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ABSTRACT: Allowing for rotation about  t he  C”-C’ bond (Le., variation of 4 )  andfor some degree of freedom about 
the peptide bond (Le., small  variations of w ) ,  the  characterist ic ratios, (R2)0/nl2,  of the form I (cis) and form I1 
( t rans)  poly@-proline) chain have been calculated by a Monte Carlo method in which the conformational energies 
were used as  weighting factors. T h e  Monte Carlo method enabled short-range interactions (beyond those involved 
in a single residue) to  be takcn  into account. T h e  effect of the presence of a small amount  of one form (say cis in a 
trans-rich chain) on (R2)o/nl2 was also investigated. T h e  results for the trans-rich form are in good agreement with 
values observed experimentally in solvents in which the  poly(L-proline) chain is predominantly in form !I; the pres- 
ence of a small  amount  of cis residues reduces the characterist ic ratio of the trans-rich form of poly(I.-proline) sig- 
nificantly. 

Computations of stable conformations of macromole- 
cules are being carried out to obtain an  understanding of 
the nature and magnitudes of the interactions which deter- 
mine the macromolecular conf~rma t ion .~  To  assess the reli- 
ability of our procedures and energy parameters for treat- 
ing the proline residue, we have calculated the fraction of 
conformers of oligomers of  p proline^ and the thermody- 
namic parameters for the conformational transition be- 
tween forms I and I1 of po ly(~-pro l ine)~  and have com- 
pared these quantities with experiment. For this same pur- 
pose, we compare here some calculated and experimental 
conformational properties of randomly coiled6 (or statisti- 
cally averaged) poly@-proline) under ideal conditions, i.e., 
at the 8 point7 where the conformational properties depend 
only on short-range interactions.a11 

Of the various conformational properties of a chain mol- 
ecule in solution12 that can serve our purpose, the unper- 
turbed mean-square end-to-end distance, ( R2)o ,  is a conve- 
nient one, and reflects the properties of the whole confor- 
mational energy surface; the zero subscript implies that 
this quantity pertains to the 8 point. I t  is customary to ex- 
pres$ the unperturbed chain dimension as a characteristic 
ratio, C, where 

C = (R2) , , / d  

with n being the number of identical repeating units in the 
polymer chain, and being the mean of the squared length 
of the bonds comprising the repeating unit; the quantity 
n p  is the mean-square end-to-end distance of a freely 
jointed chain.7 The definition of a repeating unit and of 
adopted here will be given later (see eq 4). Several calcula- 
tions of C for polypeptide chains have been r e p ~ r t e d , ’ ~ - ~ l  
and in general the calculated results have been in good 
agreement with experimental ones (see ref 17b for a com- 
parison of calculated and experimental values of C). While 
calculations20 and experimental results22 have been re- 
ported for the characteristic ratio of poly(L-proline), we 
will offer an alternative treatment for the characteristic 
ratio of this homopolymer. In this paper, we present the 
calculation of C for poly&-proline) by taking into account 
rotation about the Ca-C’ bond (variation of the dihedral 
angle23 $), some freedom of rotation about the peptide 
bond (variation of the dihedral anglez3 a), puckering of the 
pyrrolidine ring, and the presence of both cis and trans 
conformations of the peptide bond. 

I. Calculation Procedure 
In order to avoid the inclusion of conformations having 

high-energy short-range contacts in the Monte Carlo proce- 

dure used here, we eliminate such high-energy conforma- 
tions from consideration at  the outset by consideration of 
conformational energy maps of the chain structure of Fig- 
ure 1A, which will be designated here as an L-Pro-L-Pro di- 
peptide. These maps will be used only for the random se- 
lection of L-Pro-L-Pro conformations, with equal weight 
being given (in the initial selection process) to all low-ener- 
gy regions; the conformational energy is calculated (as a 
weighting factor for the whole chain) only after a whole 
chain has been generated. 

A. Low-Energy Conformations of L-Pro-L-Pro Di- 
peptide. A description of the structural parameters and 
the conformational energy functions24 (nonbonded, electro- 
static, and torsional about the peptide bond) of the proline 
residue was given in our previous  paper^.^,^,^^ The IUPAC- 
IUB nomenclature and conventions23 are used in this 
paper. 

In order to estimate the energetically accessible range of 
the rotational states (i.e., of $, and w,) of the L-proline di- 
peptide (to make the Monte Carlo calculation practical and 
effective), the conformational energy of the structure de- 
picted in Figure 1A was computed. In contrast to our ear- 
lier  computation^,^ where w was held fixed, w is allowed to 
vary here. P r e v i o ~ s l y , ~ ~ ~  we allowed for two states of puck- 
ering a t  the CP and Cy atoms of the pyrrolidine ring,24 one 
designated “down, or D”, with the Cy atom at 4 = -75.0°, 
x’ = +18.67’, and the other designated “up, or U”, with 
the Cy atom a t  4 = -67.6’, xi  = -6.11’. However, in this 
paper, we use only D puckering because a chain consisting 
of 30 residues with U puckering, and chains of the same 
length with random D and LJ puckering, were found to be 
energetically less favorable than one with all-D puckering.5 
However, it should be noted that the existence of U puck- 
ering cannot be neglected for relatively short oligomers of 
L-proline or for the isolated L-proline r e ~ i d u e . ~  The dihe- 
dral angle is allowed to vary over the whole range, and 
the dihedral angle wL is allowed to vary to a smal; extent 
from its values for the planar trans (180’) and cis (0’) con- 
formations. 

In the dipeptide depicted in Figure lA, there is another 
rotational degree of freedom, viz., ~ ~ - 1 ,  which can influ- 
ence the conformation of this structure. Initially, the most 
probable values of w,-1 were determined by minimizing the 
conformational energy of the structure of Figure l A ,  allow- 
ing q - 1 ,  $[ and w [  to vary independently. The results of 
this energy minimization are summarized in Table I for the 
trans-trans, trans-cis, cis-trans, and cis-cis values of W ,  - 
and q, respectively. On the basis of these results for the 1,- 
proline dipeptide, the value of w I - l  was fixed a t  that of W,  
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Figure 1. (A) Dipeptide s t ructure  of L-proline used in the compu- 
tation of t he  conformational energy (shown in Figures 2A-2D) in 
the present paper. T h e  IUPAC nomenclature and  conventionsz3 
are employed. (B) Three  residues in the interior of t he  poly@-pro- 
line) chain. This  s t ructure  is used t o  obtain the  diagram of Table 
111. 

- 

obtained by the energy minimization, when computing the 
conformational energy of the i th residue in the interior of a 
poly(t-proline) chain as a function of $, and w,. However, 
as can be seen in Table I, the value of w,-1 had little effect 
on that of w1. For example, wl = 175.6' for w,-1 in the trans 
state, and is 174.6' for o , - ~  in the cis state. Therefore, in 
order to save computer time, we fix the trans value of w,-1 

a t  175.0' (Le., as the average of 175.6 and 174.6) and the cis 
value of w , - ~  at -8.7' (Le., as the average of -8.2 and 
-9.1'). Then, fixing q - 1  a t  these values, we computed the 
conformational energy of the structure of Figure 1A as a 
function of $, and w, for the trans-trans, trans-cis, cis- 
trans, and cis-cis conformations with respect to wl-1 and 
w,, respectively. These results are shown in Figure 2A-D. 
The approximation, in which the average values of 175.0 
and -8.7' for w, are assigned to q - 1  to simulate the be- 
havior of an interior residue, does not affect the calcula- 
tions of the characteristic ratio because the energy maps of 
Figures 2A-D are used only to select single-residue confor- 
mations for the Monte Carlo computation, and not to com- 
pute the conformational energy. The latter is computed 
after each chain is generated by the Monte Carlo procedure 

Table I 
Conformations of Minimum Energy 

in the L -Proline Dipeptidea 

Starting con- Conformation of 
formation, deg minimiim Pnergy, deg 

Conform ations 
Of wi-1 a d  ~i 0i-1 $ i  w i  wi-1 +bi wi 

Trans-trans 180 164.5 180 179.6 165.5 175.6 
Trans-cis 180 160.5 0 178.6 163.5 -8.2 
C is-trans 0 164.2 180 0.3 166.3 174.6 

a The minimization was carried out for the structure depicted in 
Figure 1A. These values were chosen from the conformations of 
approximate minimum energy in the L-proline dipeptide, bu t  
having an  acetyl end group as  depicted in Figure 2A of ref 4. See the 
discussion in section IB for the conformation of the acetyl end 
group. 

Cis-cis 0 160.7 0 0.9 166.2 -9.1 

by inclusion of both short- and somewhat longer-range in- 
teractions. 

B. Calculation of Characterist ic Ratio. In the past, 
the peptide group was taken in the planar trans conforma- 
tion, and the interactions between neighboring residues 
were neglected12-1s~20*21 when computing ( R2)o;  the com- 
putation was carried out by averaging the bond transfor- 
mation matrix over all possible conformational states of a 
residue or by a Monte Carlo method. However, when the 
peptide group is in the cis conformation, the interactions 
between neighboring residues cannot be neglected;1° be- 
cause of this, and also because $ and w are allowed to vary 
continuously, the usual matrix method for polypeptide 
chains13-17,20 cannot be used.26 Therefore, in this paper, we 
will apply a Monte Carlo method18J9!21 to compute the 
characteristic ratio of poly(L-proline). Since we are inter- 
ested only in the unperturbed dimensions of the poly@- 
proline) chain in this paper, it  is not necessary to check for 
long-range interatomic overlaps. However, it  has not yet 
been ascertained how far the "short-range" interactions ex- 
tend in evaluating the unperturbed dimensions of polymer 
chains.10 In the present computation, the short-range inter- 
actions are extended to include the neighboring residue, for 
the reason discussed in section IIIA. It  should be noted 
that it has been shown that the value of ( R 2 ) o  calculated 
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by a Monte Carlo method (i.e., from an appropriate finite 
number of chain conformations) converges to that comput- 
ed by the exact matrix multiplication m e t h ~ d . ' ~ ~ ~ ~ ~ ~ ~  

In order to carry out the calculation by a Monte Carlo 
method practically and effectively, it  is inevitably neces- 
sary initially to eliminate conformations in which short- 
range interactions lead to high energies. For this purpose, 
we use the conformational energy maps of di-L-proline of 
Figure 2 and select only those conformations (in 10' incre- 
ments) which lie within 5 kcal/mol of the minima. The ac- 
tual numbers of conformational states for the i th proline 
residue, selected from the four maps of Figure 2, are 34, 20, 
28, and 19 for the trans-trans, trans-cis, cis-trans, and cis- 
cis conformations of wi-1 and wi, respectively. 

In contrast to the structure of Figure l A ,  the chains that 
are generated by the Monte Carlo procedure (from single- 
residue conformations selected from Figure 2) are termi- 
nated by real end groups, viz., acetyl a t  the N-terminus and 
methyl ester a t  the C-terminus, as in ref 4. We define the 
degree of polymerization, n', of the chain as including both 
end groups. According to the IUPAC-IUB nomenclature 
and conventions, the N-terminal end group and the atoms 
belonging to it are assigned the subscript 0 and the C-ter- 
minal end group is assigned the subscript n' - 1. The N- 
terminal end group was kept in the cis conformation, Le., 
with Co-H cis to C'o-00, in Figure 2A of ref 4. The confor- 
mation of the C-terminal methyl ester group was taken 
(fixed) as follows. The dihedral angles for rotation about 
the C"n,-2-C'n,-2, C',,,_2-Oestern,-l and Oestern'-l-Cn'-1H3 
bonds are 147.4, 177.7, and 179.1' for ~ ~ 8 - 3  in the trans 
state (175.0') and 167.7, 178.6, and -179.5' for wn'-:3 in the 
cis state (-8.7'), where ~ ~ 1 - 3  is the dihedral angle for rota- 
tion about the peptide bond, C'n,-3-Nn,-2; these values 
yielded the minimum energy for the structure of Figure 2B 
of ref 4. 

According to Brant and Flory,13 a virtual bond, l', is de- 
fined by the constant distance between two successive C" 
atoms when the peptide bond between them is in a planar 
trans conformation. Since the virtual bond length is not 
constant when rotation about the peptide bond is allowed, 
it was necessary to use the actual bond vectors bcw,  bcw, 
and bNCO; the magnitudes of these vectors are 1.530, 1.360, 
and 1.453 A, respectively. For a chain of degree of polymer- 
ization n', there are (n' - 1) virtual bonds, including the 
methyls of the terminal acetyl and methyl ester groups. 
However, since the geometry of the end groups is not the 
same as that used for the amino acid residues in the interi- 
or of the chain,24 we define the end-to-end distance of the 
k th  chain of degree of polymerization n' by means of the 
distance from C"1 to Cmn,-2, neglecting the fragments a t  
both termini (however, it should be noted that the acetyl 
and methyl ester end groups were included when the con- 
formational energy was computed); the end-to-end dis- 
tance of the kth chain of degree of polymerization n' is 
computed from the vectors connecting Ca1 and Le., 
as 

n .  

RR = l*j 
i= l  

and 

where n is the number of bond vectors of length l*i (which 
is the same as the number of repeating units, not counting 
the end groups) in the polymer chain and n = n' - 3. If the 
peptide bonds are maintained a t  w = 180', the virtual bond 
length defined by Brant and Flory13 is then given by l'i = 
11*,.1*iI1/* and is constant (-3.8 A). However, if w varies, 
then the length of the bond vector l*i is not constant. 

The conformations of the kth chain were generated by 
the following method. The assignment of the conforma- 
tional state of the ith residue was made by the following 
two steps. First, the conformational state (trans or cis) of 
the ith peptide bond was determined by a pseudo-random 
number,2s assuming a random occurrence of trans and cis 
conf~rmations,~g with the random numbers assigned so as 
to reproduce the desired fraction of trans and cis; in this 
same process, the conformational state of the ( i  - 1)th 
peptide bond was chosen randomly. Thus, a random choice 
was made as to which of the four conformational energy 
maps of Figure 2 was to be used in the second step. Second, 
the conformational states of the ith residue, i.e., the values 
of a set of $I and oi, were then chosen randomly from the 
allowed area of one of the four conformational energy maps 
selected in the first step. These procedures were repeated 
until i reached n, and then Rk was computed by eq 2. No 
energies were calculated at  this stage, these preliminary 
steps 1 and 2 (and the energy maps of Figure 2 )  serving 
only to select the values of & and $z for each residue. 

One hundred chains (Le., N = 100) were generated inde- 
pendently by this procedure, and then the mean-square 
end-to-end distance for this set was computed by 

N 

Rk2 exp(-Ek/RZ') 
(R*)o = k = l  (3) 2 exP(-E, / R T )  

k i t  

where T and R are the absolute temperature and the gas 
constant, respectively. For use in eq 3, the conformational 
energy E k  of the kth chain was computed by taking into ac- 
count the interaction energies within the ith residue, be- 
tween the ith and (i + l ) th ,  and between the i th and (i + 
2)th, and summing over i. In all cases, the conformations of 
the N-terminal methyl group and C-terminal methyl ester 
group were fixed, a s  indicated above. Substituting the 
values of ( R 2 ) 0  and l 2  defined by eq 3 and 4, respectively, 
into eq 1, the characteristic ratio, C, was computed. 

with the numerical value of (p)1'2 being 1.449 A. 
11. Results 

The characteristic ratios were computed by the Monte 
Carlo procedure for chains with n = 100 at  a temperature 
of 3O0, and the results are presented in Table 11. The data 
in parentheses are the arithmetic averages of the four inde- 
pendent Monte Carlo calculations in each group. It has 
previously been shown21 that the value of C for poly(L-ly- 
sine), obtained by a Monte Carlo method with n = 40, was 
essentially the same as that for infinite chain length; also, 
the values of C for polyglycine and poly(L-alanine) with n 
= 30 were only a few percent smaller than those for infinite 
chain length.27 Thus, the choice of n = 100 in the present 
calculation seems to be adequate to reproduce the charac- 
teristic ratio for a sufficiently long chain. Indeed, in prelim- 
inary computations (not shown here), the calculated char- 
acteristic ratios for n = 60 fell within the ranges of values 
given for n = 100 in Table 11, with similar scatter of the re- 
sults. 

The values of C in Table 11, pertaining to poly(L-pro- 
line), are given for polymers with all-trans and all-cis pep- 
tide groups, and for polymers with predominantly trans 
peptide groups but containing 5 and 10% cis peptide 
groups, respectively. Values of C for higher cis content (ex- 
cept the 100% cis polymer) were not calculated because 
there are no experimental data available for such polymers. 
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Table I1 
Characteristic Ratios 

Macromolecules 

Polymer chain 

(R2)o /nF a 

Calcd value Calcd value 
(F  = 2) ( E =  m) Obsd value Ref 

Poly( I.- proline) All-trans 277 277 
193 193 
249 249 
112 89.7 

(208)b (202)b 

213 
154 
117 

70.5 
(139)b 

46.4 
3.32 
8.27 

115 
(43.2)b'h 
80.2 
77.7 
73.2 
59 .o 

(72 .5)b* 
All- tr ans 
All-trans 208' 

200' 
Poly glycine 14.9 
Poly(L- alanine) 63.7 
Poly( L -  lysine) 59.8 
Polys arcosine 20.4 

5% cisg 

10%' cisg 

All- cis 

153 i 14c 
135 * l ld 
103 i 7e 
95 i 7f 

Present w o r k  

22 

Present w o r k  

Present w o r k  

Present w o r k  

147 
155 

91.9 
81.2 

47.1 
10.1 

8.26 
32.2 

(24.6) * 
80.2 
77.7 
73.2 
59 .O 

( 7 2,. 5) * 
799 16 

20 

14 
14 
21 

12.4 1.4j 17 

(119)b 

a All the characteristic ratios in this table are expressed in terms of the present definition for the  average square of the  bond length, b = 
\ ( b y c , , , 2  + b,,,,(.,2 + 6 , . , ~ ~ ) / 3 1 ,  instead of by the virtual bond scheme used in the original papers (ref 12-21) in which a virtual bond was de-  
fined by the  constant distance between two adjacent cy carbons (i.e., 3.8 .&) in the  t rans  peptide conformation. b Arithmetic average values of 
each set of four computations, each of which consists of 100 Monte Carlo chains. Measured in trifluoroethanol and in propionic acid a t  5". 
d Measured in trifluoroethanol propionic acid,  and in acetic acid a t  30". e Measured in water a t  5". f Measured in water a t  30". g These 
values of "570" and "10%" are average values for the 100 chains. Since a weighting factor is applied to  each chain conformation in the com- 
putat ion of C, the relative energies of each conformation are automatically taken into account. For example, if the  all- trans chain had a n  
overwhelmingly lower energy than  one with 5 or 10% cis, then this amount  of cis would not have affected the  computed value of C. Addition 
of a small amount  of cis to  an all- trans (or of t rans  to a n  all-cis) chain will lower the value of C. T h a t  is why the value of C for the  chain with 
10% cis is lower t h a n  tha t  for the all-cis chain. These two values correspond to  two different puckering conformations of the pyrrolidine 
ring. This  value was evaluated in ref l'ia using the  experimental d a t a  reported by Fessler and O g s t ~ n . ~ O  

To illustrate the effect of electrostatic interactions (i.e., 
to compare the values of C in solvents of high and low di- 
electric constant, t ) ,  and also to compare the present re- 
sults with those reported by Schimmel and Flory,16 the cal- 
culations that were originally carried out with t = 24p5 were 
performed with t = m, and are also reported in Table 11. In 
this computation, the same set of generated chains was 
used, and only the value of t was changed in computing the 
energy. 

For illustrative purposes, values of C computed by other 
authors for poly(L-proline),16,20 polyglycine,14 poly@-ala- 
nine),14 poly(L-lysine),21 and polysarco~ine'~ are given in 
Table 11, with the values reported in the original papers 
being converted from the virtual bond scheme to the aver- 
age-bond-length scheme used here by applying the relation 
given in ref 31. Available experimental values of C are also 
listed i n  Table 11. 

111. Discussion 
There are three differing views about the conformational 

state of poly@-proline) in so l~ t ion .32 ,~~  (1) From X-ray and 
spectroscopic observations in the solid state, a regular heli- 
cal structure was proposed (see, for example, ref 32). (2) 
Hydrodynamic and spectroscopic measurements were also 
interpreted in terms of an interrupted helical structure 
with flexible joints between regular helical ~equences.~2.33 
(3) Finally, from measurements of molecular weight, sec- 
ond virial coefficients, and intrinsic viscosity, i t  was pro- 
posed22 that high molecular weight poly(L-proline) be- 
haves as a random coil in trifluoroethanol, in propionic 
acid, in acetic acid, and in water. The characteristic ratio 
can be computed for each of these three models. For the 
regular helical conformation 

(R2)o/nF = n(d* /F)  ( 5) 
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where d is the translation along the helix axis, per residue; 
Le., C is proportional to the chain length. For a 100-residue 
chain of poly(L-proline), in its minimum-energy all-trans 
conformation5 (form 11), the value of C is 384. For an inter- 
rupted helical conformation, C may be calculated by mak- 
ing use of the theory for the form I s form I1 interconver- 
sion, in the manner used to compute the chain dimensions 
in the helix-coil transition, with a matrix multiplication 
methodI2 in the absence of excluded volume effects or with 
a Monte Carlo methodlgb in the presence of excluded vol- 
ume effects. For the third model, the random coil, the cal- 
culation of C may be carried out by the procedure de- 
scribed in this paper. Thus, before comparing the calculat- 
ed results of any model with experiment, it is necessary to 
establish which model best describes the experimental re- 
sults. In this respect, since the choice of appropriate model 
may not yet be a settled one, we confine ourselves here to a 
discussion of the calculations, and compare them to experi- 
mental data based on the random coil model, without com- 
mitting ourselves as to the validity of this model6 (see, also, 
section IIIC). 

As can be seen in Table 11, the results of the Monte Carlo 
calculation show some scatter from run to run. However, 
despite this, it can be seen that the values calculated for 
the all-trans conformation lie close to the experimental 
range.22 Actually, the values of C computed for the poly- 
mer with 5% cis peptide groups agree better with the exper- 
imental values. Although poly@-proline) is thought to exist 
in the all trans form (Le., form I1 helix) in trifluoroethanol, 
in propionic acid, in acetic acid, and in water, it  is not pos- 
sible to rule out the possible presence of up to 5% cis pep- 
tide groups by currently used spectroscopic methods. 

In any event, the data in Table I1 indicate that the intro- 
duction of a small amount of cis peptide groups into a pre- 
dominantly trans chain of poly@-proline) can influence its 
characteristic ratio drastically. This behavior arises mainly 
from the fact that, in a trans-rich chain, the end-to-end dis- 
tance is decreased by the abrupt onset of the cis conforma- 
tion (Le., by abrupt bending in the interior of the chain) in 
between long sequences of trans groups. The higher the 
trans content (in a trans-rich chain) or the cis content (in a 
cis-rich chain), especially for the trans-rich chain (where a 
cis residue causes a chain reversal), the more drastic is the 
effect of introducing the other conformation. This is simi- 
lar to the behavior of C in stereoirregular vinyl polymers34 
and in stereoirregular 1,4-p0lybutadiene~~ and 1,4-polyiso- 
~ r e n e , ~ ~  where the presence of a small amount of stereoir- 
regularity reduces the values of C. 

We have not computed the temperature coefficient of 
the characteristic ratio (which might have served as an ad- 
ditional test of our potential functions) for two reasons, 
viz., (a) such a computation would have required a knowl- 
edge of the temperature dependence of the empirical po- 
tentials (and such information is not available), and (b) 
there is scatter in the values of C computed here for a tem- 
perature of 30'. Thus, for these reasons it would not be 
valid to attribute any significance to a computed value of 
d In CIdT. 

The scatter in the values of C, observed here for poly(L- 
proline), and elsewhere for stereoirregular polymers,36 does 
not appear in similar calculations for polymers such as 
p ~ l y e t h y l e n e ~ ~  (where longer-range interactions are not 
taken into account). As indicated in the figure cited in ref 
36, the mean value of a Monte Carlo calculation of C has 
significance despite the large scatter in the computed 
values. Thus, despite the scatter in the calculated value of 
C in Table 11, the conclusions drawn here appear to be 
valid. 

The scatter in the values of C, computed by the Monte 

Table I11 
Allowed Conformations of cis-Proline 

Preceded by &-Prolinea 
Conformation of ( i ) t h  Residue 

Conformotionol Energy (kcol/mole)b 

m r n P  rxm 
n c  PI I x m P  m x  
m m l x m  P X  m 

PI Ixm P X I I  m 
P C  P Ix X 

3 l I c  ~ E i X P I I  P X  m 

mn E r n  P X I l P r n I  
mc  ~ m I x m  P I 

XC x m  Ixm P I r n  m 
Only those conformations having energies less than  10 kcal /mol  

per mol of tr ipeptide are tabulated.  * T h e  conformational energy 
i s a f u n c t i o n o f $ I + l ,  wi,$l.wl-l,andiLi-l.Thevalueslistedare the  
lowest of those calculated for three values of d i A l  (viz.. 140, 160, 
and 180"). If residue i - 2 is trans,  and  i - 1 a n d  i are both cis. 
then  the  energies are too high to appear  in th i s  table if residue i - 1 
has the  conformation 11. V. VI, VII. IX. or X.  T h e  values listed in 
the table (for residue i - 1 in conformation 11. V, VI, VII. IX. or X )  
pertain only to t h e  case where residue i - 2 is cis. A t rans  is possible 
for residue i - 2 for all other conformations listed in the  table.  

Carlo technique, can be reduced (a) by taking a larger num- 
ber, N ,  of chains in the sample, and (b) by increasing the 
efficiency of the Monte Carlo technique by introducing 
somewhat longer-range interactions in the initial procedure 
in which conformations are selected, thereby reducing the 
ultimately calculated energies (or increasing the statistical 
weights) of the chains included in the Monte Carlo sample. 
In the procedure used here, the conformations were select- 
ed from the maps of Figure 2, based on interactions in di- 
L-proline and, when the energy Ek was calculated, interac- 
tions between the i th  and ( i  + 1)th and between the i th 
and ( i  + 2)th residues were taken into account. However, if 
these longer-range interactions had been taken into ac- 
count earlier, Le., in the procedure by which conformations 
were selected, as will be discussed in section IIIA, then 
more of the generated chains would have had a high statis- 
tical weight in the computation of C. The interactions be- 
tween the oxygen atom of the carbonyl group of the (i + 
1)th residue and either the HUI-l atom or the atoms of the 
pyrrolidine ring of the (i - 1)th residue (see Figure 1B) are 
especially important in determining the values of $,+I, wI ,  

q-1, and $ 1 - 1  when wl for the cis conformation is pre- 
ceded by w,- 1 of another cis conformation. 

A. Inclusion of Longer-Range Interactions. In order 
to see the effect of longer-range (Le., next nearest neighbor) 
interactions, especially for a cis-cis sequence, additional 
calculations were carried out for the tripeptide structure of 
Figure 1B. The initial values of $1+1, wI, wl-l ,  and rC i - l  
were chosen in 20' intervals from the low-energy range 
(within 5 kcal/mol of the minimum) of the dipeptide ener- 
gy map of Figure 2D (cis-cis). The actual values selected 
are indicated by the Roman numerals I to X in Figure 3. 
The conformational energies of the tripeptide of Figure 1B 
were computed for all possible combinations of states I to 
X in ($,, w , )  and ( $ 1 - ~ ,  wl- l ) ,  and of 140, 160, and 180' in 
$,+I. The results are diagrammed in Table 111, in which the 
rows represent the conformational states of the ( i  - 1)th 
residue, and the columns represent those of the ith residue; 
the positions of the Roman numerals within the body of 
the table designate the conformational energy for the com- 
bination of the conformational states of the (i - 1)th and 
i th  residues. The lowest-energy conformation has an ener- 
gy of -10 kcal/mol. Those conformations with energies 
higher than -4 kcal/mol (i.e., greater than that of the low- 
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Figure 3. Designation of the ten conformational states (4 ,  a), se- 
lected from Figure 2D, for computations of the energy of the struc- 
ture of Figure 1B for all-cis peptide groups. 

est one by at  least 6 kcal/mol) would not be expected to 
contribute to the conformational state of the whole chain. 
Hence, it can be seen that the conformational states of the 
combination of residues ( i  - 1) and i are extremely re- 
stricted for a cis-cis combination. Thus, previously used 
 method^'^-'^^^^ to compute C, in which the interresidue in- 
teractions are neglected, are not applicable to poly(L-pro- 
line) when cis residues are involved. This conclusion also 
shows that, if (instead of using the maps of Figure 2) such 
correlations of conformational states for (q-1, $,-I) and 
(a,, $,) had been taken into account at the stage of chain 
generation (notice that this does not mean that the confor- 
mational energy is calculated a t  this stage), a Monte Carlo 
calculation would have been more effective (i.e., most of 
the generated chains would have had low energy since such 
atomic overlaps would have been eliminated at  the outset 
for the cis-cis combination); this might lead to less scatter 
in the computed values of C when cis residues are present. 
In the generation method used in this paper, the conforma- 
tional state of the i th residue was chosen independently 
within the dipeptide energy maps (given in Figure 2), with- 
out any correlation between (q -1 ,  &-I )  and (w,, A), but 
only between q - 1  and 0,. In this respect, one can expect 
that the richer the cis content becomes, the higher will be 
the probability with which such unfavorable high energy 
conformations might occur, as seen in Table 111, Le., the 
less reliable the results become (because most of the gener- 
ated chains have high energy, and thus contribute very lit- 
tle to the computed values of C). The values of C for the 
all-cis polymer, as seen in Table 11, are not as scattered as 
those found for the all-trans, and for the 5 and 10% cis 
polymers. This is due mainly to the fact that the generated 
chains for the all-cis polymer have a narrow distribution 
with respect to end-to-end distance, Le., a small variation 
of end-to-end distance among the generated chains. This 
behavior arises for cis-cis, because the directions of the 
bond vectors in a residue are restricted to the narrower 
area allowed in the dipeptide energy map (see Figure 2 D  
and Table 111) than that allowed for trans-trans, trans-cis, 
or cis-trans (see Figure 2A-C), in addition to the absence 
of an abrupt bending conformation. Thus, there is less 
scatter in the values of C (for all cis) in spite of the fact that 
most of the generated chains might have high energy, be- 
cause the bond vectors in Figure 2 D  are restricted to a very 
small region. 

The effect of electrostatic interactions on C of poly(L- 

proline) is detectable, but not very large as seen in Table 11. 
This results mainly from the fact that the variation of the 
electrostatic energy is small within the highly restricted 
conformational space of poly@-proline). Therefore, the rel- 
ative stabilities among the generated chains for 6 = do 
not differ significantly from those for = 2. 

B. Comparison with Other Results. In comparing the 
results obtained here with those of others, it should be 
noted that, when w1 is held fixed, the variation of the ener- 
gy with $, will depend on the geometry of the residue and 
on the potential functions used in the  computation^.^^ 
With the geometry and potential functions used here, there 
is only one low-energy minimum (near $, sz 160°)4 for the 
structure of Figure 1A; a minimum near = -60' has an 
energy at  least 80 kcal/mol higher4 than that near = 
160'. In addition, there is a very high energy barrier (>IO5 
kcal/mol) between these two minima. The existence of a 
high-energy minimum near $I = -60' and of a very high 
energy barrier between the two minima is not affected very 
much if o, is varied by as much as f40' around the posi- 
tions w1 = 180' and w,  = 0'. 

If there is indeed a very high energy barrier between the 
two minima, then the two conformational states cannot in- 
terconvert, and the system has to be treated as a copoly- 
mer, Le., as a mixture of two species whose relative 
amounts depend on the mechanism of polymerization when 
the chains are synthesized. While the minimum near $, = 
-60' is accessible in the isolated proline monomer and in 
monomeric derivatives such as N-acetyl L-pro1ine-N'- 
methyl e ~ t e r , ~ ? ~  there are no X-ray data to indicate its oc- 
currence in long chains of poly(L-proline). Its lack of occur- 
rence in long chains of poly(L-proline) cannot be attributed 
to an augmentation of its energy by its neighbors in the 
chain because the augmentation would not be high enough 
to overcome the extremely high barrier between the two 
minima; instead, its absence is likely due to the high energy 
at  this minimum. If, indeed, the system is a copolymer, Le., 
a mixture of two noninterconverting species, then the 
transformation matrices of the virtual bond s ~ h e m e ' ~ J ~  
must be averaged separately over each minimum instead 
of over the entire range of $,, and then combined according 
to the relative probability of occurrence of each conforma- 
tion, in order to compute C. 

With these comments in mind, we may examine previous 
calculations of C for poly(L-proline). The computation of 
Schimmel and Flory,lG based on a flat pyrrolidine ring and 
w = 180°, led to only one low-lying energy minimum in $, 
(near $I = 160') and a value of C which, according to Mat- 
tice and Mandelkern,22 was too large to account for the ex- 
perimental values (see Table 11). Mattice et a1.20 then com- 
puted C with several models in which both 4, and GI were 
varied, and two puckered conformations of the pyrrolidine 
ring were considered. Most of their models included two ac- 
cessible minima in separated by a high barrier (and with 
w held fixed) and involved averaging over the whole $1 

space. For the reasons cited in the previous paragraph, it 
appears to us that these models may not be applicable. 
However, in one of their models, they calculated C by ne- 
glecting the minimum near $, = -60' (which arises from 
their geometry and potential function2j) and averaging 
only over the minimum near $, = 160'. For the reason 
cited above, these values of C should be theoretically rea- 
sonable, and hence are shown in Table 11. 

A similar problem, involving two minima separated by a 
large barrier, was encountered by Tanaka and Nakajima17a 
in the calculation of C of poly(N-methyl-L-alanine) and 
polysarcosine. They found that the conformation of 
poly(N-methyl-L-alanine) was extremely restricted to two 
narrow areas with an intervening high-energy barrier as in 
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poly(L-proline), while that of polysarcosine, in which the 
methyl group of poly(N-methyl-L-alanine) is replaced by a 
hydrogen atom, did not involve such a high-energy barrier. 
Recent calculations of energy maps for those homopoly- 
mers by M a t t i ~ e ~ ~  confirmed that poly(N-methyl-L-ala- 
nine) has two minima with an intervening high-energy bar- 
rier, independent of the rotation of the methyl on the nitro- 
gen or of the geometric parameters. By preventing the con- 
formations of poly(N-methyl-L-alanine) from converting 
from one potential well to another in the single-residue en- 
ergy map, Tanaka and Nakajima17b selected the conforma- 
tion of the N-methylalanine residue a t  one of the local 
minima, i.e., the lower-energy minimum a t  the left-handed 
(Y helix, to calculate C for a copolypeptide of N-methylala- 
nine residues with various other amino acid residues.17b 

In summary, when there is a high barrier between two 
potential wells, as in the case of the energy map of Mattice 
et  aLZO for di-L-proline, the bond vectors should not be av- 
eraged over the entire conformational space of a residue. In 
addition, the effect of next-nearest-neighbor interactions 
may play an important role in determining the value of C, 
as pointed out in section IIIA. By allowing for some degree 
of freedom of rotation about the peptide bond, and by in- 
cluding a small amount of the cis conformation in a trans- 
rich chain, as was done in the computations reported here, 
it  appears to be possible to account for the observed values 
of C of poly@-proline) with the geometry and potential 
functions used earlier.”5~24~25 While we have used only one 
puckered conformation of the pyrrolidine ring in these 
computations, it  may also be possible to account for the ob- 
served values of C by introducing flexibility into the pyr- 
rolidine ring; this might lower the barrier between the two 
minima in + 1 ,  or might possibly broaden the low-lying po- 
tential well. However, any freedom that is allowed to the 
pyrrolidine ring should be consistent with X-ray and NMR 
data. 

C. Concluding Remarks. From the discussion of section 
IIIB, it appears that  the values of (R2)o/n12 for poly(L-pro- 
kine) have been accounted for reasonably well, under the 
assumption that this polymer exists in the random-coil 
conformation in such solvents as trifluoroethanol, propion- 
ic acid, acetic acid, and water. As described in the first 
paragraph of section 111, it is of importance to prove exper- 
imentally whether poly(L-proline) exists as a random-coil 
conformation, or as some other possible structure such as 
the form I and form I1 helices, or as the interrupted helix, 
in these solvents. Mattice and Mandelkern” have assumed 
that the random-coil model applies (based on the depar- 
ture of a log [a ]  vs. M plot from linearity at  high molecular 
weight M ) .  They have, therefore, used the standard proce- 
dures to calculate the characteristic ratio, with results that  
are in the range calculated here, using this same model. 
However, the possibility remains that poly(L-proline) may 
exist as a broken rod, i.e., an interrupted helix; this possi- 
bility is based on the fact that  the intrinsic viscosity [v] of a 
rod-like molecule with a single break is about 15% less than 
that of an unbroken rod,39*40 and a rod with more than one 
break probably has an even lower intrinsic viscosity. 

As a final conclusion, we have calculated the characteris- 
tic ratio under the hypothesis that poly@-proline) may be 
treated as a random coil. A reasonable acccunt has been of- 
fered for the observed vatues of (R2)o/n12 of poly(L-pro- 
line) by introducing some degree of rotational freedom 
about the peptide bond, and a small amount of cis in a 
trans-rich chain. 

Addendum 
Just before submission of this manuscript, Dr. Leo Man- 

delkern informed us that he and his colleagues (C. C. Wu 

and R. A. Komoroski) had obtained Fourier transform 270 
MHz proton NMR evidence for 2-3% of cis peptide bonds 
in a trans chain of poly(L-proline) in DzO. These observa- 
tions support our conclusion that approximately 5% cis is 
required to account for the value of C of a (predominantly 
trans) chain of poly@-proline); Le., it  is reasonable for us to 
have assumed that a predominantly trans chain of poly(L- 
proline) may have a small percentage of cis residues. 

Appendix 
Consideration of Matrix Method fo r  Evaluating C 

fo r  Poly(L-proline). We consider here the applicability of 
the matrix method to the evaluation of C for randomly 
coiling poly@-proline), and show that this procedure is not 
practical for this homopolymer. 

In general, the conformations of chains of poly(L-pro- 
line) of N residues can be described by a set of rotational 
states @ l ,  +[, and w1 (see Figure 1B) and by a set of pucker- 
ing conformations of the pyrrolidine rings. We designate 
the conformational states related to 4L, + 1 ,  and w ,  by Q and 
those related to the puckering conformations by Q’. The 
sets Q and Q’ may consist of discrete states (rotational iso- 
meric states) or continuously varying states. In particular, 
i t  is not necessary to restrict 4l and the xi’s to specific 
puckering states, such as U and D. 

As described in the text, in treating poly@-proline), it  is 
necessary to take into account inter-residue interactions: 
those between residues i - 1 and i (first-neighbor interac- 
tions), and those between residues i - 1 and i + 1 (second- 
neighbor interactions). Therefore, in order to obtain the 
partition function of randomly coiled poly@-proline), it  is 
necessary to correlate the conformational states of the 
three consecutive residues 1 - 1, i ,  and i + 1 (see Figure 
1B). Of course, one can easily extend this treatment to the 
nearest-neighbor model, and also to a model that  takes into 
account interactions with residues beyond second neigh- 
bors. 

As seen in Figure lB ,  the conformation of a residue can 
be described by the three dihedral angles 4, +, and w ,  and 
by the puckering conformation of the pyrrolidine ring, We 
define the rotational states of the three consecutive resi- 
dues by Q,-  I (  &- I,+,- w1- 1 , 4 ~ , $ ~ , w ~ )  and Q, (hh .  wL,-  
41+1,+,+1,wl+1), and designate the number of conformation- 
al states to be employed for the i th residue as ((&), a ’ (# [ ) ,  
and ~”(q) .  Then, the total number of allowed conforma- 
tional states for R, is 

In ~ ” ( w i ) ,  and correspondingly for q”(wi+l) ,  we may limit 
the rotational states only to those around the trans (w = 
1 8 0 O )  and cis (w = 0’) conformations because of the partial 
double bond character of the peptide bond. Then, 

(-4-2) 

[and similarly for q ” ( u i + ~ ) ] ,  where q”t(wi)  and q’’Jwi) are 
the number of rotational states of wi in the small region 
around the trans and cis conformations, respectively. The 
total number of allowed conformational states for R’i is 
designated as N (  Q’i). 

The conformational energy of three successive residues 
can then be described in terms of the set Rj, R j + l  related to 
the backbone conformations and Q ’ j - 1 ,  Q’ i ,  and Q’j+ l  relat- 
ed to the puckering conformations of the pyrrolidine rings 
of residues i - 1, i, and i + 1. For the sake of convenience, 
we will start by considering only those conformational 
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u(UUv) u(UUD) 0 0 

u(DUU) u(DUD) 0 0 

0 0 u(UDU) u(UDD) 

0 0 u( DDU) U(DDD) 

states of the backbone which correspond to certain specific 
states of the pyrrolidine ring; then, we will allow for all pos- 
sible states of puckering. For specific puckering states, 
R’i-1, R’i, and R’i+l, the conformational energy may be cal- 
culated as a function of Ri-1 and Ri, Le., as E(Ri-i,Qi). We 
may then construct the statistical weight matrix for the i th 
residue as 

for a specific puckering state W L - l ,  WL, and Q‘L+l .  In eq 
A-3, the element (Rl - l ,RL)  is given by the Boltzmann factor 
of the energy, which is determined by the states 
R L - ~ ~ ~ l - ~ , ~ l - ~ , ~ l - ~ , ~ l , 4 1 , ~ l ~  and R l ( 4 L , 4 L , w L , 4 1 + l , ~ L + l , -  
wl+l) .  Therefore, the order of the matrix in eq A-3 is 
N(0,-1) x N(R1). 

We next vary the puckering conformations V1-l, f i t l ,  and 
R’,+1 of the pyrrolidine ring. Using the submatrix of eq A-3, 
we will construct the statistical weight matrix so that all 
possible conformations of the pyrrolidine rings of residues L 
- 1, i, and i + 1 are allowed. The order of this matrix will 
be [N(R’1)2 X N(R,)] X [N(Q’,)* X N(Q,) ] .  For example, 
when two puckering conformations, such as U and D, are 
used 1i.e. when N(Q’,)  = 21, the statistical weight matrix is 
given as follows: 

ui = 
D U D 

i - 1  i U D D 

where the indices of the columns and rows designate the 
puckering conformations of three successive residues, 
R’i-1, Vi, R’i+l. By using eq A-3; the elemental matrix 
u (  R’i-l,R’i,Q’i+l) for any conformational states Vi-1,  Q’i, 
and R’;+1 is replaced by u(UUU), u(UUD), etc., in eq A-4. 
The 0 in eq A-4 is the null matrix of order N(R) X N(R). 
Neglecting the special interactions a t  che ends of the chain, 
the statistical weight matrices for residues 1 and N a t  the 
ends can be written as 

O 1  r u(UU) u(UD) 0 

and 

We then calculate the partition function as 

2 = cu , (  1.2 Ui)U,E* ( A- 7) 

where 

and 

/“*” 1 

where el is the unit row vector of order N(R) and e*N is the 
unit column vector of order N ( Q ) ,  i.e., 

e, = ( 1 , 1 ,  . . . ,1 )  (A- 10) 

and 

For poly(L-proline) with a specific conformation of the pyr- 
rolidine rings (say, all D conformations), the case consid- 
ered in the text, N(R’,) = 1. Hence, the partition function 
can be calculated, using eq A-3, as 

W i ,  f2’i+l)]u,e*, (A-12) 
N - 1  

1.2 
= elu,[ n 

where u1 and UN are given by the corresponding elements 
(submatrices) of eq 5 and 6 that correspond to the specific 
D conformational states of the pyrrolidine rings when 

Using the statistical weight matrices and the partition 
function, one can formulate the equations to calculate the 
characteristic ratio C by using Flory’s method.12 However, 
we are not concerned with this formulation here, but only 
in ascertaining the order of the statistical weight matrix. 

We now consider the order of matrices of eq A-3 or A-4 
that  are required to calculate the partition function of eq 
A-7 or A-12 for poly(L-proline). If we allow only one con- 
formation for the pyrrolidine ring (e.g., D puckering and 
fixed d), then N(Q’) = 1 and ~ ’ ( 4 ~ )  = 1. Taking six rota- 
tional states for each of the trans and cis regions for the 
peptide bond, ~ ” ~ ( q )  = ~ ” ~ ( w ~ )  = 6, eq A-2 yields q ” ( w I )  = 
12. Furthermore, if we choose ( (4‘)  = 12, eq A-1 gives 
N(R,) = 1 X 12 X 12 X 1 X 12 X 12 = E4. Thus, in eq A-12, 
we would have to use 124 x 124 order matrices for u,, u1, 
and uAv; Le., the conformational energy would have to be 
calculated for K?4 X 124 states of three consecutive resi- 
dues. In addition to these extensive energy calculations, the 
need to multiply U4 X 124 order matrices would make it 
impossible to calculate the partition function from eq A-12. 
Of course, if one reduced the number of allowed rotational 
states, the computation might become feasible. 

If two puckering conformations were allowed for the pyr- 
rolidine ring (say, U and D), and the number of rotational 
states of the backbone were the same as computed above, 
the order of the matrices of eq A-4, A-5, and A-6 would be 
(16 X 124) X (16 X 

Thus, in conclusion, too much computational effort 
would be required in order to apply the matrix method to 
the present problem. 

Note Added in Proof. While this paper was in press, a 
paper by C. M. Venkatachalam, B. J. Price, and S. Krimm, 
Biopolymers, 14, 1121 (1975), on the conformational ener- 
gy of a pro-pro dipeptide (similar to that of our Figure l A ) ,  
appeared. They found three stable conformations which 

fi’l-l,R’L,Q’L+l = DDD. 

since N(Q’)  = ~ ’ ( 4 ~ )  = 2. 
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they called cis (w = Oo,  1c/ = 160°), trans (or trans’) (w = 
M O O ,  1c/ = 160°), and cis’ (w  = 180°, 1c/ = -40°), with a cis’- 
trans’ barrier of the same order of magnitude (20 kcal/mol) 
as the cis-trans barrier. First of all, it should be noted that, 
as emphasized here and the values of w and J.  for 
stable conformations depend very much on the bond 
lengths, bond angles, and potential functions used in the 
computations; their different conformations arise from the 
use of different geometry and potential functions than 
those used here. In any event, with such a high barrier, all 
three conformations should be observable by NMR in pro- 
line chains longer than the dipeptide but, as they point out, 
D. E. Dorman, D. A. Torchia, and F. A. Bovey, Macrornole- 
cules, 6, 80 (1973), found only two separate resonances for 
poly@-proline), which does not support the existence of 
three conformations. Conceivably, special circumstances 
involving the rates of interconversion of these conforma- 
tions could have prevented the appearance of three sepa- 
rate resonances. In summary, on the basis of our geometry 
for the puckered pyrrolidine r i n g 4 ~ ~ 9 ~ ~  (and our potential 
functions,24 that were refined by computations on crystals) 
and the NMR evidence cited above, we do not believe that 
the cis’ conformation is a low-energy one. 
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