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Introduction 
Since the structure and conformation of the side chains 

of the amino acid residues in proteins overwhelmingly 
control the higher order structures of these macromole- 
cu1es,1'2 much work has been directed both to the theo- 
retical calculation of the side-chain conformation as related 
to the main-chain conformation in polypeptides and to 
the experimental test of these  calculation^.^ 

One opportunity to test the correlation of theory and 
experiment in the side-chain conformations of polypep- 
tides arises from the observation that the biphenyl chro- 
mophore in the side chain of poly[y-(p-phenylbenzyl) 
L-glutamate] (PPBLG) gives rise, in dilute solution in 
several solvents, to a substantial circular dichroism (CD) 
which is lost on denaturation of the a-helical backbone.2 
This result requires that the local mirror image twist senses 
about the biphenyl bond are substantially unequal in 
energy in spite of the 10 bonds intervening between the 
coupled chiral units, i.e., the biphenyl group and the LY 

helix. Since this coupling must depend on the side-chain 
conformation and since the extensive work on optically 
active small-molecule bridged biphenyls4 allows translation 
of the CD behavior of PPBLG into the twist sense 
preference, i.e., left-handed, and with less certainty, the 
approximate excess of this sense of between 12 and 24 7 0 ,  
the observation* offers an opportunity to use an unusually 
subtle parameter to  compare experiment to theory in the 
area of force-field calculations of the polypeptide side- 
chain conformationO3J 

In the work presented in this paper, we applied a poly- 
peptide force field to the side chain of PPBLG in the right- 
handed a-helical form and discovered that the most 
populated side-chain conformations exhibit a preference 
for a left-handed twist about the biphenyl bond. 

Force-Field Calculations 
The potential energy and structural parameters are 

taken from the ECEPP system.6 The biphenyl group 
structure was input from X-ray crystallographic data.' 
The crystal data show a planar structure, but in solution 
the two rings are twisted by close to 40'.* The partial 
charges of the biphenyl group were calculated using a"/ 
ON molecular orbital theory using the model compound 
biphenylmethyl N-acetyl-L-glutamate N-methylamide with 
an extended side-chain orientation (XI  to X6 equals 180°).9 
The rotational potentials around XI  through X6 (Table I) 
are taken from the literature.1° In this literature,'O the 
potential function inherent to rotation around the Cy- 
C6(=O) bond (x3) is neglected [V(x3) = 01, due to the 
approximate 6-fold symmetry. This choice of potential 
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Table I 
Low-Energy Conformations of Poly(biphenylmethy1 

L-glutamate) 
(n = 20) in a-Helix (4 = -62.5', $ = -42.3', w = 180'). 

191 
287 
185 
188 
187 
185 
190 
186 
186 
186 

191 
188 
184 
186 
288 
290 
188 
184 
291 
191 
288 
172 
186 
186 

186 
285 
286 

V ,  
kcall 

Xi Xz x 3  x4 x5  X6 x: residue 
a. PPBLG IV(yd = 01 . 

65 231 180 179 ii -40 -14.56 
167 98 180 66 34 -40 -14.20 
179 34 180 181 77 40 -13.66 
61 220 180 179 159 -40 -13.33 

177 38 180 181 118 -40 -12.95 
177 152 180 65 55 40 -12.79 
185 317 180 181 54 40 -12.57 
63 219 180 177 58 40 -12.41 

176 179 180 179 148 -40 -6.47 
176 179 180 179 148 40 -6.46 

b. PPBLG [V(x3) = 0.485(1+ COS ~ 3 )  + 
0.305(1- COS 2x3) + 0.555(1 + COS 3x311 

64 228 180 181 10 -40 -9.10 
177 35 180 178 77 40 -8.54 
177 155 180 64 57 40 -8.44 
60 217 180 179 160 -40 -8.39 

167 96 180 67 32 -40 -8.35 
160 195 180 181 -1 -40 -8.04 
176 38 180 181 121 -40 -7.84 
62 213 180 181 69 40 -7.72 

156 193 180 180 153 40 -7.60 
184 316 180 181 52 40 -7.49 
168 199 180 181 148 -40 -7.28 
61 206 180 180 118 40 -7.25 

176 179 180 179 148 -40 -2.88 
176 179 180 179 148 40 -2.87 

C. PBLG [ V(x3) = 01 
63 238 180 181 4 -12.44 

180 172 180 294 126 -11.06 
170 91 180 67 33 -10.58 

a Energy minimization was carried out for XI, XZ, x3, x5, and x6. 
x4 is fixed to 180O. y.7 was set to *40°. All-trans conformations with 
x: = f40° are also included. Low-energy side-chain conformations 
of PBLG (n = 20) in a-helix are also listed. 

N 

resulted in the energy of the gauche state (x3 = 60') to be 
lower by about 0.2 kcal/mol than the trans state ( C W ?  
bond eclipsing the C=O bond, x3 = 180') in methyl y b i -  
phenylmethyl N-acetyl-L-glutamate, due to van der Waals 
and electrostatic interactions in other parts of the side 
chain. However, Siam et al.ll reported that a trans state 
is more stable than a gauche state by about 1 kcal/mol in 
propanoic acid and suggested a potential function: V(x3) 
= 0.485(1 + COS x3) + 0.0305(1- COS 2x3) + 0.555(1 + COS 
3x3). We carried out two series of computations. First, 
the rotational potential was neglected as in the literature,l0 
and, second, the potential function of Siam et al." was 
used. 

Calculations were carried out on an NEC PC 9801 
computer equipped with a numerical data processor and 
coded with MS-Fortran. The main chain was assigned 
the right-handed a-helical conformation with 4 = -62.5', 
$ = -42.3', and w = 180°.12 An initial trial using a g t g +  
rotational isomeric state (RIS) model was applied to the 
side-chain units in a 20-mer of the biphenyl L-glutamate, 
and later in the energy minimization all angles were allowed 
to take arbitrary values as discussed below. At all levels 
in the calculation the 20 side-chain units were assigned to 
the same conformation although the various angles in each 
side chain were allowed to change independently to a 
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common energy minimum (see the Results and Discussion 
section). The initial rotational angles of each bond are 
taken from published data.13 Following the literature in 
this area,3JoJ3 the ester bond was fixed to a trans 
conformation, Le., x4 = 180'. Similarly,3J0 x6 was initially 
evaluated from 0 to 180' a t  30' intervals. The twisting 
angle of the biphenyl group x7 was allowed only two states, 
+40° (right handed) and -40' (left handed). 

First, calculations were made assuming V(x3) = 0. 
Potential energies were calculated for the 972 rotational 
isomeric states, resulting in 160 states with energies within 
8.25 kcal/mol residue. Starting from the 160 confor- 
mations, energy minimizations were performed, resulting 
in 107 different minimum energy conformations. The eight 
side-chain conformational states within the 2.15 kcal/mol 
residue, which would therefore comprise greater than 97 % 
of the population a t  room temperature, are listed in Table 
I. Also included are two higher energy all-trans states 
differing in XI. The procedures described above were also 
applied to poly(y-benzyl L-glutamate) (PBLG), and the 
three most stable side-chain conformational states are also 
exhibited in Table I (see the Results and Discussion 
section). The same procedures were then carried out using 
V(x3) from the 1iterature.ll The results are also listed in 
Table I. 

Results and Discussion 
The three most populated side-chain conformations of 

PPBLG in Table Ia [ V(x3) = 01 are exhibited14 as ball and 
stick models in Figure la-c and demonstrate the strong 
preference, predicted by the force field, for the side chain 
to occupy space adjacent to the helical main chain. A 
population preference of about 60% for the left-handed 
twist sense about the biphenyl bond can be calculated 
from the relative energies in Table I and the values of x7. 

The detailed responsible factors for the biphenyl twist 
preference were evaluated by studying the energy in each 
conformational state in Table I as a function of the number 
of residues and the biphenyl twist sense. Thus, in the 
lowest energy conformation (Table Ia) we find no energy 
differences between the biphenyl twist senses until the 
eighth residue is added. This causes a high-energy contact, 
when the biphenyl is right handed, between the meta 
hydrogen of the terminal phenyl ring in residue one with 
the carbonyl oxygen of residue eight. In order to adapt 
to the unfavorable twist sense, the force field finds another 
minimum by moving x 6  ( E  = -12.41, Table Ia). Similarly, 
we find that nonproximal side-chain interactions are 
responsible for the biphenyl twist sense differences found 
in the other states shown in Table Ia. 

The absence of input from solvation, the assumption of 
locked biphenyl and ester geometries at  40 and MOO, and 
the necessary computational expediency of allowing no 
disorder in the side-chain structurelo causes one to pause 
in taking the extreme details literally. Nevertheless, 
indifference to the biphenyl twist sense of the high-energy 
all-trans conformations in Table Ia supports the intuitively 
reasonable conclusion that proximity of the biphenyl group 
and the helix is necessary for the distinction observed 
experimentally.2 The force field shows us that the 
crowding following from this proximity then causes the 
side-chain interactions which directly control the biphe- 
nyl twist sense. The intensity of the CD signal demon- 
strates a less than quantitative preference for the left- 
handed twist state about the biphenyl group,2 and this is 
also consistent with the force field which shows several 
side-chain conformations with similar energies and with 
varying preferences for the biphenyl twist sense (Table 
Ia) . 
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( a )  
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Figure 1. Ball and stick molecular models for the three most 
populated side-chain conformations of PPBLG obtained with 
V(x3) = 0 (Table Ia). The conformation with the lowest energy 
is a, the second is b, and the third is c. A NAMOD molecular display 
routine14 was used. 

In order to evaluate if the above conclusion is depend- 
ent on the choice of potential functions, especially for x3 
where controversy exists, similar calculations using the 
rotational potential of Siam et a1.l1 were carried out. The 
results are listed in Table Ib. Although their order was 
exchanged, the low-energy Conformations found in the 
former calculation appeared in the latter case. Particu- 
larly, the most populated conformations are the same in 
both cases. Therefore, under the restriction of trans ester 
linkage, the side chain is still predicted to be folded, causing 
one of the enantiomeric forms of the biphenyl group to be 
more stable, as in Table Ia. 

Although the nonproximal side-chain interactions pre- 
dicted by the force field to be necessary for the observa- 
tions2 require the same side-chain conformations for a t  
least small distances, Le., two or three turns along the 
polypeptide, our results offer no answer to the question13 
of the distribution of the side chains or among chains and 
the details of such distributions.15 Meticulous dielectric 
dispersion experimentsI6 demonstrate a contribution to 
the overall dipole moment from the side chains in poly- 
(7-benzyl L-glutamate) suggesting extensive order in 
agreement with the CD observations2 and with the 
calculations reported here and previous calculations on 
PBLG.l0 
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The results in Table I for PBLG show similar low-energy 
conformations to PPBLG. This suggests that our con- 
clusion, based on the correlation of the experimental and 
theoretical work discussed above, in general agreement 
with the original calculations of Scheraga and his co- 
workers,1° should be encountered in other polyglutamates. 
However, these states may be mixed with other side-chain 
states in unknown ways which might, considering the small 
energy differences among the side-chain conformations, 
depend on the state of the polymer sample.': 
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