (1327 cm™!
in Raman) and 1310 cm™!. In both polypeptides, and in both the o and
B forms, these bands are associated with the CH; symmetric deformation
and a bending motion of H®, Relatively large contributions to the potential
energy from motions of the residue are consistent with the apparent con-
formational independence of these two bands, although some Co-C
stretching is involved in the absorption around 1311 ecm~1-

In (Ala),, the amide III vibrations, which involve N-H in-plane bending
and C-N stretching, account for all observed ir and Raman bands between
1200-1300 cm~1. The strong and highly parallel dichroic ir absorption at
1221 ecm™~! is assigned to »(0,7), i.e., the B, amide III vibration. Similarly,
the 1241 cm™~! ir band (1243 cm~! in the Raman), which has perpendicular
dichroism, is assigned to the v(r,0) (Bs) amide III mode, while the 1223 cm ™1
Raman band is assigned to the corresponding »(0,0) (A) mode. Ascanbe
seen, H* bend makes significant contributions to these modes.

It has been suggested® that the Raman band at 1243 cm~1! in (Ala), is
due to the presence of the polymer in the disordered state. The normal
vibration analyses of (Ala),, and (Ala-Gly),, however, strongly indicate that
what is observed is the splitting of amide III in the antiparallel chain-
pleated sheet. The results of our subsequent calculations on poly(L-valine)
also support these assignments for amide III. It is possible, of course, that
the disordered polymer also has a band at 1243 cm™1,

In the amide I1I region of (Ala-Gly),, ir bands are observed at 1265 cm™!
and 1230 cm ™!, and correspond to calculated frequencies at 1269 cm~! and
1225 cm™1, respectively. Although the 1265 cm—! mode is predominantly
N-H in-plane bend (one of the components of amide III), the 1225 cm™!
band contains more of the CH, twisting vibration associated with the glycyl
residue (which predominates at 1248 cm™!). Thus, this region contains
significant contributions from modes other than those of the peptide group,
and it therefore may not be as useful a diagnostic of the conformation of
the backbone as might be expected. This conclusion is not modified by
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taking interactions into account, since the calculated 1225, 1248, and 1269
cm~! frequencies are insensitive to the H*.-H* interactions.

The strong ir band at 1167 cm~! in (Ala), has parallel dichroism and
appears in the spectra of both «- and 3-(Ala),. Since the potential energy
in this mode contains 30% N-C« stretch and 27% H<« bend, it might seem
surprising that this frequency is not more sensitive to conformation in view
of the possible expectation that modes involving skeletal motions should
be conformation sensitive. In fact, an examination of the eigenvectors of
this vibration shows that the contribution of 15% CHs symmetric rock re-
sults in displacements in the C*~C#Hj group that predominate over those
in the N-C* bond, making this mode in a sense a side-chain mode. The
situation is further complicated by the observation that in (Gly I),, (which
of course has no side chain) a band observed at 1162 cm~! (Raman) is as-
signable to a mode comprised of 62% N-C« stretch and 14% C+-C stretch.
The important point that emerges is that caution is required in assigning
bands of similar frequency in different systems to similar vibrational
modes.

Bands at 1096 cm~!, 1050 cm ™!, and 909 cm ™! also appear in the spectra
of both a- and 8-(Ala),. Corresponding bands appear in (Ala-Gly), spectra
at ~1100 cm™!, 1050 ecm~!, and 920 cm~!. Since these bands are absent
in the spectra of (Gly I),, it is rewarding to find that all of these bands are
predicted to be predominantly associated with the motion of the alanyl
residue.

The dichroic character of the 771 em~! band in (Ala), is not clear. In
fact from the ir spectra it is not even clear whether this band is to be iden-
tified with the 8 or the o form. Because in the Raman spectra of Frushour
and Koenig? a 775 cm~! band is only observed for the rolled (Ala),, fiber,
which is known to be in the 8 form, we have assigned it to a combined C=0
in-plane bending and C*-C stretching mode of the 8 form. Nonetheless
some ir absorption at ~776 cm~! could also be present in the « conforma-
tion, although there does not even seem to be agreement on this
point,21.22

In the adjustment of force constants and the assignment of bands be-
tween 695 cm™1 and 776 cm ™! for the polypeptides in the 8 form we again
confirm the suggestion that amide V, which is due predominantly to N-H
out-of-plane bending and C-N torsion, is confined to a small (~5 cm™1)
region around 700 cm™1.23  Although the amide V vibration near 700 cm ™!
has been said to possess perpendicular dichroism,23 it does not appear to
be highly dichroic. We assume that the reason for this is that the amide
V modes of the B, B, and B3 symmetry species all contribute to the ab-
sorption near 700 cm™1L,

In the region from 690 cm™! to 250 cm ™! agreement between observed
and calculated frequencies is good. Two bands in 8-(Ala),, at 528 cm~! and
372 ecm™~! are due to the presence of some a-(Ala), in the samples. In
(Ala-Gly), a band at 370 cm™! is also assigned to the a-helical structure.
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A recent study by Itoh and Katabuchi® supports this explanation. They
found that (Ala-Gly), after treatment with dichloroacetic acid assumes
the a-helical conformation, as indicated by the large intensity increase in
the 375-371 em™~! band in conjunction with enhanced absorption at 527-523
cm™L,

The bands observed near 240 cm~! have previously been assigned to
methyl torsion.? Using the value of the force constant associated with this
assignment (f, = 0.11 mdyn-A),24 the methyl torsions are well predicted
at 240 cm™! and 256 cm™~! in (Ala), and (Ala-Gly),, respectively. Although
these modes at ~250 cm~! have been most often assigned to C-N torsion
and referred to as amide VII, our calculations definitely indicate that this
is not correct. In all molecules that contain the methyl group some ab-
sorption in the 200-260 cm™! region is observed. Certainly the internal
rotation around C*—C¥ in polypeptides invites a comparison with similar
rotations in n-paraffins at ~250 cm™!, where a torsional force constant of
~0.1 mdyn-A is required.2> Neutron scattering experiments also support
this assignment.?® Other aspects of the low-frequency region of the
spectrum of (Ala), have been discussed in detail in the preceding
paper.12

CONCLUSIONS

It is seen that the force field transferred from (Gly I),,2 to which con-
stants associated with the methyl group have been added, provides a very
good prediction of the vibrational spectra of (Ala), and (Ala-Gly), in the
antiparallel chain-pleated sheet structure. Since (Gly I),, has a rippled-
sheet structure,!? this force field exhibits a high degree of transferability
for (8 polypeptides.

As for (Gly I),,,'2 transition dipole coupling is important in accounting
for the splittings in the amide I and amide II modes. The incorporation
of this interaction mechanism also permits the determination of the axial
shift, Ab, between chains in a sheet, probably more sensitively than is
possible at present by X-ray or electron diffraction techniques on such
poorly ordered systems. Itisinteresting to note that Ab is in the range of
—0.25 to —0.45 A for the pleated sheet (based also on our calculations of
other 3 polypeptides), whereas for the rippled sheet of (Gly I),, we find that
Ab = 0.'2 Despite these structural differences, the unperturbed peptide
group amide I frequency is essentially the same in all 8 structures, ~1673
cm~!. The unperturbed amide II frequency is not nearly so constant, re-
flecting the less localized character of this mode.12

While the amide I and amide II modes are very characteristic of the
main-chain conformation, we see that this is not as true of bands in the
amide III region. The reason for this is that modes in this region (1200~
1300 ¢cm™!) contain significant side-chain contributions. Caution is
therefore called for in using this region for diagnostic purposes.
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Subsequent papers in this series will consider the analysis of the vibra-
tional spectra of other 3 polypeptides as well as polypeptides in other
conformations. The analysis of small peptides as well as proteins will also
be discussed.

This work was supported by National Science Foundation Grants BMS74-21163 and
MPS75-05239.
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