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ABSTRACT: Phenomenological theories of the transition between helical form I (cis peptide bond) and helical 
form I1 ( t rans  peptide bond) of poly(L-proline), which is a typical order * order transition, have been presented by 
Schwarz (using the parameters s, u,  /3', and P'' in a 2 X 2 matrix formulation) and by the present authors (using the 
parameters s, u, Bc, and PN in a 4 X 4 matrix formulation). A molecular theory of the same transition has been for- 
mulated to account for the phenomenological parameters. T h e  statistical weights of regular helical sequences with 
and without junctions between the two forms were computed from empirical potential energy functions. Two puck- 
ering conformations of the pyrrolidine ring, i.e., with the Cy atom down and  up, were allowed, and the free energy 
was computed for chains with four types of puckering, viz., regular down, regular up, random A, and random B, in 
the latter two of which the up  and down puckerings were randomly distributed. T h e  random A and random B 
chains have higher energy than  those with regular down or up  puckering, in both forms I and  11. From both an ener- 
getical and a free energetical point of view, form I is more stable than  form I1 under vacuum a t  room temperature. 
T h e  dependence of the relative stabilities of form I and form I1 under vacuum on chain length was examined from 
both an energy and free energy point of view. T h e  four parameters, s, u, P,, and P,', which describe the transitions in 
Schwarz's theory, were calculated from the statistical weights of various types of sequences. It was found that  the 
thermally induced transition between form I and form I1 under vacuum occurs with the pyrrolidine rings remaining 
in the down conformation. T h e  calculated values of s suggest t ha t  form I is more stable than  form I1 in the regular 
down chain, while form I1 is more stable than  form I in the  regular up  chain under vacuum a t  room temperature. 
The calculated values of u for regular down and regular up  pyrrolidine ring puckering are  in good agreement with 
experimental observations, whereas those for random A and  random B puckering are much smaller than the experi- 
mental values. A theory for the effect of solvent on the parameters s, u,  P,, and P,' ( a t  constant temperature) is de- 
veloped, and the computations involving solvent effects are described in the next paper. 

In the previous paper" of this series, we presented a gen- 
eral treatment of a one-dimensional phase transition in 
order to make clear and explicit the meaning of the param- 
eters which appear in Schwarz's phenomenological theory" 
of the poly(L-proline) I F! I1 interconversion, based on a 
nearest-neighbor Ising model. In the present paper, we 
present a molecular theory of this transition, in the absence 
of solvent. In paper 111,5 we will introduce the role of sol- 
vent in the molecular theory. 

A molecular theory of the order F! order transition in 
poly(L-proline) is of interest for the following reasons. (1) 
The form I z form I1 transition in poly(L-proline) differs 
from the helix F? coil transition in the absence of both the 
intramolecular hydrogen bond of the helix and the entropy 
of the random coil. (2)  In the theoretical formulation, and 
calculations therefrom, we do not have to consider the very 
large number of states in the random coil conformation. In 
the form I z form I1 transition, we can compute the long- 
range interactions which had to be neglected in the theory 
of the helix-coil transition because of the difficulty of 
treating the "excluded volume" effect and the large num- 
her of conformational states in the random coil in a poly- 
mer chain. Furthermore, whereas we had to assume that 
helical and coil sequences behave independently in the 
helix-coil t r a n ~ i t i o n , ~ - ~  we can take into account the long- 
range interactions between two neighboring sequences, 
each of which belongs to a different conformational phase, 
in the order z order transition. (3) In poly(L-proline), 
there is only one type of functional group (Le., the carbonyl 
group) which can serve as a binding site in hydrogen bond 
forming solvents. This allows us to treat solvent effects in 
the poly(I,-proline) transition more easily than in the helix- 
coil transition in polyamino acids that have two types of 
functional groups, i.e., the carbonyl CO and amide NH of 
the peptide group. Thus, while it was necessary to intro- 
duce an assumption that the binding constants Kco and 
K N H ,  for binding solvent molecules to these groups, are 

such an assumption is not required for poly@- 
proline); this will make it easier to  treat the effect of sol- 
vent on the transition in poly(L-proline). 

The meaning of the parameters s, u, p', and pl' of 
Schwarz's theory4 was discussed in paper I.3 In section I of 
this paper, we formulate the molecular theory of these phe- 
nomenological parameters, In section 11, the numerical cal- 
culations are carried out. Finally, in section 111, the numeri- 
cal results are presented and discussed. Reference to equa- 
tions in paper I will be made as eq I - l , I - 2 ,  etc. 

I. Theoretical  Formulation 

A. Parameter  s fo r  the Growth  Process. Consider the 
growth process illustrated by IV-1 in Table IV of paper I3 
for a segment consisting of (2 j  + 1) residues, as depicted12 
in Figure 1, and re-define the statistical weights for the se- 
q u e n c e ~ ~ ~  on the left- and right-hand sides of the equation 
representing the elementary process as U,+I,,(IIJ) and 
U,, ,+~(I~J),  respectively. (See paper I for the relationship be- 
tween the statistical weights used in the matrix of the one- 
dimensional Ising model and the statistical weights that  are 
redefined here.) From eq 1-48, the statistical weights of the 
segments can be written as 

(1) j - 1  
c j t 1 , j ( I I , I )  = ~ ~ ~ ~ ~ , x x j ~ ~ ~ ~ ~ , ~ ~ ~ ~ , ~  

and 

From eq 1-49, 1-50, 1-62, 1, and 2, the parameter s may be 
calculated from the relation14 

(3) 

A factor u has been omitted from each of eq 1 and 2 (and 
from all subsequent similar equations) because it would 
cancel in eq 3 (and analogs thereof). 

B. Nucleation Parameters.  First, we consider the nu- 
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Figure 1. An interior segment of the poly(L-proline) chain. The 
IUPAC conventions and nomenclature12 are used, except for the 
definition of a residue. A junction between form I (cis peptide 
bonds) and form I1 (trans peptide bonds) can occur, for example, 
at the dashed line between residues z and z + 1. 

cleation process a t  the N terminus of a sequence. For the 
elementary process IV-2 in Table IV of paper I, the statisti- 
cal weights of the sequences on the left- and right-hand 
sides (for sequences of 2 j  residues) are defined as U Z , ( I ~ , I I )  

and UZ,( I , I I ) ,  respectively. In a similar manner to  eq 1 and 2, 
these statistical weights can be written as 

( 4) 

( 5) 

- 
‘ZJ(I1,II)  - ~(311 ,112j - ‘  

and 
J-1 

‘2 j(1,II) = 7L’I, IJ-’zcI, IIz4’II, 11 

From eq 1-49, 1-50, 1-53, 1-62, 4, and 5 ,  the nucleation pa- 
rameter for form I a t  the N terminus of a sequence, U’I, 

may be calculated from the relation 

O f I  = ~ ~ ~ ~ ~ / ~ ~ ~ ~ ~ z j ~ I , I I ~ / ~ ~ z j ~ I I , I ~ ~ l  ( 6) 
j -  w 

In a similar manner, we obtain the nucleation parameter 
for form I1 a t  the N terminus of a sequence, U’II, by as- 
signing the statistical weights u ~ , ( I , I )  and UZ,(II,I)  to  the se- 
quences on the left- and right-hand sides of elementary 
process IV-4 of Table IV of paper I. The resulting expres- 
sion is 

From eq 1-64, 6, and 7, we immediately obtain the parame- 
ter p’ as 

of = l im j- Lo (1,””) [(E;::; ,)i(::::::rl:” (*) 

Second, we consider the nucleation process a t  the C ter- 
minus of a sequence. Defining the statistical weights, 
uz,(11,11) and UZ,( I I , I )  for the sequences in elementary process 
IV-3 of Table IV of paper I, the nucleation parameter for 
form I a t  the C terminus of a sequence, u ” ~ ,  and proceeding 
in a manner similar to the derivation of eq 6, we obtain 

uf ’1 = l im ( 1 / ’ ~ 9 [ ~ 2 j ( I I ,  I ) / U ~  j(II ,  11) 1 ( 9) 
j- rn 

Similarly, the nucleation parameter for form I1 at  .the C 
terminus of a sequence, ~ ” 1 1 ,  for elementary process IV-5 of 
Table IV of paper I is obtained as 

~ “ 1 1  = l im ~ j [ ~ ~ j ( ~ , ~ ~ ) / ~ ~ j ~ ~ , ~ ) l  (10) 
j -  

where u ~ , ( I , I I )  and u ~ , ( I , I )  are the statistical weights for the 
two sequences depicted in elementary process IV-5 of 
Table IV of paper I. From eq 1-65, 9, and 10, the parameter 
p” is 

Third, the nucleation parameter for an isolated residue 
in the interior of a sequence, u, may be computed from eq 
I-63,6, and 7 or 1-63, 9, and 10, viz. 

Thus, all the parameters, s, u, p’, and p”, which deter- 

mine the equilibrium behavior of the system of constant 
chain length N are expressed in terms of the statistical 
weights of the sequences. 

C. Statistical Weights of the Helical Sequences with 
and without a Junction. In order to compute s, u, p’, and 
p”, it is first necessary to evaluate the statistical weights 

formulating the procedure to calculate the analogous sta- 
tistical weights for the helix-coil transitioq6 using classical 
statistical mechanics to evaluate the partition function, in- 
tegration of the Boltzmann factor over the coordinates and 
momenta led to two terms,6 det F and det G .  The evalua- 
tion of the term det G for the random coil presented diffi- 
culty because of the large number of conformations and the 
associated long-range interaction problem (excluded vol- 
ume effect) in the random coil. In the order F? order transi- 
tion in poly@-proline), we do not encounter this difficulty 
because both conformations are regular helical ones (see 
also the discussion of section IB of paper I). While it is, 
thus, possible to evaluate the term det G for the two helical 
conformations, we nevertheless follow previous practice6 
and neglect it, since it is expected not to affect the comput- 
ed parameters s, u, p’, and p” significantly (because we ex- 
pect it not to vary with the various sequences depicted in 
Table IV of paper I). 

Since both conformations are helical, we may use the as- 
sumption that the conformational fluctuations around the 
regular helical conformations of poly(L-proline) (forms I 
and 11) will be smalL6 Thus, the statistical weight u, for a 
regular helical sequence12b of n proline residues, or for two 
regular sequences separated by a junction, is6 

U/, j+l(II , I ) ,  u]+lJ(II,I), “2](1,1), u 2 J ( I I , I I ) ?  u2](I,II)? and u 2 J ( I I , I ) .  In 

where m is the number of variable dihedral angles in a se- 
quence, Eon(Qo) is the value of the conformational energy 
at  the minimum-energy conformation described by the set 
of coordinates Qo, and the elements of the matrix Fn(Qo) 
are the second derivatives of the conformational energy at  
the corresponding minimum-energy conformation Qo. 

In calculating Eo,(Qo), the dihedral angle for rotation 
about the peptide bond,12 w ,  and that for rotation about 
the Ca-C’ bond, +, are taken as variables, and the dihedral 
angle for rotation about the N-C“ bond, 4, is fixed in either 
of two conformations (see section IIA). However, when det 
F,(Qo) is calculated, w is assumed to be fixed a t  the values 
obtained by the energy minimization in which 4 and $ were 
allowed to vary, 4 is fixed, and only + is allowed to  vary; 
i.e., only the small conformational fluctuations around the 
Ca-C‘ bond are taken into account in computing the entro- 
py with and without junctions for the sequences of the 
poly(L-proline) chain depicted in Figure 1. Thus, in the cal- 
culation of Eo,(Qo), there are 4j - l variable dihedral an- 
gles in a sequence of 2 j  proline residues and, in the calcula- 
tion of det F,(Qo), m = 21 - 1 for a sequence of 2 j  resi- 
dues; n = 2j  in calculating both E0,(Qo) and det F,(Qo). (n  
is the number of pyrrolidine rings and m is the number of 
$’s in a chain of n = 2j  residues.) In addition, we allow for 
variation in U and D puckering in the calculation of 
E O n ( Q 0 )  and det F,(Qo). 

Consider first the statistical weights of regular helical se- 
quences u2,(1,1) and UZ,( I I , I I )  which appear in eq 6, 7 ,  9, and 
10. These are evaluated by computing the quantities 
E O z , ( ~ , ~ ) ,  E02,c11,11), det Fz,(I,I), and det Fz,(II,II), as described 
in sections IIC and IID. 

Next consider the statistical weights of helical sequences 
with a junction between two different helical states, 
u~ , j+ i ( I I , I ) ,  ~ ~ + ~ J ( I I , I ) ,  U Z ~ ( I . I I ) ,  and ~ ~ J ( I I , I ) .  Such a junction 
can occur a t  any Ccr-C’ bond, e.g., a t  the dashed line be- 
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tween residues i and i + 1 in Figure 1. According to our 
previous computa t ion~ l~  of the conformational energy of 
L-proline oligomers, there is only one low-energy sharp 
minimum (at $ = 160') in the whole range of $ for every 
combination of peptide bond (trans and cis) and pyrrol- 
idine ring puckering conformations. In addition, the depen- 
dence of the energy on $ a t  a cis-trans or trans-cis junction 
is sharper than that for a trans-trans junction in the di-L- 
proline fragment. The general features of these results15 for 
the di-L-proline fragment can be expected to hold for 
poly@-proline). Indeed, in the computations carried out 
here, the dependence of the energy of a junction residue on 
$ (with two regular helices attached), and the dependence 
of the energy of each regular helix on $, are all very similar 
to that found for di-L-proline; i.e., the energy is restricted 
to a narrow range around $ - 160'. In poly(L-proline), 
there is no additional type of interaction (such as an intra- 
molecular hydrogen bond) determining the helical confor- 
mation, beyond the nonbonded and electrostatic types of 
interactions in the di-L-proline fragment. These features 
allow us to treat the fluctuations in $ a t  a junction in the 
same manner as the fluctuations in $ in a regular helix, as 
far as the computation of the entropy is concerned; i.e., the 
entropy may be evaluated by considering only the small 
fluctuations in +L around the minimum-energy conforma- 
tion at  a junction between two helical sequences, as well as 
those in the regular helix portions of the sequences on both 
sides of the junction. This assumption gives us the advan- 
tage of using the interdependent nearest-neighbor se- 
quence model. If we were to take into account the large 
conformational fluctuation a t  a junction, we would have to 
employ the independent sequence m0de1.l~ With the above 
assumption, we compute the statistical weights for se- 
quences that include a junction, e.g., UZ,(I,II), u,,,+I(II,I), etc. 
For example, we calculate u ~ , ( I , I I )  from eq 13, using the 
minimum-energy value EO~,(I,II, and the corresponding det 
F*,iI,II), for the sequence consisting of j residues in form I, j 
residues in form 11, and a form I-form I1 junction a t  the 
middle residue. 

D. Computation of s, u, or, and 8". In this section, we 
discuss the relation of the thermodynamic quantities s, (r, 

p', and P'' to molecular quantities. Consider first the quan- 
tity s which is defined in terms of the statistical weights 
appearing in eq 3. From eq 13, we may write u,,,+I(II,I) as 

~ j , J + l ( I I , I )  = e x P [ - ~ o j , j + ~ ~ I I , I , / ~ ~ l  x 

[ (  2 r R g  "/det Fj, j+l(II ,  I )I1 I 2  (14) 
In a similar manner, u , + ~ , , ( I I , J )  can be expressed in terms of 
Eo,+l, , iII , t)  and det E',+~,,(II,J). From these equations and eq 

'The quantity -R In go may be regarded as the change in 
the conformational entropy when a residue in form I1 is 
converted to form I. Assuming that the potential energy 
(and hence f o  and g o )  is independent of temperature,16-'* 
and using the relations AHs = R T 2 ( a  In s / a T )  and A S ,  = 
n(RT In s)l,rT, we obtain the change in enthalpy and entro- 
py associated with the quantity s as 

AH, = fo ( 1 8 )  

and 
AS, = -R l n g ,  (19)  

Consider next the quantity u which is defined in terms of 
the statistical weights appearing in eq 12. Expressing these 
statistical weights in terms of the corresponding quantities 
Eo and det F in eq 13, and then substituting in eq 12, we 
obtain 

-RT In u = fl + f 2  + RT In (glg2) (20) 

where 

f i  = lim ['02j(IsII) - Eo2j(II , I I ) l  (21) 

f2 = l im[E02j(u,I)  - Eo2j(I,I)1 ' ( 2 2 )  

f *  

J- - 
and 

gz = lim[det F2j(11,1)/det F2j (bI ) ]1 /2  (24) 
1-- 

Therefore, from eq 20, the change in enthalpy and entropy 
associated with the quantity (r is 

AH, =fi  + f2 ( 2 5 )  

(26) 

Combining eq 15 and 21-24 with eq 8, we obtain the 

and 

AS, = -R In (gigz) 

quantity p' as 

-RT In B' = (fl - f 2  - 2jf0) + 
RT In (g1/g2) - 2jRT'In go (27) 

The change in enthalpy and entropy associated with the 
quantity p' may be expressed as 

AH,, = f i  - f 2  - 2jfo ( 2 8 )  

ASB, = -R In (gl/gz) + 2jR Ingo  ( 2 9 )  

The quantity p", defined in eq 11, is obtained in a similar 

and 

manner as 
-RT In P" = (f3 *- f4 - 2jf0)  + 

RT In (g3/94) - 2jRT In go (30) 

(31) 

(32) 

where 

f 3  = l im[Eo2j(II ,I~ - .E02j(,I,11)l 

f 4  = l i d E 0 2 , ( b I I )  - E02,(I,I)1 

J- Q 

1-'0 

g, = lim [ e t  F 2 j G I . I )  det F2j(II,II)11~2 133) 
J- Q 

and 
g4 = lim [det F z j ( ~ , I ~ )  - det F2J(~,~)11 '2  (34) 

Hence, the change in enthalpy and entropy associated with 
the quantity p" is 

and 

j- = 

AHpo = f3  - fi - 2jf0 (35) 

ASB., = -R In (g3/g4) + 2jR l n g ,  (36) 

Hence, we have expressed all of the quantities s, b, p', 
and p", which describe the equilibrium behavior of the sys- 
tem (for a chain length of N ) ,  in terms of molecular quan- 
tities. Thus far, the discussion has pertained to quantities 
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under vacuum. In section E, we discuss the effect of solvent 
on the transition of poly(L-proline). 

E. Effect of Solvent. Even though the effect of solvent 
on the form I ~t form I1 transition curve will not be treated 
explicitly until paper 111,5 an initial discussion of solvent 
effects is introduced here to consider how the parameters 
are affected by solvent. 

I t  has been amply demonstrated by experiment that the 
solvent plays an important role in determining the relative 
stabilities of forms I and I1 in solution. For example, the 
form I helix is stable in n-aliphatic alcohols and pyridine, 
whereas the form I1 helix is stable in water, benzyl alcohol, 
trifluoroethanol, acetic acid, and formic a ~ i d . ' ~ - ~ ~  Further- 
more, poly@-proline) can undergo an interconversion be- 
tween forms I and I1 by a change of solvent composi- 
t i ~ n . ' ~ , ~ ~  While many experimental studies have been car- 
ried out on the thermally induced helix-coil transition in 
other polyamino as far as we know no reports have 
appeared on a thermally induced interconversion between 
forms I and I1 in poly(L-proline). 

In general, solvent effects on transitions in polypeptides 
and proteins may be classified into three ~a tegor i e s :~  (1) di- 
rect binding of solvent molecules to the functional groups 
of the polymer, e.g., to the NH and CO groups; (2) effect of 
the solvent on the intramolecular interactions of the poly- 
mer chain, e.g., the effect of the dielectric constant on elec- 
trostatic interactions; and (3) mutual effect of the solvent 
and polymer on each other, e.g., hydrophobic bonding in 
aqueous solution. 

The type (1) solvent effect has been known to play an 
important role in conformational transitions in polypep- 
tides and proteins in solvents which form hydrogen bonds 
with the peptide group. Indeed, the helix-coil transition in 
polyamino acids in mixtures of active and inactive solvents 
has been explained in terms of this type of solvent ef- 

Various experiments have shown that the type 
(1)  solvent effect plays a dominant role in influencing the 
form I e form I1 transition in p o l y ( ~ - p r o l i n e ) . ~ ~ J ~ $ ~ ~  Ac- 
cording to the equilibrium study by Ganser et aLZ3 the 
form I helix of poly@-proline), which is stable in n-butyl 
alcohol, is transformed to  the form I1 helix by the addition 
of benzyl alcohol or trifluoroethanol. Infrared s t ~ d i e s ~ ~ - ~ ~ , ~ ~  
have proven that the alcohol OH groups are hydrogen 
bonded to the peptide CO groups, the latter being the only 
available functional groups in the poly(L-proline) chain. 
Moreover, these s t ~ d i e s ~ ~ , ~ ~  lead to  the conclusion that  the 
transition is induced by the preferential binding of benzyl 
alcohol or trifluoroethanol molecules to  residues which are 
in the form I1 conformation; Le., whereas both n-butyl al- 
cohol and benzyl alcohol bind to the peptide CO groups, 
the standard free energy of binding is sufficiently different 
for both alcohols in forms I and I1 so that  variation in the 
relative amounts of the two alcohols can induce the I * I1 
interconversion (this point will be discussed in paper II16). 

I t  may be assumed that  there is no cooperativity when 
solvent is bound to the peptide groups, and hence that  in- 
teractions between bound solvent molecules may be ne- 
glected; i.e., to a good approximation, the equilibrium con- 
stant for the binding of a solvent molecule to a given pep- 
tide group may be assumed to be independent of the con- 
formation of the neighboring peptide groups, but to depend 
only on the conformational state of the residue to which 
the solvent molecule binds. With this assumption, the sta- 
tistical weight of a residue can be expressed by two terms, 
one resulting from the free energy of a peptide residue in 
the absence of solvent binding and the other from the free 
energy of binding a solvent molecule to the peptide CO 
group. The contribution of solvent binding to the statistical 

weight of a residue in forms I and 11, respectively, is 

ZI = 1 + C K ' , a ,  (37) 

(38) 

i 
and 

ZII  = 1 + CK"pi 
i 

where K1i and KI1i are the equilibrium constants for forma- 
tion of a hydrogen bond between solvent species i a t  activi- 
ty ai and the ith peptide CO group in forms I and 11, respec- 
t i v e ] ~ . ~ ~  

Using eq 37 and 38, the statistical weight U'' ) j , j+1(11 ,1)  (in- 
cluding the contribution of solvent binding) for the se- 
quence consisting of j residues in form I1 and j + 1 residues 
in form I can be expressed as 

j+i (39) j , j + i ( I I , I )  - uj, j + ~ ( ~ I , ~ ) ~ I ~ j ~ I  
u ? ) ( S )  - 

The corresponding expression for the sequence consisting 
of j + 1 residues in form I1 and j residues in form I is 

cl(s)j+l,  j(II, 1) = ~ ~ j + ~ , j ( I I , I ~ z I I J + l z I J  (40) 
Therefore, using eq 3, 39, and 40, the parameter s(*) for 
growth in solution becomes 

s (s )  = S ( Z I / Z I I )  (41) 
In eq 39-41, the values without the superscript (s) are 
quantities computed in the absence of solvent binding. 

Applying the same considerations to  the statistical 
weights u ( s ) 2 j ( I I , I ) ,  u ( s ) 2 j ( I I , I I ) ,  u ( ' ) 2 j ( I , I I ) ~  and U ( ' ) 2 j ( I , I )  in eq 8, 
11, and 12 leads to the results 

P A S )  = P' (42) 

p ' r c s )  = B" (43) 

(+s) = U (44) 
and 

Equations 42-44 show that, while the quantity s depends 
on solvent (and solvent composition), the quantities U, p', 
and /3'l do not depend on the solvent, as far as a type (1 )  
solvent effect is concerned. The same conclusion was de- 
duced for u in the helix-coil t r a n ~ i t i o n . ~  

The type (2) solvent effect probably does not play an  im- 
portant role in the solvent-induced transition between 
form I and form I1 in poly(L-proline) because the transition 
takes place in an extremely narrow range of variation of 
solvent c o m p o ~ i t i o n , ~ ~  in which the effective dielectric con- 
stant would not be expected to vary very much. However, 
when the thermodynamic parameters are computed "in 
vacuum" [in order to be combined with the type (1) solvent 
effect, as indicated in eq 41, or to be used directly, as shown 
in eq 42-44], a dielectric constant must be selected to rep- 
resent the type (2) solvent effect. The value chosen for the 
dielectric constant D will affect not only s but also U ,  of ,  
and p". One could optimize the value selected for the di- 
electric constant (and the approximate "cut-off distance" 
used for computing electrostatic interactions) by trying to 
achieve a best fit of the computed and experimental values 
of u, p', and plf which are not influenced by a type (1) sol- 
vent effect [or by a type (3) solvent effect; see below]. How- 
ever, because of the ambiguities in defining a local dielec- 
tric constant and a "cut-off distance", we have resorted to 
the usually used" value of D = 2, and will discuss the role 
of electrostatic interactions in determining the conforma- 
tion of poly@-proline) in section IIB. 

The typical type (3) solvent effect is the hydrophobic 
bond,26 which has been shown to affect the helix-coil tran- 
sition of, say, poly@-alanine) in ~ a t e r . ~ ~ - ~ l  However, we 
would not expect a type (3) solvent effect to play a signifi- 
cant role in the poly(L-proline) transition in organic sol- 
vents because organic solvents do not have the structural 
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Table I 
Chains with Specific Random Puckering 

Random sequence 
of up (U) and down (D) for 30 residuesa Notation 

Random A DUUUUDDUDUUDDDUDUDUUDUUUDD- 
UUDU 

DDUD 
Random B DUDDUDUDUUDDUDDUUUDDUUUDUU- 

a Obtained with a pseudo-random number generator.33 

features of liquid water. If one were to  evaluate the confor- 
mational stability of poly(L-proline) in aqueous solution, 
one would have to take into consideration the hydrophobic 
interactions between the large nonpolar groups of the pyr- 
rolidine rings. In fact, Nemethy and ScheragaZ8 estimated a 
large free energy change for the interaction of two pyrrol- 
idine rings in water. 

11. Numerical  Calculations 
In this section, we describe the numerical calculation of 

the thermodynamic quantities “in vacuum”, Le., with the 
inclusion of the type (2) solvent effect (by the choice of D 
= 2).  The resulting numerical values of s, u, p’, and p” are 
given in section I11 together with the effect of solvent on s. 

A. Geometry of t he  Prol ine Residue a n d  t h e  Energy 
Functions. In the interior segment of the poly(L-proline) 
chain depicted in Figure 1, the bond lengths and bond an- 
gles are assumed to be fixed a t  the values used in ref 15; 
similarly, the energy functions are those used in ref 15. 
Further discussion of the geometry of the proline residue 
and the energy functions is given in ref 17. In the present 
paper, we allow w to be a variable; i.e., we take account of 
possible slight deviations of the peptide group from planar- 
ity. The torsional energy function for rotation about the 
peptide bond is given in ref 17, and no intrinsic torsional 
energy function is used17 for variation of $. As in our previ- 
ous paper,I5 in the calculation of Eo and det F, we employ 
two types of puckering conformations of the pyrrolidine 
ring, which are designated “down or D” and “up or U”, re- 
spectively, depending upon whether the C y L  atom is in the 
position where C#I is fixed a t  -75.0’ and x’ at  18.7’, or in the 
position where 4 is fixed at  -67.6’ and x’ at -6.1°, with re- 
spect to the carbonyl C’ atom of the (i - 1)th proline resi- 
due.32 

In order to examine the effect of a distribution of ring 
puckering conformations on the conformation of the regu- 
lar helix and on the parameters u, /3‘, and @”, the calcula- 
tions were performed not only for the regular U and D con- 
formations but also for two chains with randomly distribut- 
ed puckering states; in the latter two chains, the distribu- 
tion of puckering conformations was obtained on a comput- 
er using a uniform pseudo-random-number generator.33 
The two specific random chains (n = 30), designated as 
“random A” and “random B”, have the puckering confor- 
mations shown in Table I. In the calculation of S, the statis- 
tical weight can be computed only for a regular sequence; 
therefore, only regular D and regular U ring puckering were 
considered when computing s. 

B. Energy Minimization fo r  Regular  Helices. We 
consider first the rate of convergence, with increasing chain 
length, of the conformational energies and minimum-ener- 
gy Conformations, and then the relative stabilities of vari- 
ous regular helices, in order to obtain the behavior a t  infi- 
nite chain length. 

To obtain the regular form I and form I1 helices (i.e., reg- 
ular except, in some cases, with respect to ring puckering), 
the conformational energies were minimized with respect 

- 7 - 5  

D 

Number of Residues In1 

Figure 2. Dependence of the minimum-energy conformation and 
energy (per residue) on the number of residues of L-proline with 
regular D puckering, for form I and form I1 helices. In B and B‘, 
the symbols represent: &t (0); Eelee (A); &,b (0);  and E b ,  (0). 

to $ and w (with the constraint that these be the same in 
every residue). The procedure, applied to chains beginning 
with a C’ atom and ending with a Ca atom, was the same as 
that used previously,15 except that end groups were includ- 
ed in the calculations reported in ref 15. First, the compu- 
tation was carried out for form I and form I1 sequences of 
poly@-proline) with regular D puckering. The dependence 
of $, w ,  and the conformational energies (expressed as ener- 
gy per residue) on the number of residues in a helical se- 
quence are shown in Figure 2, where Etot, Eelec, Enb ,  and 
Etor denote the total, electrostatic, nonbonded, and tor- 
sional energies, respectively. The starting values of w in this 
energy minimization were taken as 0’ (cis) and 180’ (trans) 
for form I and form 11, respectively. The starting values of 
$ were taken as those for minimum-energy cis-cis and 
trans-trans dipeptides, as computed previou~ly.’~ As seen 
in Figure 2, the values of $, w ,  and the conformational ener. 
gies are almost constant for n > 15, and the convergence is 
satisfactory at  n = 30. Similar calculations were carried out 
for other regular helical structures of poly@-proline) with 
different ring-puckering conformations, and the results for 
n = 30 are shown in Table 11. 

As seen in Table 11, form I helices are energetically more 
stable than form I1 helices, no matter what the ring-puck- 
ering conformation is (as shown in section IID, form I heli- 
ces are entropically less stable than form I1 helices, for 
each ring-puckering conformation). The stability of form I 
helices arises mainly from the nonbonded attractions be- 
cause of their more compact structure (see Figures 3 and 4, 
where the minimum-energy structures of forms I and I1 
with regular D puckering are shown). As can be seen in Fig- 
ure 2, the electrostatic energies of both forms (for D = 2) 
are almost the same. Therefore, the relative stability of the 
two forms is insensitive to the choice of the value of D, and 
would become even more so if higher values of D were used 
to simulate the type (2) solvent effect discussed in section 
IE. In addition, it can be seen from Table I1 that the chains 
with regular D puckering are energetically more stable than 
the other three for both forms I and 11. 

I t  is of interest to point out that the relative stability of 
form I and form I1 varies with chain length. While the cis 
form is energetically more stable for long chains, as indi- 
cated above, the energy of the trans form is lower for short 
chains (in the absence of solvent), as shown in Table I11 
and in Figure 2. As the chain length increases, the relative- 
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Table I1 
Regular Form I and Form I1 Conformations of Minimum Energy in  Poly(L-proline) 

Dihedral 
angles, deg Energies, kcal/mol of sequenceb 

- Helical Pucker inga 
form conformation W d Etot  E,,,, Enb E t o r  

Form I1 Regular D 171.1 166.9 -297.2 -305.3 4 . 0  14.2 
Regular U 171.5 176.0 -287.6 -306.8 5.9 13.4 
Random A 170.0 171.8 -283.5 -306.9 5.4 18.0 
Random B 170.1 171.3 -284.7 -306.8 4.3 17.8 

Regular U -17.2 170.6 -300.7 -304.4 4 8 . 5  52.2 
Random A -14.4 169.9 -302.4 -301.1 -38.4 37.2 
Random B -13.9 169.8 -302.5 -301.0 -36.3 34.8 

Form I Regular D -10.8 167.2 -325.5 -296.8 4 9 . 7  21.0 

a D denotes the "down" conformation with respect to pyrrolidine ring puckering (4 = -75.0" and x1 = 18.7") and U denotes the "up" (@ 
= -67.6" and x1 = -6.1"). (See text and ref 15 for more details,) Random A and Bare the chains with random distrlbution of puckering con- 
formation, given in Table I .  The energy values are given for sequences of n = 30. 

Figure 3. The form I (cis) helical conformation of minimum ener- 
gy, with regular D ring puckering and @ = -75.0°, x 1  = 18.7O, ob- 
tained in this paper. A sequence consisting of five pyrrolidine rings 
(-1% turns of right-handed helix) is shown. The x and y axes lie in 
the plane of the paper at the first N-C" bond, as shown. The size 
of the atomic symbols (with hydrogen atoms omitted) was selected 
to present a perspective along the z axis. The dihedral angles used 
for the drawing are those of Table 11. 

ly long-range nonbonded interactions stabilize the cis form 
over the trans because of the compact structure of the cis 
form. 

C. Energy  Minimization f o r  Sequences with a Junc- 
tion. In this section, we determine the conformation of the 
residue at the junction between two different forms. Let us 
suppose that the junction occurs at the dashed line be- 
tween residues i and i + l in Figure l. Up to  (and includ- 
ing) residue i, the conformations (i.e., the  values of the $'s 
and w's )  are in form I; the conformation of the sequence 
consisting of residues n 1 i + 1 is in form I1 (likewise for 11, 
I junctions). It is assumed that the dihedral angle $i is not 
involved in either of the two helical sequences. The  regular 
helical conformations on both sides of this junction were 
held fixed at the values given in Table 11, and the energy 
was minimized by varying only $ j .  The energy minimiza- 
tions were carried out for n = 30, i.e., for 15 residues in 
each of forms I and 11, and the results are summarized in 
Table IV (calculations for n = 20, i.e., for 10 residues on 
each side of the junction, yielded the same results). 

Thus,  all minimum-energy conformations, both for regu- 
lar helical sequences of forms I and I1 and for the junction 
between them, in a sufficiently long chain, have been deter- 
mined. 

Figure 4. Same as Figure 3, but for the left-handed form I1 (trans) 
helix. 

Table  I11 
Differences in  Energies and  Free Energies 

of Short Oligomersa 

Difference 

energy' ( t r a n s  - 
Difference in in free 

energy ( trans - 
No. of cis) ,  kcal/mol cis ), kcal/mol 

residues of conformer of conformer 

4 
5 
6 
7 
8 
9 

10 

-3.0 
-3.1 
-1.0 

0.07 
1.3 
2.0 
3.6 

-3.2 
-2.8 
-2.1 
-1.3 
4 . 5  
0.3 
1.0 

a For structures of the type shown in Figure 1. i.e.. without end 
groups, and for D puckering. For residues as defined i n  Figure 1. 
i.e., beginning with a C '  atom and ending with a P atom. To he 
discussed in section IIIA. 

In order to  evaluate s, o, f l ,  and @", we must examine the 
chain-length dependence and convergence of the energy 
terms fo,  fl, f2, f 3 ,  and f 4  in eq 16, 21,  2 2 ,  31, and 32,  respec- 
tively. For f o ,  we need the conformational energies 

quences of poly@-proline) with regular D ring puckering as 
a function of the number of proline residues ( n  = 2 j  + 1) .  
using the appropriate values of $, LL' given in Tables I1 and 
IV, with j residues in form I and j in form I1 (Table 11) and 
the junction residue from Table IV. The  results, shown in 

EO.. ,,,+I(II,I) and Eoj+1,j(1~~1); these were computed for se- 
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' 0  

Table IV 
Minimum-Energy Conformations of Sequences with a Junction 

Dihedral angles Energies, kcal/mol of sequenceC 
Puckering' Q b  a t  the 

Junction a t  conformation junction. deg E ,  O t  E,,, E,, Etor  

11-1 Regular D 165.9 . -308.8 -299.1 -27.4 17.7 
Regular U 178.6 -289.8 -303.4 -18.7 32.3 
Random A 179.4 -287.7 -302.1 -12.6 27.0 
Random B 179.4 -283.9 -302.1 -7.5 25.7 

1-11 Regular D 166.5 -309.1 -299.6 -27.3 17.7 
Regular U 179.1 -292.3 -303.5 -19.8 31.0 
Random A 179.6 -289.2 -302.0 -13.5 26.3 
Random B 179.6 -292.2 -301.6 -15.8 25.1 

See footnote a of Table 11. * The other dihedral angles in a sequence are maintained at those in the regular helices (given in Table 11) cor- 
responding to form I and form 11, and the puckering conformations of the pyrrolidine rings. The energy values are given for the sequence 
ofn = 30.dThesevaluesof Eto, are defined in the text as the junction energiesEz,,1[,1~ and Ezi,1,11\. 

- o--o-o-o-o-o-o-o 0 

I I I I I 

I I I I 

I O -  -- 0 0-0-0-0-0-0 0 -  

\ 
o - o - o - o - o - o ~ o ~ o  

-O - I t  O-O- 

-3,i 10 20 30 40 

Number o f  Residues ( n )  

Figure 5. Dependence of fo = EOjj+1(11,1) - E0j+l.j~~r,~,  on the num- 
ber of proline residues n ( = 2 j  + 1) for regular D ring puckering. 
The asymptotic limit of fo  for large j gives AHs (see eq 18). 

' 3 7  

: - I  I 

Figure 5, indicate that  f o  converges rapidly as n increases, 
and that the convergence is satisfactory already at n = 31. 

In a similar manner, f l ,  f z ,  f 3 ,  and f 4 ,  defined in eq 21, 22, 
31, and 32, respectively, were computed for sequences with 
regular D ring puckering as a function of the number of 
proline residues. The resulting quantities, in the forms f l  + 
f z ,  f l  - f 2  - 2jf0,  and f 3  - f 4  - 2jfo which appear in eq 20 
or 25, 27 or 28, and 30 or 35, respectively, are plotted 

I I I I 
10 20 30 4c 

Number of Residues (n) 

Figure 7. Dependence of f i  - f z  (0)  and f l  - f 2  - 2j f0  (0) on the 
number of proline residues (n = 2;) for regular D ring puckering. 
The constant value of f l  - f 2  - 2jfo gives A H p  (see eq 28). 

i I I I 0 10 20  30 40 

Number o f  Residues In1 

Figure 8. Dependence of f 3  - f 4  (0 )  and f 3  - f 4  - 2 j fo  (0) on the 
number of proline residues (n = 2;) for regular D ring puckering. 
The asymptotic value off:, - f 4  - 2 j fo  gives AHg" (see eq 35). 

against the number of proline residues ( n  = 2 j )  in Figures 
6 ,  7 ,  and 8. The value of f o ,  used in f l  - fz - 2jf0 and f3 - 
f 4  - 2jf0,  is that  for n = m (of Figure 5). Figure 6 shows 
that the quantity f l  + fz ,  required for the computation of 
u, converges slowly with increasing j ,  and has not yet con- 
verg'ed a t  n = 40. Therefore, the value of f l  + f z  at infinite 
chain length was obtained by extrapolating these values 
(against l l n )  to  n -+ m. The quantities f l  - f z  - 2jfo and f 3  

- f 4  - 2jf0,  required for the computation of p' and b", re- 
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spectively, become constant for n > 14 (see Figures 7 and 
8).  

Similarly, calculations of fo ,  f l  + f z ,  f l  - f2 - 2jf0, and f 3  

- f4  - 2jfo were carried out for sequences with regular U 
puckering to obtain s ,  a, p', and p", and calculations of f l  + 
f2 were carried out for sequences with random A and ran- 
dom B puckering to  obtain a. Since a chain length of n = 
30 was sufficiently long to yield the asymptotic limits a t  n 
= - for regular D puckering, a similar chain length was 
used here. The asymptotic values of f o  and f l  + f2 give AHs 
and AHo, respectively (see eq 18 and 25); thus, the asymp- 
totic numerical values of f o  and f l  + f 2  for regular U puck- 
ering, and of f l  + f z  for random A and random B pucker- 
ing, were taken from Table VI11 (for A H , )  and Table IX 
(for AHc) below. 

I t  can be seen in Table IV that, for each type of ring 
puckering, a 1-11 junction is energetically more stable than 
a 11-1 junction; i.e., it  is preferable to  have a helical se- 
quence of cis followed by trans, rather than vice versa (for a 
chain considered from the N to the C terminus, as in Fig- 
ure 1). This result, which was discussed in our previous 
paper,15 is in good agreement with experimental NMR ob- 
s e r v a t i o n ~ . ~ ~  This point will be discussed from a free energy 
point of view in section IIIA. 

D. Calculation of F, for Sequences with a n d  without  
a Junct ion.  In order to evaluate the entropic contributions 
to s ,  a, p', and pll (by means of eq 19,26,29, and 36, respec- 
tively), it  is necessary to  calculate the contribution to  the 
free energy of the polymer chain from the small fluctua- 
tions in the minimum-energy helical conformation. This 
entropic contribution to the free energy (or the statistical 
weight, in the form given in eq 13) may be evaluated from 
the curvature of the energy function at the minimum? 
which requires the computation of the second derivatives 
of the energy function a t  the minimum; Le., the  matrix of 
second derivatives, F,, and its determinant must be calcu- 
lated. 

In calculating F, for a sequence of n proline residues, we 
neglect the small conformational fluctuations in 4 and o, 
and consider only the fluctuations in $. The values of the 
$L's (constrained to  be equal in the regular helical seg- 
ments), and of the $ a t  the junction, were allowed to  under- 
go small fluctuations around the minimum-energy confor- 
mation. Under these conditions, det  F, was computed; i.e., 
for the sequences of regular helices, det F ~ ~ ( I , I )  and det 
F ~ ~ ( I I , I I ) ,  and for the sequences with a junction at the mid- 
point, det Fzj(1.11) and det F2j(11,1) were computed as a func- 
tion of the number of proline residues, n = 2j. The results 
are shown in Figure 9. 

The following approximate method was used to compute 
det F, for large i (n = 2j  2 20) in order to save computer 
time. In the matrix F, (of order n X n), the (i,j) element is 
the second derivative of the energy, viz., ~~E/a$ia$j (with 1 
I i, j I n). Letting k = li - j l ,  we kn0W6,~~ that the terms 
for large k do not contribute to det F, since the corre- 
sponding elements a2Ela$,a$j are nearly equal to zero in a 
sufficiently long chain. At the same time, the product of 
the diagonal elements is large enough compared to  the con- 
tribution from the nondiagonal elements that the latter 
may be neglected. This is not true if the polypeptide chain 
has side chains containing several bonds about which rota- 
tion can take place; also, the contribution from the nondi- 
agonal elements of small k cannot be neglected for a short 
sequence. In the present case of poly@-proline), with fixed 
geometry of the pyrrolidine ring and fixed dihedral angles 
4 and w, two single bonds about which rotation takes place 
(even two successive ones, viz., $i and +i+l) are separated 
from each other by a large distance. As a result, the contri- 
butions to  det P, from the elements of large k decrease 

Table V 
Values of In [ ( 2 ~ R T ) ~ / d e t  F,]l 

of Approximation for the Off-Diagonal Elements 

Approxi- __ 

a t  Various Degrees 

{In [ (2nR T)"/de t F, ' ' * I b  
mationa k For form 11 For form I 

~ ~~ 

0 4 0 . 0 2  - 4 4 . 2 9  
1 4 0 . 0 2  4 4 . 2 7  
2 4 0 . 0 2  4 4 . 2 4  
3 4 0 . 0 2  4 4 . 2 4  
4 4 0 . 0 2  4 4 . 2 4  
5 4 0 . 0 2  -44.24 
6 4 0 . 0 2  4 4 . 2 4  
7 4 0 . 0 2  4 4 . 2 4  
8' 4 0 . 0 2  4 4 . 2 4  

Terms  u p  to the given value of k are included. and all terms o!  
values of k greater t han  the  indicated value are  taken a s  zero. 

m = n - 1 and n = 10 for the sequence of proline residues whose 
pyrrolidine rings have the  regular D puckering contormation. 

Values from the exact calculation. 

rapidly as k increases. In order to assess the contribution of 
the nondiagonal elements, we have computed the value of 
det  F, for n = 10 and 20 a t  various degrees of approxima- 
tion, i.e., by neglecting all nondiagonal elements of h values 
larger than a particular one. The results are shown in Table 
V for n = 10. In the k th  approximation (in which nondiago- 
nal elements of all values of k larger than the value indicat- 
ed are taken as zero), the values of det F, are given for 
both form I and form I1 sequences with regular D pucker- 
ing of the pyrrolidine ring. 
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- e t  1 + 2 4 6 8 IO 12 14 16 I8 

Number  o f  Residues (n) 

F i g u r e  10. Dependence of In gl (01, In gz (O), In g3 (A), and In g4 
(0)  on the  number of proline residues, n ( = 2 j ) ,  for regular D puck- 
ering of the pyrrolidine rings. 

I ' I '  " I  I "  

J 

Number o f  Residues (n) 

F i g u r e  11. Dependence of go on the  number of proline residues, n 
( = 2 j  + l), for regular D ring puckering. T h e  asymptotic value of go 
gives the entropic contribution, AS8, t o  s (see eq 19). 

The results in Table V (for n = 10) indicate that the k = 
0 approximation, in which only the elements on the diago- 
nal are taken into account, is sufficient to give the exact 
value of det F, for the form I1 sequence, while the k = 2 
approximation is required to reproduce the exact value for 
the form I sequence. A similar result was obtained for n = 
20. Thus, for n 1 10, we will use the k = 0 approximation 
for form I1 sequences, and the k = 2 approximation for 
form I sequences. For sequences with a junction, with j 
residues on each side of a II,I or 1,II junction for gl  and g2 
of eq 23 and 24, and with j and j + 1 residues on each side 
of a II,I (or 1,II) junction for go of eq 17, det F, (where n = 
2j  or 2 j  + 1) was computed exactly for n 5 10; for both II,I 
and 1,II junctions, the k = 2 approximation was used for n 
= 11, and the k = 1 approximation was used for n 1 13. 
These choices were based not only on the data of Table V, 
but also on the basis that values calculated exactly for In 
[ ( 2 ~ R T ) ~ / d e t  F2jI1l2 at  small values of j extrapolate prop- 
erly in Figure 9 (see below) to values calculated approxi- 

0 IO 20 

F i g u r e  12. Dependence of -R In (gl/gd (0)  and -Rlln (gl/g2) + 
2 j  In go) (0) on the number of proline residues, n ( = 2 j ) ,  for regular 
D ring puckering. The  asymptotic value of -R{ln (gl/gz) + 2 j  In 
go} gives ASP (see eq 29). 

Number o f  Residues (n i  

mately at  large values of j. Finally, it  should be noted that 
the use of this approximate method does not mean that 
longer range interactions are neglected; all of the longer 
range interactions over the whole sequence have been 
taken into account in calculating the elements a2E/a$ia$,. 
We simply have eliminated the computation of terms of 
high k values. By this approximate method, we have saved 
considerable computer time. For example, in the computa- 
tion of F, for a form I1 sequtnce of n = 30, we have com- 
puted only the 30 diagonal elements, and not the 870 non- 
diagonal elements (and 144 of the 900 elements for form I). 

As seen in pigure 9, all values of In [ ( 2 ~ R T ) ~ / d e t  F2jI1l2, 
for different combinations of sequences, rapidly approach 
straight lines a t  small values of n, which means that the in- 
teractions responsible for the determination of the entropy 
are mainly the short-range ones; i.e., the increment in In 
[ ( 2 ~ R T ) ~ / d e t  F2j]'12 per residue becomes independent of 
n, so that additional contributions from long-range interac- 
tions are small or negligible. In addition, the approximate 
values obtained a t  large n lie on the extrapolation of the 
line based on exact values calculated at  small n. I t  can also 
be seen that the entropic contribution is most positive for 
the form I1 structure for chains longer than about n = 5, 
while the form I helix is energetically more stable, as indi- 
cated in section IIB. 

We have also examined the linearity of In gl, In g2, In g3, 
and In g4, defined in eq 23, 24, 33, and 34, respectively, 
with the number of proline residues. This linearity is shown 
in Figure 10. 

The quantities go, -R(ln (gl/gz) + 2j  In go}, and -R(ln 
(g3/g4) + 2 j  In go}, required in eq 15 or 19, 27 or 29, and 30 
or 36, respectively, for sufficiently large n, are obtained 
from plots of these quantities against n (=2 j )  in Figures 11, 
12, and 13. In computing the quantities plotted in Figures 
12 and 13, the value of go at  sufficiently large n (from Fig- 
ure 11) was used. Figure 11 illustrates that go rapidly ap- 
proaches its asymptote for n > 8. Figures 12 and 13 show 
that -R(ln (gJg2) + 2j  In go) and -R(ln (g3/g4) + 2j  In go) 
are constant for all chain lengths plotted. The asymptotic 
values of go, -Rlln (gl/gz) + 2 i  In go], and -RUn (g3/g4) + 
2j  In go1 a t  sufficiently large n in Figures 11, 12, and 13, re- 
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Table VI 
Stability of Helical Sequences of Form I and  Form IIa 

Puckeringb In [ ( 2 ~ R ) ~ / d e t  In [ (2nR)"/det A H , d  kcal/mol -TAS,e  kcal/mol 
conformation ~2 j (  I, I )  1 ' 2c Fzj ( I I .11 ,  11 12c of sequence of sequence 

Regular D -145. If -129.0g -28.3 9.7 
Regular U -145.2 -129.1 -13.1 9.7 
Random A -146.9 -129.7 -18.9 1 0 . 4  
Random B -146.9 -129.5 -17.8 1 0 . 5  

0 For a sequence with a number of residues, n = 30. See footnote a of Table 11. For m = 2; - 1. The temperature T i s  not included in the 
factor 2aR. but  it is taken into account when A S  is computed. T h e  values of AH are obtained from the energy differences of form I and 
form 11, i.e., A H  = E z J , ~ , l ,  - E 2 J t ~ 1 , , , , ,  where E z , , ~ . l ,  and EzJ,l1,l1, are given in Table 11. e A S  is the entropy difference (form I - form 11). 
and the temperature T is  303°K. f Obtained by extrapolating the 1-1 line (T) of Figure 9 to n = 30. Obtained by extrapolating the 11-11 line 
( 0 )  of Figure 9 to n = 30. 

IO------- 
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Figure 13. Dependence of -R In (g3/g4) (0)  and -R(ln (g3/g4) + 
2 j  In go} (0) on the number of proline residues, n ( = 2 j ) ,  for regular 
D ring puckering. T h e  asymptotic value of -R{ln (g3/g4) + 2 j  In 
go1 gives ASP (see eq  36). 

Number o f  Residues In) 

spectively, give the entropic contributions (Le., ASs, AS,: 
and ASP) to s, p', and pll (see eq 19,29, and 36). Therefore, 
the asymptotic values of Figures 11, 12, and 13 are given by 
ASs, AS,, and ASv in Tables VIII, X, and XI. By using 
the values of In g l  and In g2 in Figure 10, the quantity -R 
In g g z  can be computed. As can be seen in Figure 10, both 
In g l  and In gz are linear in n, and vary in opposite direc- 
tions; hence, -R In glg2 is almost independent of n. The 
numerical values of -R In glgz (which gives AS,, according 
to eq 26) are given in Table I of paper 1115 for n = 12, 14, 
30, and the asymptotic values are given in Table IX. Thus, 
the convergence of -R In glg2 is satisfactory a t  n = 12. 

Similar computations of go, -R In glg2, -R{ln (g l /g2)  + 
2 j  In go!, and -R{ln (g3/g4) + 2 j  In go) for regular U pucker- 
ing, and only of -R In glgz for random A and random B 
puckering, were carried out for a chain length of n = 30, 
which is believed to be long enough to yield the asymptotic 
values (since n = 12 was satisfactory for convergence of the 
value of -R In glgz for chains with regular puckering). The 
asymptotic values of go, -R In glgz,  -R(ln (gJg2)  + 2 j  In 
go!, and -Rlln (g3/g4) + 2 j  In go) for regular U puckering 
are given in the columns labeled AS, of Table VIII, AS,, of 
Table IX, ASP of Table X, and AS,), of Table XI, respec- 
tively; the asymptotic values of -R In glg2 for random A 
and random B puckering are given in the column labeled 
A S ,  of Table IX. 

111. Results a n d  Discussion 
A. Stability of Form I and Form I1 Helices and of Se- 

quences wi th  a Junct ion.  In section IIB, we found that  
the form I helix was energetically more stable than the 
form I1 helix and, in section IID, we saw that the form I1 
helix was entropically favored over the form I helix. We 
now compare the stabilities of these two types of helices in 
terms of their free energies, by combining the results of 
sections IIB and IID; i.e., using eq 13, we calculate the free 
energy of the two helical conformations. In order to illus- 
trate the effect of ring puckering, the enthalpic and entro- 
pic contributions to  the free energy were calculated for four 
types of chains (regular D, regular U, random A, and ran- 
dom B) of n = 30 a t  30O. In these calculations, we used the 
minimum-energy values of Etot in Table I1 and In [(2*Rlm/ 
det F2j]1/2 given in the second and third columns of Table 
VI. 

For all four types of puckering (in long chains), the form 
I structure is enthalpically more stable but entropically less 
stable than that of form 11. Since the entropic contribu- 
tions do not compensate the enthalpic ones, as can be seen 
in Table VI, form I is always more stable than form 11, Le., 
has the lower free energy. 

For short chains (n < 7 ) ,  the trans form was shown to be 
energetically more stable (see Table 111). We can now dis- 
cuss the relative stabilities of cis and trans forms in short 
chains from a free energy point of view. Using the values of 
the conformational energies in Figure 2 and the entropic 
terms given in Figure 9, we obtain the differences in free 
energy listed in the last column of Table 111. We see that, 
from a free energy point of view, the trans form is more sta- 
ble for n < 9 but the cis form becomes the stable one for n 
2 9 (in the absence of solvent effects). 

We next consider the effect of puckering on the stability 
of the form I and form I1 helices in long chains. For this 
purpose, we computed the relative statistical weights of 
each form by using eq 13 at  30'. The computed relative sta- 
tistical weights of form I1 are 1,  10-lo, and for 
the regular D, regular U, random A, and random B pucker- 
ing, respectively, which implies that the regular D ring 
puckering conformation is the most stable one among these 
four types of form I1 helices under vacuum. In a similar 
manner, the relative statistical weights of form I are 1, 

for the regular D, regular U, ran- 
dom A, and random B puckering, respectively, again imply- 
ing that  the regular D ring puckering conformation is the 
most stable one among these four types of form I helices 
under vacuum. Finally, the computed statistical weights, 
relative to the lowest energy helix (form I with regular D 
puckering) are 1, IO-", IO-" lo-'", lo-'" 

in the order: regular D, regular 6, random A, random 
B of form I and in the same order of form I1 helices. This 
implies that the most stable helical conformation of poly(lA- 

and 
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Table VI1 
Stability of Sequences with a Junction between Form I and Form IIQ 

Macromolecules 

Puckeringb In [ (2i~R)"/det In [(2nR)"/det A H , d  kcal,/mol -TAS,e kcal/mol 
conformation F?, , I , I I , l '  ' ? c  F2, (11 ,I, of sequence of sequence 11 /?C 

Regular D -136.5' -136.6' 4 . 3 7  0.10 
Regular U -137.3 -137.3 -2.45 0.01 
Random A -138.8 -138.7 -1.45 0.02 
Random B -137.4 -140.1 -8.28 -1.65 

For a sequence of n = 30. See footnote a of Table 11. For rn = 2j  - 1. T h e  temperature T i s  not included in the factor %KR, but is taken 
into account when A S  is computed. AH, i.e., enthalpy difference between 1-11 and 11-1 sequences. is calculated as  E z , , l , l l ~  - Ez,,II,I~. 
The  values of Ez,, 1 1 , ~ )  and EZ,,I,II~ for regular D, regular U, random A, and random B ( n  = 30) are given in Table I\'. e Entropy difference 
between 1-11 and 11-1 seauences a t  30". ' Obtained bv extraDolatine the 1-11 line (0) of Figure 9 to n = 30. g Obtained by extrapolating the 
11-1 line ( A )  of Figure 9 to n = 30. 

proline) under vacuum is the form I helix of regular D 
puckering. Unfortunately, this result cannot be compared 
with experimental data because poly(L-proline) is not solu- 
ble in nonpolar solvents, which would be the appropriate 
ones for this comparison. However, a relevant observation 
is the fact that the polymerization of the N-carboxyanhy- 
dride of L-proline in pyridine leads to poly(L-proline) as 
form I.19 In addition, it is well known that the form I helix 
of this polymer can exist as a stable structure. in the ab- 
sence off ~ o l v e n t , ' ~  and that the transition of form I to form 
I1 takes place slowly when it is dissolved in such form I1 
forming solvents as water, acetic acid, formic acid, and no- 
naliphatic alcohols;1g no experimental results on the effect 
of ring puckering on the stability of the helical form are 
a ~ a i l a b l e . ~ ~  

Next, we compare the stabilities of sequences with a 
junction. The enthalpic contributions (Le., the values of 
Ebt) to  the free energy of sequences with a junction are 
given in Table IV, and the entropic contributions, In 
[(2nR)'"/det F Q ] ~ ' ~ ,  are given in the second and third col- 
umns of Table VII; the resulting values of AH and -TAS 
are given in the last two columns of Table VII. As already 
pointed out in the discussion of Table IV, the data of Table 
VII show that a 1-11 junction is energetically more stable 
than a 11-1 junction. However, the data in the last column 
of Table VI1 demonstrate that the 11-1 junction (except for 
random B) is entropically more stable. Since the AH term 
outweighs the -TAS term, for all four types of puckering, 
the sequences with a 1-11 junction are very much more sta- 
ble than those with a 11-1 junction, from a free energy point 
of view. This implies that the preferential direction of the 
transition of form I1 to form I is that from the N terminus 
to the C terminus and vice versa for the conversion from 
form I to form 11. From NMR  experiment^,^^ it has been 
concluded that the form I helix of poly(L-proline) of low 
molecular weight in aqueous solution undergoes a transi- 
tion from form I to form I1 starting a t  the carboxyl end of 
the chain. The theoretical results reported here are in good 
agreement with this observation; Le., the transition from 
form I to form I1 takes place from the C terminus to the N 
terminus because 1-11 junctions are more stable than 11-1 
junctions. 

From a theoretical point of view, in the conversion from 
form I1 to form I, nucleation of 1's can take place in any 
part of the chain, with a greater probability near the N 
rather than the C terminus. This statement is based on the 
form of the theory in which the probability of finding a I 
state can be computed from the free energy of the confor- 
mation of the chain; Le., conformations in which I states 
are concentrated toward the N terminus of the chain are 
more stable than those in which I1 states are concentrated 
there, because 1-11 sequences are more stable than 11-1 se- 
quences. 

B. Results for  s under  Vacuum. In section 11, we ob- 

Table VI11 
s and Related Quantit ies under Vacuum 

AH,, AS,, 
kcal/mol eu/mol s at 

Puckering" of of T,, 
conformation residue residue "K 25" 70" 

Regular D -1.25 -1.24 980 4.28 3.26 
Regular U -0.07 -1.05 66 0.66 0.65 

a See footnote a of Table I1 

tained all the numerical values which are required for the 
evaluation of the growth parameter, s, and the nucleation 
parameters, u, p', and @". 

From the values of f o  obtained in section IIC and go ob- 
tained in section IID, we can calculate the enthalpic and 
entropic contributions to s (see eq 18 and 19). The quan- 
tities AHs and ASs for regular D and regular U chains are 
given in Table VIII; random A and random B puckering 
was not considered for the reason stated at  the end of sec- 
tion IIA. The temperature dc2endence of s under vacuum 
is given by eq 15; the transition temperature, T,, from 
form I to  form 11, defined as the temperature a t  which s = 
1, is given in the fourth column of Table VIII. The resulting 
values imply that form I is more stable than form I1 in the 
regular D chain, while form I1 is more stable than form I in 
the regular U chain a t  room temperature under vacuum.36 

In section IIIA, we concluded that forms I and I1 of 
poly(L-proline) with regular D puckering were more stable 
than those with regular U puckering. It is also possible to 
discuss the effect of puckering conformation on the stabili- 
ty of these two helical forms under vacuum from another 
point of view, viz., by comparing s under vacuum, obtained 
by conformational energy calculations, with the value ob- 
tained from experiments in which the effect of solvent is 
eliminated. This point will be discussed in paper III.5 As 
indicated in section IE, s is markedly affected by a type (1) 
solvent effect. The dependence of s on solvent composition 
in binary solvent mixtures will be discussed in paper III.5 

C. Results for  u, p,  and p'. All the quantities required 
for the evaluation of u, p', and p" (by eq 20, 27, and 30, re- 
spectively) were computed in sections IIB, IIC, and IID. 
The enthalpic and entropic contributions to u, computed 
by eq 25 and 26, are summarized in Table IX. As indicated 
in section IE, the values of u are not expected to be affected 
by the dominant solvent effect [type (l)]. Therefore, we 
may compare the calculated values of u under vacuum with 
those observed in solution. In making this comparison, it 
should be kept in mind that u depends on temperature ac- 
cording to eq 20. From experimental studies37 on the pres- 
sure dependence of the form I e form I1 transition, u was 
determined as 3 X 10-3 at  27-28O. Ganser et al.23 reported 
u = 1.0 X 10-5 from equilibrium transition studies of 
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Table IX 
u a n d  Related Quantit ies 

AH,, 
kcal/ AS,, 
mol eu/mol o at 

Puckering' of se-  of 
conformation quence sequence 25" 70" 

Regular D 5.32 1.60 2.81 X 10-' 9.12 X 

Regular U 6.23 -0.764 1.84 X 10-' 7.30 X 

Random A 9.00 -1.96 9.36 X lom8 6.87 x lo-? 
Random B 11.1 -2.09 2.61 X lo'-' 3.04 x lo-' 

a See footnote a of Table  11. 

Table X 
P' and Related Quantit ies 

AH,, AS,,, 
kcal/mol eu/mol p' at 

Puckeringa of se-  of se- 
conformation quence quence 25" 70" 

~ 

Regular D 8.64 3.73 3.01 X 2.04 X 

Regular U -13.5 -0.52 5.92 X lo9 2.99 X lo8 
a See footnote a of Table  11. 

poly@-proline) in n- butyl alcoho1:benzyl alcohol a t  70' 
(see paper 1115 for the reason why we do not consider here 
the values for u for n-butyl alcoho1:trifluoroethanol at 25 
and 70°, where they23 obtained 5 X < u < 

respectively). The orders of magnitude of the theoret- 
ical values of u for regular D and regular U puckering are in 
reasonable agreement with those observed experimentally. 

The computed values of u for random A and random B 
puckering are considerably smaller than the experimental 
values. This suggests that  poly@-proline) helices with this 
type of ring puckering do not exist. This conclusion is con- 
sistent with that  obtained in section IIIA for the relative 
statistical weights. While we can thus rule out random A 
and random B ring puckering by these two criteria, we can- 
not conclude, from the above discussion of u values, wheth- 
er the preferred ring puckering is regular D or regular U in 
the poly(L-proline) helical forms. However, the results for s 
in section IIIB indicate that the puckering remains D in the 
I 

The values of p' and p", and their enthalpic and entropic 
contributions, can be computed from eq 28, 29, 35, and 36 
by using the values obtained in sections IIB, IIC, and IID. 
The numerical results are given in Tables X and XI. In 
contrast to  the values of u, the values of p' and p" comput- 
ed for poly@-proline) differ considerably between regular 
D and regular U ring puckering. The theoretical and exper- 
imental values of p' and p" will be discussed in paper 1115 
since, despite their independence of solvent (eq 42 and 43), 
some further discussion of the experimental data is re- 
quired before the theoretical and experimental values can 
be compared. 

IV. Conclusion 
In this paper, the phenomenological theory for the order- 

order conformational transition proposed by Schwarz4 and 
described by the present  author^,^ in which a t  least four 
parameters (s, u, p', and p") are required to describe the 
asymmetric nucleation, is interpreted in terms of a molecu- 
lar theory. The dependence of the stabilities of the trans 
and cis forms of poly@-proline) on chain length was dis- 
cussed from both an energy and a free energy point of view. 
In the shorter chains of poly@-proline), the trans form is 

and 

I1 interconversion (see also ref 36). 

Table XI 
p" and Related Quantit ies 

A H , , , ,  AS,,.,  

Puckering' of se-  of se-  
kcal/mol eu/mol 8" at 

conformation quence quence 2 5" 70" 

Regular D 9.39 4.40 1.19 X 9.52 x lo-' 
Regular U -8.58 -0.45 1.56 X lo6 2.34 x lo5 
a See footnote a of Table  11. 

more stable, but the cis one becomes more stable in long 
chains, under vacuum a t  room temperature. From a consid- 
eration of the effect of solvent on the parameters s, u, P', 
and p", it  was concluded that  solvent can affect the value of 
s markedly, whereas u, p', and p" cannot be influenced by 
the dominant solvent effect in which the solvent forms a 
hydrogen bond with the carbonyl group of a proline resi- 
due. Using empirical potential energy functions, the pa- 
rameters s, u, p', and p" were computed under vacuum for 
various puckering conformations of the pyrrolidine ring. 
The computed values of u for regular D and regular U 
chains are in good agreement with the experimental ones, 
whereas those for random A and random B chains are 
much smaller than the experimental ones. Finally, in prin- 
ciple, poly(L-proline) can undergo a thermally induced con- 
formational transition from form I to form I1 with the 
puckering of the pyrrolidine ring remaining in the down 
conformation. 
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ABSTRACT Phenomenological theories of the form I a form I1 interconversion in poly(L-proline) have been pre- 
sented by Schwarz (using the parameters s, u, P,, and /3” in a 2 X 2 matrix formulation) and by the present authors 
(using the parameters s, u, &, and / 3 ~  in a 4 X 4 matrix formulation). In addition, a molecular theory was developed 
to  compute s, u, p’, and P,‘ under vacuum. In this paper, we take into account the effect of solvent on the parame- 
ters s, u,  p’, and P,’ of the isothermal poly(L-proline) form I form I1 interconversion. The  growth parameter s is 
sensitive to the binding of solvent molecules to the peptide CO groups, bu t  the nucleation parameters u, p’, and p’‘ 
are not affected by this type of solvent effect. The  calculated values of s and u under vacuum are in good agreement 
with the corresponding values derived from experimental data.  By combining the theoretical values of s, u ,  p’, and 
P,’ under vac~ium with experimentally determined equilibrium constants for the binding of alcohols to the peptide 
CO groups (which differ in magnitude for form I and form II), it was possible to reproduce the experimental transi-  
tion curves satisfactorily. Alternatively, the binding constants for alcohols, obtained by combining our theoretically 
computed parameters under vacuum with experimental equilibrium transition curves, are in satisfactory agreement 
with those evaluated independently by infrared spectral measurements of the  binding of alcohols to the peptide CO 
groups. I t  is pointed out  t ha t  significant errors may arise in analyzing experimental data  if short  chains are includ- 
ed with long chains in the  determination of s, u,  p’, and 8” from the equilibrium transition curves. The transition of 
poly(L-proline) from form I1 to form I when n-butyl alcohol is added to a solution of the polymer in benzyl alcohol 
is brought about by the slight difference in the binding free energies of both alcohols to the carbonyl groups of form 
11. The  different binding affinities of the two alcohols, ROH, to form I1 may arise from (a)  the different hydrogen- 
bond strength between the alcohol and the proline carbonyl group, and (b)  possible differences in nonbonded and 
electrostatic interactions between the R group and the binding-site environment of the proline carbonyl group. The  
greater binding affinity of form I1 (compared to form I) for a given alcohol is attr ibuted to the more open and ex- 
tended conformation of form 11. 

I n  accompanying papers, we considered the phenomenol- 
ogical theory (paper 13) and a molecular theory in the ab- 

sence of solvent (paper 114) for the form I ~i form I1 inter- 
conversion of poly(L-proline). In this paper, we consider 


