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ABSTRACT: The Zimm-Bragg parameter s for the helix-coil transition in poly(L-valine) in water was evaluated 
from the intramolecular interaction energies taking into account two kinds of solvent effects, uiz., the change in hy- 
dration around the side-chain methyl groups (including hydrophobic bonding) which accompanies the conforma- 
tional change and the binding of water molecules to the free NH and CO groups of residues in the coil state. The 
entropy loss f.rom the restricted rotational freedom of the side chain in the a helix (in the presence and absence of 
water) and the binding of water molecules to the free NH and CO groups destabilize the a helix of poly(L-valine); 
however, the change in hydration around the side-chain methyl groups stabilizes the a helix over the random coil. 
The s us. temperature curve of poly(L-valine) in water shows a maximum around 50’ which originates from the 
change in hydration around the side-chain methyl groups. Also, a method for including further interactions beyond 
those in the random-coil form of the dipeptide is proposed, and the effective range of these additional interactions 
under experimental conditions is estimated. 

In the previous papers3-j of this series, we reported the 
general formulation of the molecular theory of the helix- 
coil transition in poly(amino acids)3 and the evaluation of 
the Zimm-Bragg parameters6 s and u for polyglycine and 
poly(L-alanine) in the absence and presence of ~ a t e r . ~ , j  In 
this paper, we extend the computations to obtain the 
values of s for poly(L-v,aline) in the absence and presence of 
water. The evaluation of u for poly(L-valine) was not car- 
ried out because of the large amount of computer time re- 
quired. These computaltions provide a theoretical basis for 
understanding the behavior of s and u (which are also being 
determined experimentally for the naturally occurring 
amino acids using random copolymers7) and for computing 
the tendency of each amino acid to form or disrupt the 0- 
helical conformation in proteins.s Since poly( L-valine) has 
bulkier side chains than poly@-alanine), the nonbonded 
and hydrophobic interactions between the side chains 
would be expected to play an important role. In poly(L-ala- 

nine), these interactions between the side chains contribute 
neg1igibly.j 

The formulation and the notation of the molecular quan- 
tities follow the previous  paper^^-^ except that the recently 
adopted standard nomenclature conventiong is used for the 
description of the conformations in the present paper. Only 
the parameter set A4 (with D = 4) is used for the calcula- 
tions in the present paper, since this parameter set is more 
reasonable than the  other^.^ Also, only the right-handed CY 

helix is considered here, and not the left-handed one. 

I. Energy Minimization 
The conformational energy was minimized with respect 

to the dihedral angles 4L, GL, and xcl, with xL2s1 and xL2,2  
held fixed at  180’ in both the helical and coil states. 
(Hereafter, xL1 will be denoted simply as xc.) 

A. Coil State. In paper I,3 the energy of the coil state 
was taken as a sum of interaction energies F(l)(@c), 
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I l l 3 3 3 3 5 5 5  
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Figure 1. Representation of pairs of atoms whose interaction ener- 
gies are included in F O , F All points in region A 
appear in region C or D All points in region B are independent of 
4, &, and x Region C, which is either blank or numbered, contains 
those pairs of atoms included in F O i  up to F 81 The pairs of atoms 
numbered 0, 1, 2, , 8 are those whose interatomic interactions 
are included in F O'(xl), F l l (&,x l ) ,  F 2'(xi,dl) ,  F'31(6,dl) ,  
F " ( ~ i , & i , @ i ~ ~ , ~ i - ~ ) ,  F " ( @ i , & L , $ i + 1 , ~ 1 + 1 ) ,  F ' 6 ' ( x i , ~ i , ~ I + l , & i - ~ ) ,  

~ ' ~ l ( $ I , & l , ~ ~ + l , ~ l - l ) ,  and F ~ ~ ) ( X ~ , I L ~ , ~ ~ + ~ , & ~ + ~ , ~ ~ + ~ , X , + Z ) ,  re- 
spectikely The blanks in region C refer to pairs which are identical 
with those already listed All pair interactions in region D are of 
longer range than F S I ,  and are neglected in the calculation of the 
statistical weight of the coil sequence 

F 2 1 ,  ..., F 

F(2'($i), F'3)(&,4bl), F(4)($l.4f+d, etc., for polyglycine and 
poly(L-alanine) with x fixed. For poly@-valine), where x is 
allowed to vary, this sum of interaction energies must be 
modified to take into account the dependence of interac- 
tions with the side chains on x; thus, we require F(')(xL1), 

xi+i), ~ ' 6 ~ ( x I , $ l , ~ I + ~ , $ l + l ) ,  etc.; F(3)(@l,$l) is not modi- 
fied since it does not depend on x. The pairs of atoms 
which contribute to the terms F(O), F(l), F(2) ,  e ,  F@) are 
listed in Figure 1. In polyglycine and poly(L-alanine), the 
contribution to the free energy of the coil from interactions 
beyond F(4) was negligible$ however, since the side chain of 
poly(L-valine) is larger and bulkier, we consider the possi- 
bility of longer range interactions, up to F@).  In this sec- 
tion, we evaluate the free energy of the coil by including in- 
teractions only up to F(4). In section IV, a method to in- 
clude the longer range interactions will be considered, to- 
gether with the evaluation of the free energy of the coil 
with the inclusion of terms up to F@). 

In analogy with eq 1-16 and 1-17, we define quantities A 
and B which now include a dependence on xL1. 

F"'(4i,Xz), F" ( x i , i C t ) ,  F (xi.4bi @ i + 1 , x L - 1 ) ,  Fk5'(4i $i.4i-1,- 

A(@,.x,,$!) = F'O (x , )  + F (4!,x,) + F'21(~I.IC/,) + FfY4,$ ) 
(1) 

and 

B(X,3rc/,,4,,,,X,+d = F~4Tx,,*,&b~+19x~+J ( 2 )  
In eq 1, Po) (xi) is the sum of pair interactions which de- 
pend only on xi. A(@L,xlj$l) and B(xl,$I,41+1,xf+d are each 
divided into two terms, uiz 

A(48.~,,IC/,) = AL,(@,.IC/~) + Aq(d,,xt.$ ) ( 3 )  
and 

ax~.!!,dJ,+l,x,+i) = B,($,,@,+,) + ~ . ( X , ? 4 ~ , 4 ~ + 1 * X , + l )  ( 4  1 
In eq 3 and 4, A b  and Bb are the sums of the interaction 
energies between backbone atoms, A, is the sum of the 
backbone-side-chain interactions and intra-side-chain in- 
teractions, and B, is the sum of the backbone-side chain 
and inter-side-chain interactions. A ,  was minimized with 
respect to x1 a t  fixed q5L1 and pbl, starting a t  the three minima 
( f 6 0  and 180') of the torsional energy around the Ca-CP 
bond. The minimum-energy values of x1 (at  fixed 4z and $,) 
lie near 60, 180, and -60°, and are designated X I ,  XII, and 

I I 

-1201 i 
-I 1 20 

I- I @+$, 60 , , , I 
-180 -120 -60 0 6 0  I20  180 

+ N i - c a ( d e g )  

Figure 2. Energy contour map A(&,x&) of the dipeptide of va- 
line in vacuum. XI is the value of x L  obtained by minimizing A8($i,- 
x L , $ J  with respect to x i  at each fixed value of & and $,, starting at  
xi = 60". X is the minimum point o f A ( @ , , x r . $ i )  in the d-4 plane. 

~ 1 1 1 ,  respectively. However, some of the corresponding 
values of As(&xp,$;) (with p = I, 11, or 111), which depend 
on @i and $;, are very high; Le., the side-chain conforma- 
tions for these particular backbone conformations are not 
allowed. Therefore, the number of allowed values of xi de- 
pends on the backbone conformation & and $i. B, was min- 
imized with respect to xi and x i + l  a t  various values of $i 
and q++1 where the dipeptide energy A(@i,xP,$J (with p = I ,  
11, or 111) is low (in the &-$i plane), with the value of @ I + l  

in Bs(xij$i,4i+l,Xi+l) taken equal to that of @i in A(@L,Xp,$i). 
The minimum-energy values of xi and xi+l lie within a few 
degrees of f60  and 180'. Thus, even when side-chain-side- 
chain interactions are allowed (as in B,), the torsional ener- 
gy dominates to determine the minimum-energy values of 
xi and xL+lr as it does when A, is minimized. 

The energy maps of the dipeptide, A(&,XZ,$~), A(&,xII,- 
$ i )  and A ( @ ~ , X I I ~ , $ ~ )  are shown in Figures 2 ,  3, and 4, re- 
spectively. The number of values of xp (with p = I, 11, or 
111) where A(@i,xp,$i) is low (Le., within 3.9 kcal above the 
global minimum) when A, is minimized with respect to xi 
a t  fixed 4i and $ i  is shown in Figure 5 to illustrate the num- 
ber of allowed positions of the side chain a t  each backbone 
conformation. It can be seen that, near the conformation 
[which is the minimum of A(@i,xi,$i)], all three values of xp 
are allowed but, near the right- ((YR) and left-handed ((YL) 
helices, only one position (uiz., ~ 1 1 1 )  is allowed. From an ex- 
amination of molecular models, it  can be seen easily that, 
in the (YR and (YL conformations, the Hi? atoms are very 
close to the H," atom and the Cir atoms are very close to 
the 0,-1 atom, when xi 60 and 180'; hence, repulsive in- 
teractions between these pairs of atoms exclude the XI and 
XII conformations. On the other hand, all three positions XI, 
XII ,  and XIII have almost equal energies for a backbone 
conformation. 

B: Helical State. In the regular helical conformation, 
the energy was minimized with respect to &, $i, and xI1 for 
an infinite chain, starting with the valueslO @ = -48.4' and 
$ = -57.3' for the right-handed (Y helix, and x' = +60 and 
180'. Besides the steric interactions in A(@i,$i,x~ or XII) a t  
(YR, cited above, there are additional repulsions between 
the C=O of the ith residue and the O H 3  of the ( i  + 31th 
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Figure 3. Same as Figure 2, but for XII, starting at  xi = 180". 

residue when p = I or 11; thus, X I I I  is the only allowed posi- 
tion of the side chain in the (YR conformation. The mini- 
mum-energy conformation of the regular (YR helix of 
poly(L-valine) is I$ = - 4 8 . 6 O ,  $ = - 5 7 . 8 O ,  and x1 = -73.7O. 

11. Free Energy (Including Entropy Contribution from 
Side-Chain Rotation) 

In the case of poly(L-alanine), the entropy contributions 
from the rotational motion of the side chains to the resi- 
dues in the helical and coil states are almost the same, and 
therefore cancel in the calculation4 of s. However, in the 
case of poly@-valine), this cancellation does not occur be- 
cause the interactions between the backbone and side 
chain differ in the helical and coil states, as seen in section 
I. The entropy conti4bution from the side-chain rotation 
was computed from a, parabolic approximation of A S ( @ I , ~ p , -  
i C L )  a t  the minimum points X I ,  X I I ,  and X I I I .  Thus, A ( @ L , ~ L , -  
$,) was approximated as 

where p = I, 11, or I11 correspond to the possible minima of 
A ,  a t  fixed @z and $, since Ab does not depend on x L .  

A. Coil State. The free energy of the coil was calculated 
for three different degrees of approximation, uzt., the case 
where interactions up to F(3)  are included (approximation 
l), the case where interactions up to F(4) are included (ap- 
proximation a), and the case where interactions up to F(6) 
are included (approximation 3). Since the sum of F(O), F ( l ) ,  
P 2 ) ,  and F(3)  is the sum of all pair interactions in a dipep- 
tide whose conformation is described by a set of values of 
$z, $,, and x , ,  approximation 1 is the dipeptide approxima- 
tion. Approximations 1 and 2 will be described in this sec- 
tion, but approximation 3 will be deferred until section IV. 

For approximation 1, only A(@, ,xL,+ , )  is taken into ac- 
count. As shown in paper 111,5 the free energy of the coil 
state under vacuum is given by 

H"08 - TS,"' = -RT In (A,A2/2nRT) (111-2) 
where 

Alae = L z a l  '"l'" exp[ -PA( q5,x,$)]dq5dxd$ (11-30) 

I 

i 

U 
-180 -120 -60 0 60 I 2 0  I80 

# N - c ~  ( d e g )  

Figure 4. Same as Figure 2, but for XIII,  starting at  xt = -60". 

and /3 = l /RT. From eq 5 and 11-30, X1A2 is given by 

exp[ -PA(q5,xp,$ )kWd$ (11.31) 

H,(O) is given by 

H,") = (A) - R T  (111-3) 

where ( A )  is defined by 

The entropy Sc(0) is calculated from eq 111-2 and 111-3 as 

S,'OJ = (A)/T - R -I- R In 

For the evaluation of the integrals with respect to $ and 
$ in eq 11-31 and 6, the matrix R, (with p = I, 11, or 111), 
whose G , k )  element is defined by eq 8, was used, where N 
was taken as 18; i e . ,  A(@,xp ,$)  was computed a t  every 20' 
in 4 and $. 

exp[ -PA(2n j /N ,~ , ,2nk / i l i ) ]  (j.k = 1, 2, .... S )  18) 

The contribution from the freedom of rotation of the side 
chain to the statistical weight a t  a certain backbone confor- 
mation, [ P A S / a x 2 1 ~ p ] - 1 / 2 ,  is shown in Figures 6, 7, and 8 
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1 
-1201 

-180 -120 -60 0 60 120 I80 

(dad 

Figure 5. The number of values of x p  (with p = I, I1 or 111) where 
A(&,x0,$J is low (ie, within 3.9 kcal above the global minimum) 
when As(&,xt,$j) is minimized with respect to x t  at fixed mi and $ i .  
A > 3.9 kcal/mol in the blank region. /- , m, and - are regions where three, two, and one values of p ,  respec- 
tively, are available for low A(@i,xp,$i). 

for p = I, 11, and 111, respectively. By comparing Figures 6, 7 ,  
and 8 with Figures 2, 3, and 4, respectively, it  can be seen 
that [a2A,/ax~,,]-1/2 has a high value when the value of 
A ( ~ , x , , $ )  is low; thus, when the Boltzmann factor 
exp[-PA(q!~,x,,$)] is high, the freedom of rotation of the 
side chain is high. Therefore, the probabilities for the oc- 
currence of low-energy conformations of the valine dipep- 
tide are enhanced by this entropy contribution from the 
rotation of the side chain. 

For approximation 2, where the interactions from F(O) to  
F4) are included, the free energy is still given by eq 111-2; 
however, Ala2 is not obtained from eq 11-30 but rather from 
the largest eigenvalue3 of the matrix product (RS, where (R 
and S are defined by 

(9) 

and 

SI,,, S,,III 

SI,,,, Sl,I,Il s111,111 

S =  S,I,,I sl~.lll] (10) 

where 0 is the zero matrix, R, (with p = I, 11, or 111) is the 
matrix defined by eq 8, and S,,? (with p,  71 = I, 11, or 111) is 
the matrix whose G,k) element is given by 

S P , J j , k )  = exp[ -PB(x,,2njlN,PxhIN,x,)] (11) 

Since N was taken equal to 18 ( i .e . ,  A = 2~/18),6l and S are 
54 x 54 dimensional matrices. When Ala2 is calculated as a 
function of temperature from the largest eigenvalue of @IS, 
HC(O) and SC(O) are obtained from the intercept and slope, 
respectively, of a plot of -RT In (XlA2/2*RT) us. T (see eq 
111-2). 

B. Helical State. From eq 11-17 and 111-4, the enthalpy 
Hh(O) of a residue in a helical state under vacuum is ex- 
pressed by 

Hh(')= E E ,  (12) 
I -0  

where E ,  represents the interaction energies between the 

1 I 

-120 c 1 

-180 120 -60 0 60 120 180 

+N-c- (de91 

Figure 6. The contribution from the freedom of rotation of the 
side c h a i n , , [ ~ * A , ( ~ , x , $ ) / a ~ * ~ ~ ~ ] - ~ / *  in kcal-1/2 to the statistibal 
weights of various conformations of valine under vacuum. x is the 
minimum of A(q$,x~,$)  in the 4-4 space. , ~ , and 
[i are regions where [a2As/ax21xI]-1fi is more than 0.1, less 
than 0.1 but more than 0.05, and less than 0.05, respectively. 

-180 -120 -60 0 60 120 180 

+,.,a ( d e d  

Figure 7. Same as Figure 6, but for p = 11. 

j t h  and + i)th groups in a helical sequence (see Figure 2 
of paper I1 for the grouping). Considering the screening ef- 
fect of the long-range electrostatic interactions, as dis- 
cussed in the previous  paper^,^,^ the enthalpy contribution 
is expressed by 

1 

H h , c " t ( o i  = CE, (13) 

The entropy, S,(O), of a residue in a helical state is given 
by eq 111-5, where g is defined by eq 11-12. The ( k , l )  ele- 
ment of the matrix Aj in eq 11-12 is given by 

,=o 

where q is an independent variable (dihedral angle), q o  is 
the minimum-energy conformation and Fj(q )  is the total 
energy of a helical sequence of j + 1 peptide units. For po- 
lyglycine and poly(L-alanine), where x was fixed, q k  and 41 
(with k,l  = 1, 2, - e ,  2.1') in eq 1-25 are the dihedral angles of 
the backbone, 41, &, &, . - - ,  4j, $ j .  However, for poly& 
valine), where the side-chain dihedral angles xi's must be 
considered, q k  and 41 (with k,l = 1, 2, - - , 2j) are the dihe- 
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Figure 8. Same as Figure 6, but for p = 111. 

dral angles of the backbone, $1, $1, $2,  - , $;, $;, and (with 
k , l  = 2j  + 1, - e a ,  3,;) are the dihedral angles of the side 
chains, X I ,  x 2 ,  - , x;-1, x;. As discussed in paper I, the ma- 
trix A; exhibits a periodicity and “diagonal” character be- 
cause of the helical structure. Also, from the calculation of 
the matrix A; for polyglycine and poly(~-a lan ine) ,~  it was 
concluded that from 80 to 90% of the values of the diagonal 
elements of A; arise from the hydrogen bond energy, and 
that the “nondiagonal” elements of A; (uiz., a k , k + 8 ,  Uk,k+g,  

.-.) were negligibly small compared to the “diago- 
nal” elements (uiz., Llk,k ,  a k , k + l ,  and a k , k + ? ) ;  the width 
of the band of the “diiagonal” elements is a reflection of the 
correlation between the backbone dihedral angles which 
are restricted by the hydrogen bond in the a helix. In con- 
trast to polyglycine and poly(L-alanine), the elements 
for poly(L-valine) are the sums of the second derivatives of 
the interaction energies between backbone and backbone, 
between side chain and backbone, between side chain and 
side chain, and between the atoms in a given side chain in a 
helical sequence of j + 1 units. These interaction energies 
(all of the above except that between backbone and back- 
bone) are the nonbonded energies and the torsional ener- 
gies for rotating around the single bonds in the side chains, 
but no hydrogen-bond energies are included. Thus, the 
longer range interactions contribute a lesser amount to the 
second derivative (with respect to the dihedral angles) of 
the sum of the interaction energies between backbone and 
side chain, between side chain and side chain, and between 
the atoms in a given side chain. Therefore, one would ex- 
pect that the additional elements a k l  for poly@-valine), be- 
yond those that already appeared in Aj for polyglycine and 
poly(L-alanine), would have a more “diagonal” character 
than those for the backbone (with q k  and 41 being 4’s and 
$’s). Thus, among the new elements a k l  for poly(L-valine), 
beyond those for the backbone, the off-diagonal elements 
(i.e., those for which h # 1) were approximated as zero and 
only the diagonal eleinents a k k  (with k = 2j  + 1, , 3 j ) ,  
i . e . ,  a 2 F ; l a x k 2  (with k := 1, 2 , .  - a ,  j )  were taken into account. 
Hence, g in eq 11-12 for poly@-valine) is divided into two 
factors, one (gb) being the contribution from the second de- 
rivatives with respect to the backbone dihedral angles only 
(e .g . ,  ir2F,/a@&4) and the other (g,) being the contribution 
from the second derivatives with respect to the side-chain 
dihedral angles only (cr.g., a2F,lax22); thus 

g = g b g s  (14) 

In eq 14, gb is defined by eq 11-12 with A and g being re- 
placed by Ab and &, respectively; thus, gb is given by 

Table I 
Thermodynamic Parameters= for a Helical Residue 

of Poly @-valine) 
H h , c u t ( O )  - 9.76 kcal/mol 

-15.37 eu 
-R  lngb - 10.60 eu 
- R  lng,  -4.77eu 

Sh‘O’ 

a These are independent of temperature. 

g h  = hrn (det Ah,,+,/det (15) 
1--m 

where the matrix Ab,; is a submatrix of the matrix A,, and 
the elements of Ab,; are the second derivatives of F; with 
respect to the backbone dihedral angles, i.e. 

with k,l = 1, 2, - a ,  2 j  or q k , q l  = $1, $1, * 

tor g ,  in eq 14 is defined by 

g, = 

lim I - -  [ ( ~ 2 F l / ~ x 1 2 ) ( ~ L F l / ~ x 2 2 ) ~ ~ ~ ( ~ 2 F I / ~ x , 2 )  d i l l  

For a sufficiently large value of m (taken as m = 7 in the 
calculations performed here), eq 17 may be replaced by 

, $], $]. The fac- 

(aw,+,/ a X 1 2 ) ( a 2 F , + , i a X 2 2 ) . . .  (a2F,+1 iax,+,Z) ] U’i) 

g, = (a2F2miaXm2)X1,,1/2 (18) 

Thus, the entropy of a residue in a helical sequence under 
vacuum is given by 

Sh(O) = -R In g, - R In g, (19) 

Recently, we proposed a simple methodll to calculate gb 
directly from the matrix elements of Ab,,, rather than from 
eq 15, and this method was used in the present paper for 
the evaluation of gb. The values of Ht,,cut(o), -R In gb,  -R 
In g,, and Sh‘O) for poly(L-va1ine) are given in Table I. 

111. Effect of Solvent (Water) 
When the helix-coil transition of poly(L-valine) in water 

is treated, there are considered to be two additional sources 
of free energy which affect the parameter s, uiz. ,  (I) the 
free-energy change accompanying the binding of water 
molecules to the free NH and CO groups in the coil state, 
and (2) the free-energy change accompanying the removal 
of water molecules from the first layer of hydration around 
the side-chain methyl groups when the atoms of the po- 
ly(amino acid) approach the methyl groups within a certain 
distance; the latter includes the hydrophobic interactions12 
between the side chains and between side chains and back- 
bone of poly(L-valine) in both the helical and coil states. 
Solvent effect (1) favors the coil state over the helix, where- 
as solvent effect (2) favors the helix over the coil because 
the Cr atoms of the ith residue approach the backbone and 
side-chain atoms of the i, ( i  f l), ( i  f 3), and (i f 4)th resi- 
dues more closely in the a helix than in the random coil. 

A. Water Binding to NH and CO. The free-energy 
change accompanying the binding of water molecules to  the 
free NH and CO groups in the coil state ( i e . ,  in the confor- 
mation in which the NH and CO do not form an intramo- 
lecular hydrogen bond) was determined semiempirically in 
the case of poly(L-alanine) in water.5 I t  is reasonable to  use 
the same free-energy change in the case of poly(L-valine) in 
water if we make the assumption that the binding of water 
to the free NH and CO groups is not influenced by the side- 
chain atoms. In this approximation, the NH and CO groups 
were not allowed to lose their bound water even if they ap- 
proach the CYH3 groups. Thus, the change in hydration 
around the N, HN, C’, and 0 atoms was taken into account 
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only in terms of water binding, using the same binding con- 
stant determined for poly(L-alanine). Hence, the enthalpy 
and entropy contributions to s from water binding to the 
free NH and CO groups in the coil state13 are given by 

AH,  = 2AH,Ka(l+ Ka)-' 
and 

A s b  = 2R In ( 1  -k K a )  -k [2AHBT-'Ka/(l 4- Ka)]  (21 )  

respectively, where 

K a  = eXp[-(AHB - TAS,) /RT] (111-13) 

and the values of A H g  and ASg are the same.as those de- 
termined empirically for poly( L-alanine) in water. 

B. Change of Hydration around the Methyl Groups. 
When AHB and A S g  were determined5 from the difference 
between the calculated value of s for poly(L-alanine) under 
vacuum and the experimental result for this poly(amino 
acid) in water, the effect of hydrophobic bonds was neglect- 
ed since their contribution to s is much smaller than that 
from water binding to the free NH and CO groups. Since 
we use the same values of A H g  and ASB for poly@-valine), 
we will assume that there is no difference in the first hydra- 
tion layers of the Cn and Co groups between the helical and 
coil forms, even when the C" and CP interact with the Cy's; 
the correctness of this assumption will be discussed in sec- 
tion VI. Thus, we consider only the change in hydration 
around the Cy methyl groups for poly@-valine). The effect 
of this change in hydration of the methyl groups in the 
helix-coil transition can be manifested in two ways, uiz., (i) 
by a change in the value of the conformational free energy 
and (ii) by a change in the second derivative of the free en- 
ergy, i .e. ,  in the curvature of the free-energy surface, giving 
rise to an additional change in entropy. 

If Yh and Y ,  are the number of water molecules in the 
first hydration layers of the methyl groups in the helix and 
coil forms, respectively, then the difference, Yh - Y,  = AY, 
is the change in hydration accompanying the coil-to-helix 
transition. The value of AY was computed to determine the 
change in hydration, accompanying the change in confor- 
mation (Le., change in @'s, $'s, and x 's) ,  as recommended 
by Gibson and Scheraga.14 

The change in hydration of the NH and CO groups was 
taken into account in terms of water binding, as described 
by eq 20 and 21. However, the value of AY was computed 
for the interaction of the hydrated CyH3 groups with hy- 
drated O H ,  CSH, and CyH3 groups and N, HN, C, and 0 
atoms. When the number of waters of hydration was com- 
puted, the CyH3, CSH, and CaH groups were taken as unit- 
ed atoms; however, separate C and H atoms were used for 
the nonbonded interactions under vacuum. The maximum 
value of Yh and Y, for one methyl group of valine was taken 
as 6; thus, a maximum of 1 2  water molecules could be hy- 
drated around the CyH3 groups of a residue. 

For the coil state, the value of Y ,  for the methyl groups 
in the dipeptide was calculated as a function of 6 and I), 
with x fixed at  XI, XII, and ~ 1 1 1 ,  respectively. The results ob- 
tained show that Y,  is insensitive to changes in the values 
of 4 and $ in the  sterically allowed regions. In other words, 
the free energy of hydration of the methyl groups is essen- 
tially constant over the (4,x,$) plane, compared to A ( ~ , x , $ )  
which varies with 4 and $ a t  fixed xp. Therefore, hydration 
effect (ii) is negligible compared with the contribution from 
the curvature of the A(+,X, , ,$)  surface under vacuum. Since 
only hydration effect (i) contributes to the free energy of 
the coil, and since this effect is essentially independent of 4 
and $ at  fixed x,,, the number of water molecules in the 
first layer around the 0 ' s  was calculated for the /3 confor- 
mation (4 = -130', $ = 150') for which A(@,xp,$)  is a min- 

imum (making the @ conformation the predominant one for 
the dipeptide). For the helical state, whose conformational 
entropy originates (roughly speaking) from a narrower vol- 
ume of conformational space than that allowed for the ran- 
dom coil, hydration effect (ii) is negligible. Hence, only hy- 
dration effect (i) pertains to the helix; it  was calculated for 
the values of 4, $, XIII which were obtained by energy mini- 
mization under vacuum. 

Once AY is known for a given interaction, then the corre- 
sponding change in free energy is given12 by 

A F ,  = (957 - 6.08T i- 0.00824T2)AY ,T2 ) 

in cal/mol of residues for T in "K. The quantity Ow is to 
be added to that already computed for the coil-to-helix 
transition ( i .e . ,  for s) in vacuum. Since there are three fi  
conformations, corresponding to the three minimum-ener- 
gy values of xp,  the value of Y ,  used to  compute AY was 
taken as the average of the three values for the three /3 con- 
formations. The numerical values of Y,  depend on whether 
the longer range interactions in the random coil are taken 
into account; this higher approximation will be discussed in 
section IV. The corresponding enthalpy and entropy 
changes are 

A H ,  = (957 - 0.00824T2)AY 
in cal/mol of residues and 

ASw = (6.08 - 0.01648T)AY (24)  
in eu, respectively. Since the hydration effect (ii) has been 
neglected, the only remaining contribution to the entropy 
of hydration is that (AS,) due to AY in the coil-to-helix 
transition; AS, dominates12 over AHw in leading to a favor- 
able value of AF,. 
IV. Further Interactions Beyond the Dipeptide 
Approximation in the Random Coil 

Under the 6' condition,15 the dimensions of the random 
coil depend only on short-range interactions. However, we 
have no theoretical basis to determine how far these 
"short-range" interactions extend. Therefore, it would be 
desirable to determine this range empirically for polyamino 
acids by comparing the experimental value of s at  the 6' 
condition with the theoretical value, computed for several 
different approximations of the range of interaction in the 
coil. Unfortunately, it is fairly difficult to attain the 6' con- 
dition in experimental systems involving polypeptides.l6 
Thus, we are forced to assume that the experimental condi- 
tions do not differ very much from the (ideal) 6' condition 
and, therefore, that the experimental data can be compared 
with the results computed under the assumption that we 
can neglect the longer range interactions along the polymer 
chain (beyond a range that is to be determined). Specifical- 
ly, we will determine the range of the interatomic interac- 
tions empirically for poly(L-valine) in water by comparing 
the experimental value of s with the theoretical value, com- 
puted for several different approximations of the range of 
interaction in the coil. Thus far, we have considered ap- 
proximations 1 and 2, by taking interactions up to F(3)  and 
F(4), respectively. In this section, we will treat approxima- 
tion 3. To see the difference between approximations 1 and 
2, Le., the effect of F(4), the thermodynamic parameters for 
the coil form of polyglycine,j poly(L-alanine),j and poly(L- 
valine), respectively, in vacuum are compared in Table 11. 
The contribution of F(4) to the entropy of the coil is almost 
negligible for the three poly(amino acids), but that to the 
enthalpy is significant (becoming more negative with in- 
creasing size of side chain). Further, the contribution to the 
enthalpy term is comparable to the value of F(4) itself a t  
the minimum in A(@,x ,$) ,  i.e., a t  the @ conformation, as 
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Table I1 
Contr ibut ion  of F(4) to the Entropy and Entha lpy  of the Coil under Vacuum 

Difference 

H,,2(0) - Se,*(0) - Approximation (1ja Approximation (2jb 

Poly- H,, 1 ( 0 )  s,, l ( 0 )  H,,*(Q) SC,*(O) HCJ(0) sc J ( 0 )  m4) ( P )  
(amino acid) (kcal) (eu) (kcal) ( e 4  (kcal) ( e 4  (kcal) 

Poly glycine 1.39 0.59 1.30 0.55 -0.09 -0.04 -0,096 
Poly (L-alanine) -0.20 -1.15 -0.38 -1.11 -0.18 0.04 -0.302 
Poly (L-valine) -4.02 -5.14 -4.62 -5.18 -0.61 -0.04 -0.6lC 

a Including interactions in the random coil from F(O) up to F(3). b Including interactions in the random coil from Fco) up to 
F(4). Obtained by averaging over nine pairs of values of xi and xi+1. 

0.8 

i 
b 

0 20 40 60 
Temperature ("C) 

Figure 9. s us. T curves for poly(L-valine) in water. (a) and (b) 
were calculated with approximations 2 and 3, respectively. The 
squares are the experimental  result^.^ 

shown in Table 11. The negligible contribution of F(4) to  the 
entropy term originates from the flatness of F(4) compared 
to that of A ( ~ , x , $ ) ,  which is equal to the sum of F(O), F(l), 
F('), W). This behavior is easily understood from the fact 
that the @ conformation is the most probable one in the di- 
peptide approximation, and the F(4)  interaction contributes 
only a small correction; i . e . ,  F(4)  is small compared to 
A($ ,x ,$ )  and does not depend on the variable dihedral an- 
gles as much as A(@,) ( ,$)  does. We assume that this behav- 
ior applies to  the higher interactions FC5), F@) ,  etc., and, 
hence, calculate only the enthalpy contribution, neglecting 
the entropy contribution.17 Thus, it seems like a good ap- 
proximation to calculate the entropy of the coil from 
A ( ~ , x , $ ) ,  and use the longer range interactions to calculate 
the additional enthalpy (beyond the dipeptide), with the 
additional portions of the chain maintained in the @ con- 
formation. A similar treatment was required for poly@-lys- 
ine).lg 

The enthalpy and entropy of the coil in the dipeptide ap- 
proximation are given by eq 111-3 and 7 ,  respectively. When 
the further interactions are included, the enthalpy of the 
coil becomes 

k(B) 

H,'" = ( A )  -- RT + ~ F " ) ( ~ B ' s , x B ' s , ~ u ' s )  (25) 

where k ( 0 )  is to be determined experimentally. When more 
than one variable dihedral angle appears in Fb)  in eq 25, 
F'J'  (@a's,xa's,$o's) should be understood as an  average 
value over pairs of x values (XI,  XII, and ~ 1 1 1 )  since the ener- 

1'4 

Table I11 
Values of Hydra t ion  Numbers  and H,@) for  

Poly (L-valine) 
A Y  H,(O) Yh YC Approxi- 

mation mol/Residue (kcal/mol) 

2= 3.6 8.0 -4.4 -4.62 
3b 3.6 7.8 -4.2 -5.01 

Including interactions in the coil from F(O) up to FC6). 
a Including interactions in the coil from F(O) up to F(4). 

gies for the three values of x p  are almost equal in the 0 con- 
formation. The terms F(5) ,  F('j), etc., are negligible for po- 
lyglycine and poly(L-alanine) but not so for poly@-valine). 
Because of the presence of the branched side chain in the 
valine polymer, some of the backbone and side-chain atoms 
(whose interactions are included in FC5), F@),  etc.) are near 
each other in the conformation. Thus, the nonbonded 
side-chain-backbone and side-chain-side-chain interac- 
tions give rise to non-negligible values of F ( 5 ) ,  F@),  etc., in 
the p conformation, and are included in eq 25. In addition, 
the values of Y ,  decrease in the presence of additional 
groups beyond those of the dipeptide, because of increased 
interactions with the atoms in the additional portions, and 
thus contribute to AH, and AS,. 

V. Dependence of s on T i n  Water  

expressed as 

( 2 6 )  
and 

( 2 7 )  
respectively. Since HC(O) in eq 26 is defined by eq 25,  it con- 
tains the parameter k ( @  which must be determined by 
comparing the calculated and experimental values of s. The 
parameter k ( 0 )  is also included in AH, of eq 26 and AS, of 
eq 27, since A Y  in eq 23 and 24 depends on longer range in- 
teractions than those in the dipeptide. We have evaluated 
AH, and AS, for approximations 2 and 3, and the numbers 
of hydrated water molecules around the methyl groups, Yh 
for the a-helix and Y,  for the conformation, and their dif- 
ference AY, together with the values of H,@) for these two 
approximations are given in Table 111. 

The enthalpy and entropy contributions to s in water are 

AH, = Hh,,,t'O) - H,"' - AH b - AH il 

AS, = Sh(O) - S,"' - AS, - AS,, 

The s us. T curves are calculated with 
S = exp[-(AH, - TAS, ) /RT]  ( 2 8 )  

for approximations 2 and 3, and are shown in Figure 9 
along with experimental data obtained by the host-guest 
t e ~ h n i q u e . ~  In approximation 2, the s us. T curve is higher 
than the experimental one, and the a-helix is more stable 
than the random coil between 0 and 70". When F ( j )  and 

are included (approximation 3), curve b is obtained, 
which agrees fairly well with the experimental results, indi- 
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Table IV 
Thermodynamic  Parameters  for the Coil-to-Helix 

Transition in Poly(L-valine) in Water  

AF, AH, 
T ( O K )  (kcal/mol) (kcal/mol) AS, (eu) 

280 0.077 1.401 4.73 
293 0.024 1.006 3.35 
300 0.003 0.785 2.61 
320 -0.028 0.125 0.48 
340 -0.016 -0.573 -1.64 

cating that the helix is stable (s > 1) only a t  higher temper- 
ature. When the further interactions beyond F(6)  are in- 
cluded [e.g., F(') and Fcs)], the calculated values of s be- 
come smaller than those for approximation 3; i e . ,  the a 
helix becomes less stable. Thus, k ( 0 )  in eq 25 is taken as 6. 
The computed curves show maxima a t  around 40 and 50" 
for approximations 2 and 3, respectively. 

The existence of the maximum in the s us. T curve origi- 
nates from the change in hydration in the coil-to-helix 
transition. If AH, and AS, were not included in eq 26 and 
27, respectively, s would decrease monotonically between 0 
and 70°, being 0.4 at 50'. 

Since approximation 3 gives better agreement with ex- 
periment than does approximation 2, we will consider only 
approximation 3 in the remainder of this paper. The ther- 
modynamic parameters for the coil-to-helix transition in 
poly(L-valine) in water are shown in Table IV. The experi- 
mental values: a t  293'K are AF, = 0.040 kcal/mol, v-l, = 
0.64 f 0.14 kcal/mol, ASs = 2.05 k 0.47 eu. 

VI. Discussion 
By taking interactions up  to F@)  into account in the ran- 

dom coil, good agreement is attained between the calculat- 
ed and experimental values of s for poly(L-valine) in water. 
The maximum in the s us. T curve, and the range of values 
of s, have been shown to  arise in large part from the 
changes in hydration around the methyl groups. This 
suggests that the same explanation should hold for poly( L- 
leucine) and poly(L-isoleucine) in water, and indeed experi- 
mental results for poly(L-leucine) in water obtained by two 
different techniques20,21 show the existence of a maximum 
in the s us. T curve. 

Since the change in hydration plays an important role in 
determining s for poly(L-valine) in water, it  is of interest to 
examine in detail the change in hydration around the non- 
polar groups in the coil-to-helix transition. Actually, the 
hydration around COH and CBH, as well as that  around 
CyH3 groups, was calculated for the a helix and p confor- 
mation of poly(L-valine) in approximation 3. However, no 
water molecules remained around CaH and C8H in both 
conformations; thus, there was no change in hydration of 
the C'\H and CBH groups in the coil-to-helix transition. 
This result supports the assumption made in section I11 
that there is no difference in the hydration of the C a  and 
Cp groups in the helix and coil forms of poly(L-valine). A 
value of 12 is taken as the number of water molecules in the 
first layer around two methyl groups of valine. In the @ con- 
formation, the side chains of consecutive residues are far 
apart, on opposite sides of the backbone chain; hence, side- 
chain-side-chain interaction would not reduce the hydra- 
tion number below 12. However, 4.2 of these 12 water mole- 
cules are removed by the proximity of backbone atoms (in- 
cluding CP) near the methyl groups in the p conformation. 
Thus, the hydration of a residue in the random coil was 
taken as 7.8 molecules, since it was shown that the con- 
formation is the dominant one for a dipeptide under vacu- 
um, and that the hydration is essentially independent of @ 
and $ in the sterically allowed region. In the right-handed 

Table V 
Contr ibut ions  to 

Short- 
Range 
Inter- 

actions (1)"~ Short- 
2 Range 
Ei - Interac- 

Poly- i = O  tions (2) ,* 

Poly (L-valine) 1.33 -6.07 -4.75 
Poly (L-alanine) -0.14 -4.57 -4.71 

a In  kcal/mol. *See text for definitions of short-range 
AH,(o) is the sum of columns 2 interactions (1) and (2). 

and 3. 

a-helical conformation, 8.4 of the 1 2  water molecules are 
excluded; of these 8.4, 1.8 are excluded by the proximity of 
C1y2 and C2y1 (ie.,  by Cy's on neighboring side chains) and 
of C1y2 and CsY' (Le., by the Cy's of residues 1 and 5 in the 
helical conformation), and 6.6 are excluded by the proximi- 
ty of the Cy's to various backbone atoms (including Cp). 
Therefore, the change in hydration in the transition from 
coil to helix is 8.4 - 4.2 = 4.2 water molecules. 

Further interactions, beyond those in the dipeptide, are 
taken into account for the random coil under vacuum. 
While such interactions were negligible for polyglycine and 
poly(L-alanine), they are appreciable for poly(L-valine), 
and also for p o l y ( ~ - l y s i n e ) . ~ ~  From a comparison of the cal- 
culated and experimental7 values of s, it was found that in- 
teractions up to F @ )  in the coil are required in order to ob- 
tain the correct enthalpy of the coil state. The most domi- 
nant contribution to s from F ( 6 )  and F(6)  is the enthalpy de- 
crease (-0.39 kcal/rnol) in the coil, arising from nonbonded 
interactions between the backbone and side-chain atoms. 
The change in hydration, AY, when F(s)  and F(6) are includ- 
ed, is only -0.2 (Le., an additional 0.2 water molecule is re- 
moved); this corresponds to contributions of -0.04 kcal/ 
mol and -0.2 eu in AH, and AS,, respectively, a t  300'K. 

Since several approximations were made in the calcula- 
tion of s, the present molecular theory of s cannot be used 
to predict the absolute value of the helix content, which is 
very sensitive to small changes in s when s is very close to 
unity.s Nevertheless, the experimental inverse transition 
curve (whereby random coil is converted to a helix as the 
temperature is raised) is obtained theoretically; this pro- 
vides strong support for inclusion of the terms AHw and 
ASw (i.e.? the effect of a change in hydration), even though 
(within the present degree of precision of the theory) the 
Calculated curve cannot reproduce exactly the experimen- 
tal almost-linear dependence of s on T in the experimental 
range of temperature (Le., the calculated curve shows a 
maximum). 

In the present theory, we have discussed the helix-coil 
transition within a single chain, and therefore only intra- 
chain interactions have been considered. The results ob- 
tained indicate that s is near unity and that the /3 confor- 
mation of a residue in a single chain is the dominant one 
for the random coil in water. These two results suggest 
that, if intermolecular interactions were allowed for, the in- 
terchain @ structure of poly(L-valine) might be more stable 
than the a helix in water. Comparing a multichain P struc- 
ture with a single-chain one, the former would be more 
favored by hydrogen bonds, additional nonbonded inter- 
actions, and hydrophobic bonds. On the other hand, the 
multichain structure would be less favored because of an 
entropy loss arising from restriction of dihedral angles, 
and a loss of free energy from the release of water molecules 
from the NH and CO groups. A quantitative treatment of 
these compensating free energy gains and losses would be 
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Table VI 
Contributions to AS,(o) 

Poly (L-valine) -15.37 -5 .14  -10.23 
Poly  alanine) -9.40 -1.11 -8.29 

a In  eu. 

required for an assessment of the stability of the multichain 
(3 structure. In fact, there are experimental data which 
show that  poly(^-val.ine) forms an intermolecular p struc- 
ture in water.22 

Despite the contribution from hydrophobic bonding in 
poly(L-valine), the stability of the a helix of this poly(ami- 
no acid) is comparable to that of po ly(~-a lan ine) .~  We show 
below that the effect of hydrophobic bonding [which favors 
the poly( L-valine) helix over that  of  poly(^-alanine)] is 
compensated by the conformational entropy [which favors 
the helical form of poly(~-alanine)]. In the absence of sol- 
vent, the enthalpy and entropy changes are defined5 by 

(29) Af{,lOl = H h,cut I O )  - He@) 
or 

and by 

respectively. The terms within the first and second paren- 
theses on the right-hand side of eq 30 are referred to5 as 
short-range interactions (1) and short-range interactions 
(2), respectively. The terms in eq 30 and 31 are shown in 
Tables V and VI for both polymers. I t  can be seen that  
AHs(o) is essentially the same for both poly(amino acids), 
and that is more positive for poly(L-alanine) than for 
po ly (L-~a l ine ) .~~  As far as the enthalpy term is concerned, 
the short-range interactions (1) favor the helix over the coil 
for poly(L-alanine) but uice uersa for poly@-valine); how- 
ever, the short-range interactions (2) favor the helix over 
the coil in both poly(amino acids)-more so for poly(L-va- 
line) than for poly(L-alanine). The sum, i.e., AHs(0) ,  indi- 
cates that the helical1 form of both poly(amino acids) is fa- 
vored to the same extent. The difference between the 
values of St,(O) for the two poly(amino acids), -5.97 eu, is 
more negative than .the difference between their values of 
SC(O), -4.03 eu. This behavior, which results mainly from 
the difference between the number of allowed positions for 
the dihedral angle x in the helical forms, can be seen as fol- 
lows. In poly(L-alanine), three ranges of x are allowed in 
both the helical and coil forms, yielding no entropy contri- 
bution to  s from fr'eedom of rotation of the side chain. 
However, in poly(L-valine), one and three ranges of x are 
allowed in the helical and coil forms, respectively, yielding 
an entropy gain of 2 2  eu in going from helix to coil. 
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