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Abstract

Poly(B-benzyl-L-aspartate) (PBLA) shows unusual conformational variety and under varying conditions of prepa-
ration it is capable of adopting four different conformations, namely left-handed o helix (o), right-handed o helix (o), ®
helix and B pleated sheet. We present here a complete phonon dispersion and heat capacity study on the § form of PBLA.
A comparison of the characteristic features and the conformational dependence of modes for o, f and ® forms of PBLA
are made. It is observed that the dispersion of modes in the § form is in general larger than in the o form. Crossing over
and repulsion of various dispersion branches are discussed. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Poly(B-benzyl-L-aspartate) (PBLA) is a synthetic
homopolypeptide, which shows unusual conformational
variety. Under varying conditions of preparation it is
capable of adopting four different conformations, namely
left-handed o helix (o), right-handed o helix (o), ® helix
and [ pleated sheet [1-6]. This conformational versatil-
ity of PBLA has made it an interesting model for the
study of molecular dynamics of proteins and polypep-
tides. PBLA forms a left-handed o helix when films are
cast from solvent, the vibrational dynamics for this form
has been reported earlier [7]. The unusual left-handed
helix sense for o and ® forms could be related to lesser
steric hindrance produced at B carbon as compared to
the right-handed form [5]. Films of low-molecular weight
PBLA are converted to the cross B sheet conformation
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when heated at 140°C, while films of higher molecular
weight form the o helix after identical heat treatment.
On further heating the ® form turns irreversibly into f
pleated sheet conformation [8-10]. The irreversibility is
due to the formation of interchain hydrogen bonds. In
this communication we report complete phonon dis-
persion and heat capacity for the B form of PBLA.
Earlier studies on the dispersion curves of polyglycine
I, poly(rL-alanine), poly(L-serine) and poly(rL-valine) [11-
14] in B sheet conformation show that the amide as well as
other skeletal modes and their dispersive behaviour de-
pend not only on the backbone conformation but also on
the side-chain structure. Dispersion curves for the o and
o forms of PBLA have been recently reported by Tandon
et al. [7] and Gupta [15]. However no such studies have
been reported on the § form. In the present work we re-
port a comparison of the characteristic features of the
dispersion curves for o, B and ® forms of PBLA.
Frushour and Koenig [16] have reported infrared (IR)
and Raman spectroscopic studies for B-PBLA. Their
assignments are based on qualitative considerations and
are incomplete specially in the low-frequency region.
Hence, a complete normal mode analysis and their dis-
persion for B-PBLA has been carried out. Further, under
certain conditions the regions of high density of-states
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and profile of the dispersion curves may be reflected in
the absorption spectra. In addition, correlation between
macroscopic properties and microscopic behaviour can
be obtained from the heat capacity evaluation. The
normal modes for N-deuterated system have also been
calculated to check the validity of assignments and force
field. Predictive values of heat capacity are reported and
a comparison with o and ® forms is made.

2. Theory and experiment
2.1. Calculation of normal mode frequencies

The calculation of normal mode frequencies has been
carried out according to Wilson’s G.F. matrix method
[17] as modified by Higgs [18] for an infinite chain. In
brief, the vibrational secular which gives normal mode
frequencies and their dispersion as a function of phase
angles has the form:

[GO)F(8) — A(3)] =0, 0<d<n (1)

where G is the inverse of the kinetic energy matrix, F is
the force field matrix, ¢ is the vibrational phase differ-
ence between the corresponding modes of the adjacent
residue units.

The vibrational frequencies v(d) (in cm™!) are related
to eigenvalues A(d) by the following relation:

A(3) = 4m2 A2 (3) ()

The calculated frequencies at 6 = 0 and 6 = = are mat-
ched with the observed IR and Raman frequencies re-
ported by Frushour and Koenig [16].

2.2. Calculation of specific heat

Dispersion curves can be used to calculate the specific
heat of a polymeric system. For a one-dimensional sys-
tem the density-of-state function or the frequency dis-
tribution function, which expresses the way energy is
distributed among the various branches of normal
modes in the crystal, is calculated from the relation:

g = Y (0v,/08) "

J

with /g(v},—)av,- =1 (3

vi(0)=v

The sum is over branches j. Considering a solid as an
assembly of harmonic oscillators, the frequency distri-
bution g(v) is equivalent to a partition function.

The specific heat capacity, if interpreted right, can
give information about the proportion of various con-
formational states present in the material. For example,
in case of a protein it can give information about the
proportion, which is in o helical or B sheet structure.
This is necessary in evaluating the basic thermodynamics
of enzyme reaction [19]. The constant volume heat ca-
pacity can be calculated using Debye’s relation

exp(hv;/kT)

4
[exp(hv;/kT) — 1]2 @

C, = Zg(vj)kNA(hvi/kT)z
J

where k is the Boltzmann constant, N, is the Avogadro
number, / is Planck’s constant, v; is the frequency of the
jth mode and T is the absolute temperature.

The constant volume heat capacity C,, given by Eq.
(3) can be converted into constant pressure heat capacity
C, using the Nernst-Lindemann approximation [20]

C, — C, =3R4y(C;T/C,Ty) (5)

where A, is a constant often of a universal value (3.9 x
10~° (K mol)/J), T, is the estimated equilibrium melting
temperature and R is the gas constant [21]. Since experi-
mental data on specific heat of PBLA has not been
reported, only the predictive values of C, have been ob-
tained.

3. Results and discussion

In B-PBLA, there are 26 atoms per residue unit (Fig.
1), giving rise to 78 dispersion curves. The vibrational

Fig. 1. One chemical repeat unit of PBLA.
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frequencies have been calculated for 6 values ranging
from 0 to 7 in steps of 0.05z. The optically active modes
are those for which 6 = 0 or . All the modes above 1400
cm~! except amide I and I1 are nondispersive, hence only
modes below this are shown in Figs. 2(a)-5(a). Initially
the force constants for the backbone of B-PBLA have
been taken from the B poly(L-alanine) [12] and for the
side chain are transferred from oy-PBLA [7]. These are
then modified to give the “best fit” to the reported
spectroscopic data from IR and Raman [16]. The as-
signments of normal mode frequencies are based on the
potential energy distribution (PED), line strength, line
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shape and the presence/absence of similar groups in iden-
tical environments. The assignments made by us using the
above criteria are in agreement with the ones reported by
Frushour and Koenig [16] in the neighbourhood of zone
centre. These authors have not reported the ring modes,
nor have they reported dispersions of the normal modes.
We have filled in all these gaps. The final set of force
constants are given in Table 1.

The two lowest lying branches in the dispersion curves
(v=0at 6 =0 and 6 = =) are the four acoustic modes
which correspond to the rotation about helix axis and
translations parallel and perpendicular to the helix axis.
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Fig. 2. (a) Dispersion curves (1300-1000 cm™"). (b) Density of states (1300-1000 cm™!).
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Fig. 3. (a) Dispersion curves (1000-700 cm ™). (b) Density of states (1000-700 cm™").

For the sake of simplicity the modes are discussed un-
der two separate sections viz. backbone and side-chain
modes. Mixed modes are the ones, which have PED
arising from both of these. They show maximum dis-
persion and therefore are discussed in the section on

dispersion curves.

3.1. Backbone modes

Generally the modes involving the motion of amide
group, [-NH-C=0-], are regarded as backbone modes.

The normal mode analysis shows that unlike the low-
frequency region there is very little coupling between
skeletal and side-chain modes in the 3350-1400 cm™!
region. The pure backbone at 6 =0 and 7= modes are
shown in Table 2. The modes which involve the motion
of the ring, other side-chain atoms and the mixed modes
are given in Tables 6-8 respectively.

The amide groups of polypeptides are strongly
chromatophoric in IR absorption and these groups
give rise to strong characteristic bands. The correlation
between these characteristic bands and conformations
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Fig. 4. (a) Dispersion curves (700-250 cm™'). (b) Density of states (700-250 cm™!).

have been found to be extremely useful for structural
diagnosis of polypeptides and fibrous proteins [22-24].
A comparison of the amide modes of various confor-
mations of PBLA (left-handed o helix, right-handed o
helix, B sheet and ® conformation) is given in Table 3.
Considerable differences in these modes are seen espe-
cially for amides I and III indicating different confor-
mations having different hydrogen bond strengths. A
comparison of amide modes in the B form of different
polypeptides are also shown in Table 4. The differences
reflect the effect of side chains on the amide mode fre-

quencies. It is clear that the side-chain conformation
plays an important role in determining the energy as well
as the dispersive behaviour of various modes. Amide 111,
V, VII are indicative of the main-chain conformation,
but to a limited extent these modes are also found to be
sensitive to the side-chain conformation as well
[7,13,14,25].

In all the forms of PBLA the amide modes except
amide A and I are dispersive in nature. The amide
A band arising due to the N-H stretching vibration
is localised in nature. This frequency is calculated at
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Fig. 5. (a) Dispersion curves (below 250 cm™). (b) Density of states (below 250 cm™").

3287 cm! for B-PBLA, and is in the same region as in -
PLV (3290 cm™).

The crystalline two-dimensional unit cell of a B sheet
polypeptide contains four peptide groups. Therefore,
four degenerate amide I vibrations of the peptide groups
are expected on account of the coupling of the peptide
groups through interchain hydrogen bonding interac-
tions. Using the Krimm and Abe [26] perturbation the-
ory, Frushour and Koenig have calculated four splitted
amide I frequencies for various B sheet polypeptides.
This perturbation treatment on the amide I vibration
suggests a relationship between frequency splitting of

this mode and the crystalline field structure. In the case
of B-PBLA Frushour and Koenig have reported ob-
served frequencies at 1636 and 1690 cm™' in IR and at
1670 cm™~! in the Raman. The fourth component was not
observed. Since our calculations are for an isolated
chain, we obtain only one calculated amide I frequency
at 1636 cm™' which is assigned to the strong peak ob-
served at 1636 cm™! in IR.

The amide II consists of N-H in-plane bending and
C=N stretching modes. This mode is also localised in
the amide group and as such not very sensitive to the
conformation of the chain. The amide II, assigned to
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Table 1 Table 1 (continued)

Internal co-ordinates and force constants (md/A)a H(Cn5-Cn6-Cnl) 0.655(0.60)
Internal co-ordinates Force constants ¢(Cnl-Cn2-Cn3) 0.655(0.60)
Y(N=—=C) 5310 $(Cn2-Cn3-Cnd4) 0.655(0.60)
W(N-H) 5.430 H(CN3-Cn4-—Cn5) 0.655(0.60)
J(N-Ca) 3.450 $(Cn4-Cn5-Cné) 0.655(0.60)
W(Car_Ho) 4147 $(Cn1-Cn6-Hno) 0.367(0.30)
W(CaC) 2100 $(CN3-Cn2-Hn2) 0.367(0.30)
WC==0) 8340 H(CN2-Cn3-Hn3) 0.367(0.30)
WCo-Cp) 3440 $(Cn4-Cn3-Hn3) 0.367(0.30)
WCP-Cy) 3,000 H(CN3-Cnd-Hn4d) 0.367(0.30)
W(CB-Hp) 420 H(CN5-Cnd-Hn4d) 0.367(0.30)
W(CB-HBP) 4.220 $(Cn4-Cn5-Hn)) 0.367(0.30)
WCy==0y) 10.55 H(CN6-Cn5-Hns) 0.367(0.30)
W(Cy-03) 4.350 $(Cn5-Cn6-Hn6) 0.367(0.30)
v(Ce-Hep) 4.250 (Cn3-Hn3) 0.280
v(Cn2-Cn3) 5.380 (Cn5-Hns) 0.280
V(Cn3-Cnd) 3440 »(Cn6-Hn6) 0.280
v(Cnd-Cns) 5.380 w(N-H) 0.150
¥(Cn5-Cnb) 5.440 o(C=—=0) 0.390
y(Cn6-Cnl) 5.380
W(Cn2-Hn2) 4.710 7(N-Ca) 0.010
w(Cn3-Hn3) 4.710 7(Ca—C) 0.040
v(Cnd-Hnd) 4.710 (Ca-CP) 0.030
y(Cn5-Hn5) 4.710 (CB-Cy) 0.025
W(Cn6-Hn6) 4.710 7(Cy-03) 0.032

7(Ce-0d 0.030

$(C==N-Co) 0.240(0.35) TEC&Cn)l) 0.025
d(N-Ca—C) 0.530(0.50) (N==C) 0.030
$(C-Co—Ha) 0.320(0.48) -
$(HoCo-CP) 0.410(0.48) Note: v, qS,. w and 7 denote stretch, angle bend, wag aqd
H(N-Co-CB) 0.490(0.50) torsion rgspectlvely. Nonbonded force constants are given in
H(C-Co—CP) 0.450(0.30) parenthesis.
$(Co—CB-Cy) 0.480(0.40)
$(Co-CB-Hpo) 0.450(0.30) . .
H(Cy—CB-HPo) 0.450(0.30) 1533 cm™!, is calculated at 1529 cm~'. In o-PBLA it is
G(HPP-CP—Hpo) 0.327(0.35) observed at 1556 cm™!.
¢(Ca—CB-HPBP) 0.450(0.30) The amide III bands appear at 1261 and 1296 cm™! in
¢(Cy-CB-HPB) 0.450(0.30) case of B and o forms respectively. The magnitude of
H(CB-Cy-09) 0.330(0.50) dispersion is same in both the cases, but in the B form
$(08-Ce-Hep) 0.400(0.25) the frequency increases with 6 whereas in o it decreases.
‘75(CB*CY7_O_V) 0.270(0.58) The difference in frequencies as well as dispersion trends
iggj:ggjcz)o ") giggggigz could be due to the different strength and nature of
$(05-Ce-Heor) 0: 400(0:2 5) hydrogen bonding and main-chain conformations in the
$(Cn1-Cs-Hzp) 0.425(0.30) two forms of PBLA.
H(He—Ce-Hg) 0.375(0.35) The amide V mode is very sensitive to the backbone
$H(Cn1-Ce-Heo) 0.425(0.30) conformation [22]. Since it is essentially N-H wagging
H(Cn1-Ce-09) 0.280(0.28) motion, the strength of the hydrogen bond determines
¢(Ce—Cnl1-Cn2) 0.720(0.55) the frequency as well as its dispersion. For [ sheet
$(Ce~Cnl-Cnb) 0.620(0.45) structures, the amide V appears generally in the region

$(Cn2-Cnl-Cno) 0.655(0.60) of 700 cm™~! (Table 5). The calculated value at 714 cm™!
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Table 2

Backbone modes?

Assignment (% PED at 6 = n)

Observed

R)

Calcu-
lated

Assignment (% PED) at (6 = 0)

Observed

R)

Calcu-

(IR)

(R)

lated

Amide A

Amide T
Amide II

W(N=H)(100)

3290*
1636
1533

3287

Amide A
Amide I

w(N=H)(100)

3290¢
1636
1533

3287

WC=0)(63) + V(N=C)(24)

1636
1525

WC=0)(62) + v(N=C)(27)

1636
1529
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H(C=N-H)(35) + ¢(Co—N-H)(33) +

W(N=C)(17) + v(N—-Coi)(7)

Amide II

H(C=N-H)(36) + ¢(Co_N-H)(33) +

WN=C)(16) + v(N-Ca)(8)

Amide V

702 697 o(N-H)(49) + o(C=0)(16) +
$(O

714

Amide V

o(N-H)(45) + o(C=0)(25) +

P(N-Co-C)(6)

 All frequencies are in cm™'.

740

C=N)(7)

Data quoted from Ref. [14].

(6 = n) is identified with 697 cm™ in IR whereas for the
o form it is observed at 677 cm~!. This mode shows
similar dispersive trends in both o and B forms.

To check the validity of the force constants and as-
signments, N-deuterated frequencies of B-PBLA were
calculated. Since the N-deuterated spectra of B-PBLA
is not available, the amide shifts were compared with the
shifts reported in similar polypeptides e.g. B-PLV [14].
These results are shown in Table 5 wherein the N-
deuterated shifts of PBLA are shown along with the
corresponding shifts for -PLV indicating correct assign-
ments.

The backbone related Ha bending mode is calculated
at 1335 cm™! and is identified with the observed peak at
1337 cm™!. This mode shows negligible dispersion and is
not affected by the chain conformation because in the o
form also it is observed at 1336 cm™!. Another skeletal
mode having contributions from (N-Co) and (Co—C)
stretching modes is calculated at 1124 cm™' and ob-
served at 1125 cm™! in the B sheet. The same mode is
observed at 1127 cm™! in the o form and shows small
dispersion but with opposite trend.

3.2. Side-chain modes

The side chain consists of two methylene groups at 3
and ¢ positions attached with Cy=0y and Cy-006-Ce
parts of the ester group and terminating with a phenyl
ring at mn position. Most of the modes due to CBH,
group in the side chain are mixed with the vibrations of
the backbone via Ca atom and hence do not appear as
pure side-chain modes.

The ring modes are localised and are nondispersive in
nature. A comparison of calculated and the observed ring
frequencies are given in Table 6 and are matched with the
reported data of o-PBLA [7]. Even in other polymers
where phenyl ring is present these modes are observed at
about the same values, e.g. poly(y-benzyl-L-glutamate),
polystyrene [27], poly(L-phenyl alanine) [28], etc.

The observed and calculated frequencies at 6 = 0 and
0 = =« for side-chain modes other than the ring modes are
given in Table 7. The stretch of ester bond (C=0) is
calculated at 1734 cm™! and observed at 1736 cm~'. This
value is much higher than the amide I (C=O) which is
observed at a lower frequency (1636 cm™') due to the
C=0---N-H hydrogen bonding. The scissoring of CeH,
methylene group, placed next to the benzene ring, cal-
culated at 1456 cm™' is observed at the same value.
Another frequency calculated at 1423 cm™' mainly
comprises of scissoring mode of CBH, group adjacent to
Cy-Oy part of the ester group. These two modes show
localised group character and are also observed at the
same value in the o form. CeH, rocking mode is calcu-
lated at 910 cm~! and is matched to the observed IR peak
at the same value. CPH, rocking is at 982 cm™! at 6 = 0
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Table 3
Amide modes of various conformations of PBLA
Modes oy-helices o,-helices B-sheet w-helices
Amide A 3300 3296 3287 3298
Amide 1 1666 1659 1636 1677
Amide 11 1556 1553 1533 1538
Amide III 1298 — 1265 1299
Amide IV 664 658 630 -
Amide V 616 602 697 621
Amide VI 616 602 571 668
Amide VII 112 112 151 98
Table 4
Comparison of various amide modes in different B pleated polypeptides
PBLA PLG PLS PLG I PLV PLA
0=0 o=mn 0=0 o=m 0=0 d6=nm 0=0 d6=nm 0=0 o6=m 0=0 d0=m
Amide A 32874 3287¢ 3230 3230 3318 3318 3300 3300 3290 3290 3283 3283
Amide 1 1636 1636 1624 1624 1628 1628 1690 1695 1638 1638 1695 1634
Amide II 1533 1533 1560 1560 1537 1528 1514 1524 1545 1545 1524 1524
Amide 11T 1265 12372 1259 1241* 249 1239 1240 1220 1228 1228 1224 1241
Amide IV - - 549* - 533 773 628 773 584 684 594 657
Amide V 697 697 705 705 713 685 699 700 715 715 622 705
Amide VI - - 653 653 625* 647 618 600 615 628 594 657
Amide VII 158 - 247 -
#These frequencies are the calculated ones.
Table 5
Shifts on N-deuteration®
Assignments B-PBLA B-PLV
Frequency of the Frequency of the Frequency of the Frequency of the
N-H mode N-D mode N-H mode N-D mode
Amide A 3287 2399 3289 2399
Amide II 1529 1410 1537 1380
Amide III 1261 1019 1256 1023
Amide V 714 547 708 536

* All frequencies are in cm™!.

and 970 cm~! at § = n. A nondispersive pure side-chain
mode calculated at 814 cm™' in case of B-PBLA, is ob-
served at 820 cm™! in case of a-PBLA.

The side-chain modes which also have contributions
from the backbone are considered as mixed modes and
given in Table 8. These are the modes where maximum
dispersion is seen as they are coupled along the chain.
Such modes are discussed in the next subsection.

3.3. Dispersion curves

Since a- and B-PBLA have the same chemical repeat
unit but different backbone conformation, it is interest-
ing to compare the dispersion curves of these two sys-
tems. The modes above 1400 cm~! have nondispersive

character and are calculated at about the same values in
all three forms of PBLA. These modes include v(C-H),
v(N-H), scissoring of CPH, and CeH, groups and
y(Cn—Cn) in the ring.

The dispersion curves for a- and m-PBLA are similar in
shape and extent because the o (4-fold) helix is a distorted
o (3.6-fold) helix and they also have similar 13 member
H-bonded rings. In comparison to a- and w-PBLA, the
amount of dispersion in f-PBLA is generally found to
have greater values, for example, the junction mode pri-
marily consisting of v(N-Co) appears at 1110 cm™! near
the zone centre. This mode is repelled by the approaching
mode (1068 cm™!) at § = 0.70% and gets dispersed in
similar fashion as in a-PBLA, but the net dispersion for
B-PBLA is more than that of a- and @-PBLA.
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(V(@UH-TUD-€uD)P + (L)(TUH—UD-TUD)P
+(WVOQUH-9UD—SUD)P + (8)(QUH-9UD—-TUD)P
+ (®)(SUH-sUDO+UD)P + (0D(LH-¢UD+UD)P
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Fig. 6. Variation of heat capacity C, with temperature for PBLA.

The dispersive behaviour of amide III mode shows
completely reverse trend for the two conformations of
PBLA. In case of B-PBLA as ¢ progresses, the energy of
the mode decreases whereas for a-PBLA the opposite
happens.

The CBH, rocking mode is calculated at 982 cm™'
corresponding to the observed peak at 975 cm™'. In case
of B-PBLA this mode shows little dispersion (~12 cm™")
(downward trend), whereas in o-PBLA it shows larger
dispersion (~40 cm™') (upward trend).

The other interesting features in the dispersion curves
include crossing over and repulsion of various branches.
All such points correspond to some internal symmetry
point in the energy-momentum space and are useful in
the interpretation of the spectra and interactions in-
volved. Modes showing crossings, exchange of character
and repulsion are listed in Table 9 along with the PED
and the o6 values at which these features occur. Repul-
sion between the dispersion curves corresponding to
1110 cm™! (N-Ca stretch) and 1068 cm™! (ring mode)
(0 = 0) is observed at 6 = 0.707. A pair of mode (mainly
bending of ring) at 629 cm™' and a mix mode with ¢
(0-..C---N) and backbone contribution at 597 cm™!
approach and repel around 6 = 0.60%. Another repul-
sion around 6 = 0.507 is seen for a pair of modes cal-
culated at 571 and 538 cm™! at the zone centre.

Crossing is possible for the modes belonging to dif-
ferent symmetry species. Such crossings are possible
only for chains having a mirror plane symmetry as in the
case of B chain conformation. Crossing occurs for 59
and 44 cm™! pair of modes at 6 = 0.157. Here the mode
at 59 cm™! is nondispersive whereas the other at 44 cm™!
disperses. The lower-frequency modes are generally

more sensitive to chain conformation and exhibit greater
dispersion.

3.4. Heat capacity

Heat capacity has been calculated as a function of
temperature using frequency distribution curves ob-
tained from dispersion curves. The calculated frequency
distribution as a function of frequency is shown in Figs.
2(b)-5(b). The predictive values of the heat capacity are
shown in Fig. 6. The contributions of pure backbone,
pure side-chain and mixed modes to the heat capacity
have also been calculated. In B-PBLA there is a greater
coupling between motion of side-chain and backbone
atoms in comparison to the o form [7]. Hence the con-
tribution of mixed modes to the heat capacity is larger in
the B form. It is observed from the figure that the heat
capacity contribution of the mixed mode tends to satu-
rate at higher temperature whereas the same for the side
chain linearly increases with temperature. The predictive
heat capacity values have been reported in the temper-
ature range 10-400 K. It may be mentioned here that at
low temperatures (below 100 K) the contribution of the
lattice modes is important and would be reflected in the
heat capacity. The calculations, taking lattice modes into
account would involve solving the problem for the
contents of a unit cell instead of a single chain. This will
enormously increase the dimension of the matrices to be
solved and make the problem extremely difficult both in
terms of computer time and in visualising the involved
interactions. In spite of these limitations, this work does
provide a starting point for further basic studies on the
thermodynamical behaviour of polypeptides.
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