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ABSTRACT: A statistical mechanical (one-dimensional Ising model) treatment, based on the dominance of short- 
range interactions, is developed in this series of papers; it is intended as an improvement over empirical prediction 
schemes for obtaining approximate initial conformations of proteins (to be used to try to deduce the native confor- 
mation by subsequent energy minimization). In the present paper, the statistical weights for a two-state model (cy- 
helical and other conformations) and for a three-state model (a-helical, extended, and other conformations) are 
evaluated from x-ray data on 16 native proteins. The method for evaluating the statistical weights is presented. 
Asymmetric a-helical nucleation parameters are also evaluated for the 20 naturally occurring amino acids. On the 
basis of these statistical weights, the conformational properties of the twenty naturally occurring amino acids are 
discussed. The statistical weights evaluated from x-ray data are also discussed in comparison with experimental re- 
sults on the helix-coil transition in polyamino acids in solution. The predominant role of short-range interactions, 
and some possible long-range effects in determining the statistical weights, are discussed in conjunction with the 
mechanism of protein folding. 

The prediction of the three-dimensional structure of a 
protein from its amino acid sequence has not yet been 
achieved because of the existence of multiple minima in the 
many-dimensional conformational energy surface of a pro- 
tein.3 To circumvent this problem, empirical prediction 
schemes are being developed to obtain a starting conforma- 
tion from which energy minimization could lead to the na- 
tive s t r ~ c t u r e . ~  In this connection, it is important to realize 
that energy minimization (which includes long-range inter- 
actions and solvent effects) is necessary in order to  deter- 
mine the precise dihedral angles of native proteins. The use 
of the average conformational state of each amino acid res- 
idue cannot lead to the three-dimensional structure of a 
native p r ~ t e i n ; ~  Le., it was shown5 that, in order to predict 
protein conformation, it was necessary but not sufficient5 
to determine the average conformational state of each resi- 
due, but that this had to be followed by a determination of 
the exact dihedral angles, rather than the average ones.5 

The success of empirical prediction algorithms, to vary- 
ing extents: is based on the demonstrated6 dominance of 
short-range interactions (those between the side chain of 
an amino acid and its own backbone) in determining the 
average conformational preferences (a-helical, extended, 
coil, etc.) of amino acid residues in polypeptides and pro- 
t e i n ~ . ~  The dominance of short-range interactions also 
manifests itself in the applicabilitys of the one-dimensional 
Ising model (based on nearest-neighbor interactions) to the 
determination of the parameters and s of the Zimm- 
Bragg theoryg of the helix-coil transition, and to the use of 
such parameters for the calculation of helix-probability 
profiles in proteins;ln the correlation between regions of 
high helix probability in the denatured protein and those 
where a-helices are found in the native proteinln>l1 attests 
to the approximate validity of the one-dimensional Ising 
model despite its omission of long-range interactions. Fur- 
ther justification of the use of the one-dimensional Ising 
model is provided in section IIIE. 

Therefore, the purpose of this set of three papers is to 
formulate a statistical mechanical one-dimensional Ising 
model treatment of protein conformation, in which three 
states (a-helix, extended, and other) are allowed for each 
amino acid residue, in order to develop a basis for an em- 
pirical prediction scheme (to be used subsequently in an 
energy minimization algorithm5). The statistical mechani- 
cal treatment avoids the ambiguities arising from the use of 

arbitrary rules in current empirical prediction schemes. In 
the present paper, we deduce the statistical weights from 
x-ray data on protein structures. In paper 11,12 we formu- 
late the model and show how to compute the probabilities 
of occurrence of helical and extended conformations, re- 
spectively. In paper 111,13 we compute these probabilities 
for specific proteins, using the theory of paper I1 and the 
statistical weights of paper I. An extension of this treat- 
ment to include more than three states (e.g., chain reversal, 
bridge-region, left-handed helical conformations, etc.) will 
be described e1~ewhere.l~ 

In section I of this paper, we analyze the conformations 
of native proteins obtained from x-ray crystallographic 
studies. In section 11, we describe the methods for comput- 
ing the statistical weights for the a-helical and extended 
conformations, based on both a two-state and a three-state 
model. The numerical results are presented and discussed 
in section 111, and the conclusions are summarized in sec- 
tion IV. 

I. Statistical Analysis of Protein Data 
Sixteen proteins, whose amino acid sequences and x-ray 

crystal structures have been r e p ~ r t e d , ’ ~ - ~ ~  are surveyed in 
the present analysis. The a-helical and extended conforma- 
tional regions (designated by h and t, respectively) found 
by x-ray observations are given in Table XII, in which the 
descriptions of the h and t regions are different from those 
found in the original p a p e r ~ l ~ - ~ ~  because of the different 
definitions for these states, as described in sections IA and 
IB. 

A. The Helical Conformation. In order to describe a 
helical sequence, eight states are assigned to  the ith resi- 
due, depending on its conformation, Le., its dihedral angles 
(&,45i),37a and on whether or not its constituent NH and 
CO groups are hydrogen bonded; this model is the one that 
G6 et al.38 applied to homopolymers and specific-sequence 
copolymers. The eight states are specified by three inde- 
pendent fact0rs:3~3~0 (a) the range of the dihedral angles 

Le., whether they lie in the helical region, h, or 
whether they lie outside of it (and hence designated as 
“c”); (b) the presence or absence of a hydrogen bond be- 
tween the CO group of the ith residue in question and the 
NH group of the (i + 4)th residue, when the three inter- 
vening residues, (i + I), (i + 2), and ( i  + 3), are all in h 
states; (c) the presence or absence of a hydrogen bond be- 
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Table I 
Definition of the Eight Helical States of the ith Residue 

Hydrogen bondb on Conformational 
state (&, $ [ ) a  cio j NjHj State 

-_____. 

C No N o  1 
C N o  Yes 2 
C Yes No 3 
C Yes Yes 4 
h No No 5 
h NO Yes 6 
h Yes No 7 
h Yes Yes 8 

aThe symbols c and h denote the conformational state of 
residue i, i.e., whethjer the residue is allowed to  occupy the 
whole (@,$) space, and whether it is restricted to the small 
region of the (o,$) space characteristic of the right-handed 
tu-helix, respectively. b The presence or absence of a hy- 
drogen bond on the CO and NH groups of the ith residue is 
designated in terms of Yes or No, respectively. 

tween the NH group of the ith residue in question and the 
CO group of the (i -- 4)th residue, when the three interven- 
ing residues, ( i  - 3), (i - 2), and ( i  - 11, are all in h states. 
The possible combhations of these three factors and the 
corresponding states are listed in Table 1. 

If a hydrogen bond map is available for the a-helical re- 
gions of a native protein,41 then the conformational states 
of the residues can be assigned easily, according to the 
states given in Table I and illustrated, for several examples, 
in Figure 1. Even without such maps, helical states can be 
assigned, according to Table I, by assuming that all possi- 
ble hydrogen bonds are present in the a-helical sequences 
reported by the x-ray crystallographers. For example, a re- 
ported helical sequence of six amino acid residues would be 
assigned the states shown in Figure lb .  Unless they specify 
otherwise, the crystallographers usually designate a helical 
sequence as beginning with the residue whose CO group is 
hydrogen bonded ;and ending at  the residue whose NH 
group is hydrogen bonded. Thus, one of eight states can be 
assigned to every residue of a protein, ignoring all hydrogen 
bonds42-44 that  are not involved in a-helix formation. In 
the present paper, the helical sequences listed in Table XI1 
are those consisting of states 5,6,  7 ,  and 8; those in states 2, 
3, and 4 are not counted as helical even though they are 
designated as helical in the original p a p e r ~ . I ~ - ~ ~  Thus, 
every residue in all 16 proteins given in Table XI1 was as- 
signed to one of states 1 to 8. I t  should be noted that, in 
this section, the analysis is based on a two-state scheme, 
i.e., h and c; therefore, the c state includes the extended (e )  
conformation, which is defined in section IB. 

In Appendix I, we have summarized the number, Nhj(i) ,  
of the j t h  amino acid (where j = 1 to 20) in conformational 
state i (where i = I. to 8), found in the 16 proteins given in 
Table XII. The fraction, f h j ( 1 ) ,  of the j t h  amino acid in 
state i is also tabulated, where f h j ( i )  = Nhj(')/N;, with N,  
being the total number of occurrences of the j t h  amino acid 
in the 16 proteins (the values of N, are given later in Table 
111). The amino acids are listed in the order recommended 
by an IUPAC-IUB commission.37b 

B. The Extended Conformation. We use the definition 
of Burgess et aL4 for the extended conformation, viz., as a 
sequence of four or more consecutive residues whose dihe- 
dral angles are in the range (designated by t): -180' 5 4 I 
-45' and 100' I i: 5 180' or -180' 5 $ I -140'; and 140' 
5 4 5 180' and 100' I $ I 180' or -180' I $ 5 -140'. I t  
should be noted that this definition specifies an extended 
structure regardless of whether it is or is not hydrogen 
bonded to  another part of the chain (in a parallel or anti- 
parallel manner). 
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Hydrogen Bond State 
3 

co 5 
HN 2 

(0) 

co 3 
co 

co 6 
-HN 2 

(b) 

Figure 1. Schematic illustration of hydrogen-bond formation in 
a-helical sequences, and the assignments of conformational states 
to the residues in the a-helical sequences, according to the defini- 
tions given in Table I. (a), (b),  (c), (d), and (e) illustrate the hydro- 
gen bonds and the corresponding states of the residues in a-helical 
sequences consisting of five, six, seven, eight, and nine or more 
residues. 

T o  describe the extended conformation (and its immedi- 
ate environment), we assign six possible states to an i th  
residue. State 1 is assigned to the i th  residue when it is in 
the interior of a sequence o f t  conformations. State 2 is as- 
signed when the i th  residue is the N terminal one of a se- 
quence of t conformations (following a sequence of c con- 
formations). Similarly, state 3 is assigned to the C-terminal 
residue of a sequence of e conformations (followed by a se- 
quence of c conformations). State 4 is assigned when the 
ith residue is in a c conformation preceding a residue in 
state 2. State 5 is assigned when the i th  residue is in a c 
conformation following a residue in state 3. State 6 is as- 
signed when the i th  residue is in the interior of a run of c 
states. In all of these assignments, the symbol c includes 
the h conformation, but not the c Conformation. In section 
IA, the symbol c included the t conformation. In the three- 
state model (section IIA), c does not include either the h or 
t conformations. 

The extended conformation region is specified in terms 
of states i = 1 to 6 in Appendix 11, based on the proteins 
listed in Table XII. The data are tabulated as Nf,,(') and 
f L , , ( L ) ,  the number and fraction, respectively, of the j t h  resi- 
due in extended state i (where i = 1 to 61, with ff , ,( l)  = 
Nc,,(') /N,,  where N, is again the total number of occur- 
rences of the j t h  amino acid in the 16 proteins. 

11. Computation of Statistical Weights 
A. Statistical Weights of Three-State Model. In a 

three-state model, we divide the conformational space 
(&,$') of the i th  residue into three regions, one corre- 
sponding to the a-helix (h  state), one to the t conformation, 
and the remainder of the space designated as a c state. We 
define statistical weights U h ,  u,, and u for a residue in an h, 
t ,  or c state, respectively. We define an additional statisti- 
cal weight wh for the i th  residue when it is in an h state and 
there is a hydrogen bond between the CO group of the (i - 
2)th residue and the NH group of the ( i  + 2)th residue;39 
uh corresponds to an h state without a hydrogen bond. The 
physical meaning of the statistical weights W h ,  llh, u c ,  and u 
is described in detail in section I of paper II.12 In brief, 
these statistical weights can be calculated by integrating 
the Boltzmann factor, e-E'kT, over the conformational 
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space assigned to the h, t, and c states, respectively, where 
E is the energy of the amino acid residue (including the hy- 
drogen bond energy, and related interaction energies, when 
computing Wh). In computing wh,  the energy of formation 
of the hydrogen bond is assigned to  the statistical weight of 
the i th  residue.12 

The residue partition function, z ,  may then be written as 

Z = U + U c  + w h  + uh (1) 

On the basis of the concept that short-range interactions 
are dominant: the conformational states of an amino acid 
residue in the (C$,$) space observed in proteins obey a 
Boltzmann d i s t r i b ~ t i o n ; ~ ~ , ~ ~  i.e., the x-ray data on proteins 
can then be used to obtain the statistical weights. Then the 
observed fractions of c, e ,  and h states, f c ,  f., and f h ,  are 
given by 

f c  = ulz (2) 

f f  = u,lz (3) 

(4) 

where z is given by eq l.46 In order to specify that the pa- 
rameters pertain to the j t h  species of amino acid, the sub- 
script j is added to all quantities appearing in eq 1-4, viz., 
z J ,  uJ,  u.,j, UhJ, w h j ,  f c j ,  f C J ,  and f h j .  Based on the statisti- 
cal analysis carried out in section I, the fractions of the j t h  
amino acid in the ith conformational state can be calculat- 
ed by 

f h  = ( w h  + uh)/z 

and 

f h j  = n h j / N j  (7) 

where n h J ,  n,,, ncJ are given by 

n h J  = N h J ( 5 )  + N h J ( 6 )  + N h J ( ' )  + N h J ( 8 )  (8) 

= N f , J ( l )  + + (9) 

n C J  = NJ - [nhJ  + nf ,J l  (10) 

where N h J ( I ) ,  Nc,J(L) ,  and NJ were defined in section I. I t  
should be noted, parenthetically, that the symbol c used in 
eq 2 and 5 does not include either the h or t state; in con- 
trast, the c conformation defined in the two-state schemes 
(h and c in section IA, and t and c in section IB) includes 6 

and h in sections IA (state 1) and IB (states 4, 5,6) ,  respec- 
tively. 

Generally speaking, in theoretical treatments of confor- 
mations of polymer chains, only the relative statistical 
weights are the interesting quantities. In other words, one 
may arbitrarily choose one of the various states as the ref- 
erence state. Indeed, in the conformational theory based on 
a three-state model of a polyamino acid,12 the c state was 
chosen as the reference state, as was also done in the helix- 
coil transition theories of polyamino acids, e.g., those of 
Zimm and Braggg and Lifson and R ~ i g . ~ '  In the Tanaka- 
Scheraga theory12 of the three-state model of a polyamino 
acid, the following relative statistical weights were defined: 

and 

Wh* = Wh/U (11) 

u,* = u,lu (12) 

and 

Inserting the subscript j to specify the j t h  species of amino 
acid, and using eq 2-4 and 11-13, uEJ* can be calculated by 
the following relations: 

U C J *  = uC,J/uJ = ( u f 2 J h J ) l ( ~ J / z ] ~  = f € , J / f C J  (14) 

Using eq 2 and 4, the following relation can be obtained 

WhIU = (Wh/Z) / (U/Z)  = f h / f c  (15) 

in which uh is omitted (see reference 46). Equations 11 and 
15 lead to 

whJ* = f h J / f c J  (16) 

Thus, the relative statistical weights of the three-state 
model,12 whJ* and u.,,*, can be calculated for all the amino 
acids (j = 1 to 20) on the basis of the statistical analyses 
performed in section I. 

B. Relationship between the Statistical Weights of 
the Two-State and Three-State Models. In the two-state 
model of the helix-coil transition, the statistical weight u 
may be obtained by integrating over the entire 
(C$,$) space, excluding the small range corresponding to the 
h state. On the other hand, in the three-state model, the 
statistical weight u is obtained by integrating over 
the entire (C$,$) space, excluding the regions corresponding 
to both the h and e states. Therefore, we introduce super- 
scripts to distinguish u ( ~ )  for the c state of the two-state 
model from u ( ~ )  for that of the three-state model. In a simi- 
lar manner, we introduce the symbols Wh(')*, ~ h ( ~ ) * ,  and 

I t  then follows that u ( ~ )  (or 1, in relative statistical 
weights) corresponds to u ( ~ )  + u , ( ~ )  [or to  1 + u , ( ~ ) *  in rela- 
tive statistical weights]. Therefore, the relative statistical 
weights for the two- and three-state models are related as 
follows: 

wh(2)* = wh(3)*/(1 + uf(3)*) (17) 

uh(2)* = uh(3)* / (1  + uf(3)*) (18) 

(It should be noted the superscript (3) on u , ( ~ )  is superflu- 
ous since the t state is included in the c state of the two- 
state model.) All statistical weights of eq 17 and 18 (which 
are described in more detail in section IV of paper 11) may 
include a subscript j to specify the j t h  species of amino 
acid. 

I t  should also be noted that the statistical weights 
WhJ(2)* and uhJ(2)* are calculable directly from data on 
protein conformation, in the same manner as described for 
W ~ J ( ~ ) *  and UhJ(3)* in section IIA and in reference 48. 
C. Nucleation of Helical Sequences and Asymmetric 

Properties. We consider now the nucleation of helical se- 
quences, and the asymmetric character of the nucleation 
process. Recently, we developed a general treatment of a 
conformational transition in which we took into account 
the asymmetric character of the nucleation of two different 
conformational and applied it to the conforma- 
tional transition between form I and form I1 of poly(L-pro- 
line).50s51 As noted the same treatment is applica- 
ble to the helix-coil transition in polyamino acids, which 
we now consider. 

We begin with the two-state model, and consider the se- 
quence 

u,(3)* .  

. . . c,c,c,c,h,h,h,h,h,h,h,h,h,c,c.c,c,c,h,h,h,. . . 

. . . 1,1,1,3,7,7,7,8,8,8,6,6,6,2,1.1,1,8,7,7,7,. . . (19) 

uN(h) t vC@) f+> u,(c) u,(c) t 
where the symbols h and c in the first line denote the heli- 
cal and coil conformations of each residue, and the numer- 
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Table I1 
Conformational States and Statistical Weights of the Tanaka-Scheraga Model of the Helix-Coil Transitiona 

Dummy 
Re1 statistical wt for statistical Conformational state of 

i - 1  / i +  1 Statistical wtb specific-sequence copolymer wtc 

h I1 h W 41 
h 11 C u@)w soc‘/.Bc%s qz 

C C h oc(c)u  :7/.pc-”; q 7  

h 0 h UN (c )oc(c)u  ON% Oc%pN-%pc-% q3 
C 11 h ON(h)w ON‘/”& %s q 4  
h r: C ON (c)u ON% ON -% 9s 
C I1 C c J N ( h ) U C ( h )  w ‘h oc % ON % pc’h q ,  

C ic C U 1 48 
a See ref 49 for a more detailed description. b See eq 33-36 for relations between the u’s and the U’S. c It should be noted 

that the subscripts 1 to 8 on the q ’ s  are not related to the states (1 to 8) in the last column of Table I, but pertain to those 
of Table I of ref 49. 

als in the second line denote the conformational states de- 
scribed in section IA and summarized in Table I. Then, we 
define the statistical weights U N ( ~ )  and U N ( ~ ) ,  and U C ( ~ )  and 
u$) for the left- and right-end residues of the helical and 
coil sequences, respectively. The correspondence between 
the statistical weights presented above and those intro- 
duced in our earlier theorSPg is summarized in Table 11. 

We may define the corresponding relative statistical 
weights as 

Using similar reasoning to that used to  obtain eq 14, the 
value of U C ~ ( ~ ) *  of eq 20 can be computed as 

U C J ( h ) *  = fj’(6)/f,(1) ( 2 4 )  
with the aid of 

uCJ(h)* = iU C J (h ) /Z  j 1 / j /z ,  (25 )  

fj’@) = [Nj  (6 ) /3] /N1  (26 )  

f , ( l )  = N,(l)/N, ( 2 7 )  

where Njc6) and N j ( I )  are the number of times that  the j t h  
amino acid is found in states 6 and 1, respectively, as de- 
scribed in section IA and shown in Table I for i = l to 8, 
and Nl is the total number of times that  the j t h  amino acid 
is found in the proteins listed in Table XII, as defined pre- 
viously in section IA. As seen in the sequence of expression 
19, state 6 is assigned to  the three residues at the C termi- 
nus of the helical sequence.52 Therefore, the number of oc- 
currences of an h state a t  the C terminus of a helical se- 
quence (at the junction with a coil sequence) is equal to 
one-third of the number of residues in state 6. Hence, in eq 
26, the value of [Nj(”/3]  is used; however, it  is possible to 
use an alternative quantity52 instead of [ N j ( 6 ) / 3 ]  in eq 26. 
In a similar manner,52 U N ~ ( ~ ) * ,  U C ~ ( ~ ) * ,  and U N ~ ( ~ ) * ,  defined 
by eq 21-23, can be computed by 

u N  (h)* = fj’(7)/fj (1) (28 )  

f j ’ (7)  = [Nj  (7 ) /3] /N j  (29 )  
U C J W *  = fj (3)/fj (1) (30 )  

U N J ( d *  = fj(Z)/fj(l) (31 )  

where 

and 

in which 

in which, as in eq 27, 

f j ( i )  = ~ . c i ) / ~ .  1 1  (32 )  

We consider next the initiation parameters U N ( ~ ) ,  U C ( ~ ) ,  

u$),  and u$) introduced in the Tanaka-Scheraga theory 
of the helix-coil t r a n ~ i t i o n , ~ ~  and summarized in terms of 
the notation used here in Table 11. If the parameters, U C ( ~ ) ,  
u ~ ( ~ ) ,  u$),  and U N ( ~ )  introduced above are related to the 
statistical weights defined in Table I1 (and in ref 49) ,  we 
find 

U N ( h )  = gN(h)w (33 )  

U C ( h )  = gC(h)w (34 )  

U N ( C )  = uN(c)u ( 3 5 )  

U C ( C )  = &)u (36 )  

Then, U N ( ~ )  can be computed from eq 33 for the j t h  amino 
acid as 

and 

g N j ( h )  = U N  j ( h ) / W j  = [ U N j ( h ) / Z j ]  / ( W j / Z  j ) 

= f j ’ (7) / f . ’ (5 ,6 ,7 ,S)  1 (37 )  

in which f j ’ (7)  is computed by eq 29, and fj’(5,6,7,8) by 

(38) fj’(5,6,7,8) = Nj’(5,6,7,8)/N. 
1 

and 

(39 )  

Equation 39 is used53 to obtain the number of interior heli- 
cal residues, and nhj of eq 39 is obtained from eq 8, be- 
cause the number of residues located a t  the N and C termi- 
nal ends of the helical sequences, Le., [Nj (7 ) /3]  and [N;(6)/ 
31, must be subtracted from the total number of the j t h  
amino acid residue in the helical conformations found in 
proteins, i.e., nhj. Thus, it should be noted that the relative 
statistical weight whj(’)* for the two-state model has been 
defined by 

(40 )  

rather than by eq 16 (see ref 53).  In a manner similar to 
that used in obtaining eq 37, we have obtained the fol- 
lowing equations related to u ~ j ( ~ ) ,  u ~ j ( c ) ,  and u ~ j ( ~ ) ,  by 
using eq 34-36: 

Nj’(5,6,7,8) = nhj  - {[Nj(6)  + N j ( 7 ) ] / 3 ]  

whj(2)*  = wh j(2)/uj(2) = f.’(5,6,7,8)/f.(l) 
I I 

g C j ( h )  = uCj(h)/wj = [ u c j ‘ h ) / z j ] / ( w j / z j )  = fj’(6)/fj’(5,6,7.8) 

(41) 
U N j “ )  = UNj (‘)/Uj = [ u N j ( c ) / z j ] / ( u j / z j )  = fj(2)/fj(1) (42 )  

U C j ( C )  = U C j ( C ) / U j  = [ U C j ‘ ” / Z j ] / ( U j / Z j )  = fj(3)/fj(l) (43 )  
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Table I11 

in Various Helical Conformational States 
The Number and the Frequencies of the Amino Acids Found in Proteins, and Their Occurrence 

Amino 
acid j *v,= Pjb 

i = (2-81 i = (3.  71 i = (2. 6 )  

Ala 
-4% 
Asn 
ASP 
CYS 
Gln 
Glu 
GlY 
His 
Ile 
Leu 
Lys 
Met 
Phe 
Pro 
Ser 
Thr 
TrP 
Tyr 
Val 

250 
83  

134 
124 

54 
98  

117 
226 

76 
114 
204 
188 
32 
90 
89 

21 5 
164 
48 

102 
200 

0.0959 
0.0318 
0.0514 
0.0475 
0.0207 
0.0376 
0.0449 
0.0867 
0.0291 
0.0437 
0.0782 
0.0721 
0.0123 
0.0345 
0.0341 
0.0824 
0.0629 
0.0184 
0.0391 
0.0767 

135 0.540 
27 0.325 
43 0.321 
44 0.355 
17  0.315 
40 0.408 
67 0.573 
50 0.221 
38 0.500 
47 0.412 
98 0.480 
80 0.426 
1 4  0.438 
37 0.411 
22 0.247 
66 0.307 
52 0.317 
21 0.438 
26 0.255 
81 0.405 

30 0.120 
2 0.024 

1 9  0.142 
23 0.186 

6 0.111 
1 0  0.102 
35 0.299 
1 7  0.075 

7 0.092 
9 0.079 

21 0.103 
1 2  0.064 
1 0.031 
7 0.078 

22 0.247 
23 0.107 
22 0.134 

6 0.125 
1 2  0.118 
17  0.085 

~ 

40 0.160 
12  0.145 
14 0.105 
8 0.065 
5 0.093 

12 0.122 
14  0.120 
10 0.044 
18 0.237 
1 3  0.114 
32 0.157 
36 0.192 
6 0.188 
9 0.100 
0 0.0 

24 0.112 
10 0.061 
3 0.063 
9 0.088 

25 0.125 

65 0.260 
1 3  0.157 
10 0.075 
1 3  0.105 
6 0.111 

18 0.184 
18 0.154 
22 0.097 
12  0.158 
25 0.219 
4 5  G.221 
32 0.170 
7 0.219 

20 0.222 
0 0.0 

18 0.084 
20 0.122 
12  0.250 

5 0.049 
39 0.195 

UThis analysis is based on the two-state scheme (h or c) in which the c state includes the E conformation. iV,,is the number 
of thejth species of amino acid found in the 1 6  proteins listed in Table XII. The total number of amino acids in the 16 pro- 
teins is given by Cj= 1 2 0 N j  = 2608. b The frequency of occurrence of the jth amino acid in these 16  proteins, Pi, is defined 
,by Pi = N j / ( C j = ,  2 0 A J j ) .  c!Vj(j) in each column is the sum over I$(') for those values of i given in the column heading, where 
the individual N;(i)'s are given in Appendix I. d f ; ( i )  = Nj( i ) /N j .  

in which f;'@), f j ' ( 5 , 6 , 7 , 8 ) ,  and f;(i) are given by eq 26, 38, and 
32, respectively. 

The parameters u, PN, and Pc, which were introduced in 
our previous paper49 and used in Table 11, can be comput- 
ed, as described in ref 49, by using the parameters U N ( ~ ) ,  

U C ( ~ ) ,  U N ( ~ ) ,  and U C ( ~ )  obtained in eq 37 and 41-43. The pa- 
rameter u; for the j t h  amino acid may be calculated54 by 

(44) uj = g N j  (h)gN,;(c)uc,; ( h ! g C j  (c) 

PNj = [CTN,j(h)/UN J ' ( c ) ] 2  

The parameters P N ~  and Pc,; can be calculated by using 

(45) 

and 

~ c j  = [ a c j ( h ) / u ~ j ( ~ ) ] ~  (46) 

which were defined in eq 12 and 13 of our previous paper.49 
By using the values of s j ,  a;, PNJ,  and Pcj, the first one 

of which is identical with the values of W h j ( ' ) *  calculated 
by eq 40, and the latter ones being obtained from eq 44,45, 
and 46, respectively, the relative statistical weights qi (i = 
1 to 8) (for the two-state model) for the asymmetric transi- 
tion theory proposed by Tanaka and S ~ h e r a g a ~ ~  can be ob- 
tained by means of the definitions of qi (i = 1 to 8) given in 
Table 11. 

Up to now, in this section, we limited our discussion of 
all of the nucleation parameters to the two-state model; we 
now describe all of the same parameters in terms of the 
three-state model. All of the quantities U C ( ~ ) ( ~ ) * ,  UN(3)(h)*, 
U C ( ~ ) ( ~ ) * ,  uN(3)(c)*, and can be computed by using eq 
24, 28,30, 31, and 40, in which one may use the same quan- 
tities that appeared on the right-hand sides of these equa- 
tions, except for the value of f ( l ) .  In these equations, one 
has to use 

(47) 

in which Nj(')  and f;( ') are the same quantities used in eq 
27, and n,j and f t , j  are the same values used in eq 6. The 
parameters U N ~ ( ~ )  and u ~ j ( ~ )  for the three-state model, i.e., 
U N ~ ( ~ ) ( ' )  and ~ c j ( ~ ) ( ~ ) ,  may be computed by eq 42 and 43, 

f j ' ( l )  = [ N j ( l )  - nc,j]/N; = f j ( 1 )  - f , ;  

respectively, by using f ' ( l )  of eq 47 instead of f ( l )  that  ap- 
peared in eq 42 and 43. Thus, all of the parameters that  ap- 
peared in the two-state model (i.e., U C ( ~ ) * ,  U N ( ~ ) * ,  u$) * ,  
UN(')*,  U N j ( h ) ,  ~ N j ( c ) ,  s C j ( h ) ,  a C j ( c ) ,  a;, PNJ, and Pc j )  
should be changed only by use of eq 47. Hence, among 
these parameters, only U N ( ~ )  and U C ( ~ )  are common to both 
the two- and three-state models because these parameters 
do not involve the factor f ( l )  [hence, f ' ( l )  of eq 471 as seen in 
eq 37 and 38. Therefore, we will not use the superscripts (2) 
and (3) in the expressions for C7N(h) and U C ( ~ ) ,  hereafter. 
The parameters C T ~ ( ~ ) ,  f l N j ( 3 ) ,  and / 3 ~ j ( ~ )  for the three-state 
model may be calculated by using U N ~ ( ~ ) ,  u ~ j ( ~ ) ,  f ~ N j ( ~ ) ( ~ ) ,  
and c r ~ j ( ~ ) ( ~ ) .  Finally, we calculate the relative statistical 
weights q; (i = 1 to 8) (given in Table 11) which can be used 
in the three-state model when one wants to combine the 
previous Tanaka-Scheraga the0ry4~ and the three-state 
model proposed by Tanaka-Scheraga in the accompanying 
paper12 (see section V of ref 12 for more details). By using 
s;, u;, PNJ, and Pcj [or Whj*,  U N ~ ( ~ ) ,  a ~ j ( ~ ) ,  c r ~ j ( ' ) ,  and 
u ~ , j ( ~ ) ] ,  the quantities q; ( i  = 1 to  8) given in Table I1 may 
then be computed. In addition to the three-state conforma- 
tions (the a-helical, t, and other states), we can effectively 
take the asymmetric nucleation of helical sequences into 
account when these statistical weights are used. We may 
also use u,* for the quantity q g  introduced in section V of 
paper II.12 

111. Results and Discussion 
A. Tentative Values of Statistical Weights. Since the 

data set on protein structures is being continually enlarged 
and improved, the computed frequencies will likewise un- 
dergo revision. Thus, the statistical weights evaluated here 
should be regarded as tentative ones. 

The data of Appendix I provide information about the 
relative tendencies of all 20 naturally occurring amino acids 
to adopt the a-helical conformation. The total number, N;, 
of the j t h  amino acid, and its frequency of occurrence, Pj, 
in the 16 proteins of Table XI1 are given in the second and 
third columns of Table 111. The values of Nj(')  and f j ( ; )  (for 
i = 2 to 8; see footnote c of Table 11) are the number and 
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Table IV 

Corresponding Statistical Weights 
The Numbmer and the Frequencies of Amino Acids Found in the &-Helical, E ,  and Other States, and the 

Statistical weights 
Amino 
acid j n h  ,ja fh ,jb ne,ja fc, j b  fcj" u e , i  * d  w h , j ( 3 )  * e  w h , j ( 2 )  *f 

A1 a 127 0.508 41 0.164 0.328 0.500 1.549 1.033 
Arg 22 0.265 14  0.169 0.566 0.298 0.468 0.361 
Asn 28 0.209 14  0.105 0.687 0.152 0.304 0.264 

37 0.298 1 0  0.0806 0.621 0.130 0.481 0.425 
CY s 12  0.222 1 5  0.278 0.500 0.556 0.444 0.286 
ASP 

Gln 35 0.357 19  0.194 0.449 0.432 0.795 0.555 
Glu 57 0.487 12  0.103 0.410 0.250 1.188 0.950 
Gly 36 0.159 31 0.137 0.704 0.195 0.226 0.189 
His 23 0.303 10 0.132 0.566 0.233 0.535 0.434 
Ile 41 0.360 27 0.237 0.404 0.587 0.891 0.562 
Leu 90 0.441 47 0.230 0.328 0.702 1.343 0.790 
LYS 69 0.367 24 0.128 0.505 0.253 0.726 0.580 
Met 12  0.375 8 0.250 0.375 0.667 1.000 0.600 
Phe 32 0.356 14 0.145 0.489 0.318 0.727 0.552 
Pro 1 7  0.191 18 0.202 0.607 0.333 0.315 0.236 
Ser 46 0.214 32 0.1 49 0.637 0.234 0.336 0.272 
Thr 41  0.250 39 0.238 0.512 0.464 0.488 0.333 
T ~ P  21 0.438 8 0.167 0.396 0.421 1.105 0.778 
Ty r 16 0.157 25 0.245 0.598 0.410 0.262 0.186 
Val 73 0.365 56 0.280 0.355 0.789 1.028 0.575 
a The quantities n h , '  and n e l j  are defined in eq 8 and 9, respectively. bj'h,j and fe , j  are defined in eq 7 and 6, respectively. 

Cf,,j is defined in eq it, in which n, is given by eq 10. d u c  .* is defined by eq 12, and calculated from eq 14 by using the 
values of f e , j  and fc,j given in the fifth and sixth columns d! this table. e w h , j ( 3 )  * i s defined by eq 11 for the three-state 
mode1,and computed from eq 16  by using the values of fh; and fc, j  given in the third and sixth columns of this table. 
fwh,j(*)*'was computed from eq 17  (however, it may also he computed from eq 16 '  of ref 48). 

frequency of the j t h  amino acid in helical sequences. The 
corresponding quantities for i = 3, 7 pertain to  residues a t  
the C termini of coil sequences (state 3) and a t  the N termi- 
ni of helices (state 7 ) "  those for i = 2, 6 pertain to residues 
a t  the N termini of coil sequences (state 2) and a t  the C ter- 
mini of helices (state 6), and those for i = 5, 8 pertain to 
residues in the interior of helices (although state 5 also per- 
tains to ends of short helices, as shown in Figure la). The 
implications of the data  in Table I11 are discussed in sec- 
tion IIIB. 

Using the method described in section IIA, the relative 
statistical weights for h and t states, wh,](3)* and u,,j*, for 
the j t h  amino acid in the three-state model were computed. 
For this purpose nhJ and were computed from eq 8 and 
9, and the results are given in the second and fourth col- 
umns of Table IV. Then, f c J ,  f C J ,  and f h j  were computed 
from eq 5-7, using eq 10 to obtain ncJ;  these results are 
given in the sixth, fifth, and third columns, respectively, of 
Table IV. The statistical weights Wh,](3)* and u,,j* for the 
j t h  amino acid were obtained from eq 16 and 14, and are 
listed in columns 7 and 8 of Table IV. Finally, for the sake 
of comparison, the values of W ~ J ( ~ ) *  for the three-state 
model were converted to W h j ( ' ) *  for the two-state model 
using eq 17 (but see also ref 48), and are given in the last 
column of Table IV. The magnitudes of the relatiue statis- 
tical weights are always such that w ( ~ ) *  I U J ( ~ ) *  because, in 
eq 17, the statistical weight u , ( ~ ) *  is always positive or equal 
to  zero. Of course, the actual statistical weights (Le., not 
the relatiue ones) obey the relation w ( ~ )  = w('). The quanti- 
ty UhJ* will be discussed in section IB of paper III.13 

Using the method described in section IIC, the parame- 
ters U C ( ~ ) * ,  U N ( ~ ) * ,  u ~ : ( ~ ) * ,  and for the j t h  amino acid 
in the two-state (Le., h or c) model were computed from eq 
20-32, and are given in Table V. The corresponding param- 
eters for the three-state (Le., h, e ,  or c) model (but using eq 
47 for the values of ij'('), instead of eq 27, when eq 20-32 
are used) are given in Table VI. 

Using eq 37 and 41-43, the values of U N ~ ( ~ ) ,  O Q ( ~ ) ,  

U N ~ ( ' ) ,  and ucJ(c)  were computed for the j t h  amino acid 
residue in the two-state model, and are given in columns 2 

to 5 of Table VII. As mentioned in section IIC, the values 
of U N , ~ ( ~ )  and u ~ j ( ~ )  are the same in the two-state and 
three-state models. Corresponding values of U N , ~ ( ~ )  and 
U C ~ ( ~ )  were computed for the j t h  amino acid residue in the 
three-state model, using eq 32 and 47 with either eq 42 or 
43, as described in section IIC, and are also listed in Table 
VII. 

Substituting the values of U N ~ ( ~ ) ,  u ~ j ( ~ ) ,  CTNj"), and 
crc j ( c )  for both the two-state and three-state models, given 
in Table VII, into eq 44-46, the values of u, / 3 ~ ,  and Pc for 
the j t h  amino acid residue were computed. The values of 
/ 3 ~  and /3c are given in Tables V and VI for the two-state 
and three-state models, and those of u are given in Table 
VII. 

Finally, the values of the relative statistical weights qi (i 
= 1 to 81, introduced in ref 49, and calculated by the proce- 
dure of section IIC, were computed for the j t h  amino acid, 
and are listed in Table VI11 for the two-state model and in 
Table IX for the three-state model. 

B. Stabilities of a-Helical and Extended Conforma- 
tions. We now consider the conformational Preferences of 
each of the naturally occurring amino acids. The values of 
uc,j* and u&j(3)* in Table IV provide information about the 
preferences of the extended structure and a-helical confor- 
mation, relative to that of the c state, for which uj = 1 for 
the j t h  amino acid residue. From a qualitative point of 
view, we use the statistical weights of Table IV, and (in 
Table X)  list the amino acid residues in decreasing order of 
preference for the a-helical conformation (in both the two- 
state and three-state models) and, likewise, for the t con- 
formation. 

The orders of the a-helical tendencies for the two-state 
and three-state models, in Table X, are not the same be- 
cause the statistical weights are expressed relative to that 
of the c state, and the e state is included in the c state in 
the two-state model but not in the three-state model. Tak- 
ing Val as an example, it ranks fifth in the three-state 
model, but seventh in the two-state model because Val has 
a very strong tendency to adopt the t conformation (in fact, 
the strongest, with u,* = 0.79; see Table IV). Because of the 
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Table V 
Tentative Values of the Parameters Related to  Asymmetric Nucleation in the Two-State Modela 

Amino 
acid j J@)* U p J @ ) *  V , (C)*  UN ( C )  * P N  PC 

Ala 0.0986 0.081 2 0.0174 0.0522 2.83 37.6 
Arg 0.0476 0.0060 0.0179 0.0714 0.0603 61.8 
Asn 0.0147 0.051 3 0.0549 0.110 3.73 1.22 
ASP 0.0208 0.0792 0.0500 0.0375 33.92 1.32 
CY s 0.0270 0.0270 0.0811 0.0541 3.42 1.52 
Gln 0.0517 0.0460 0.0345 0.0517 3.09 8.80 
Glu 0.0600 0.200 0.100 0.100 5.17 0.465 
GlY 0.0057 0.0208 0.0341 0.0398 8.66 0.876 
His 0.0702 0.0263 0.105 0.263 0.0386 1.72 
Ile 0.0547 0.0249 0.0597 0.0299 2.45 2.97 
Leu 0.0881 0.0535 0.0377 0.0377 4.01 10.9 
LYS 0.0802 0.0340 0.0093 0.0926 0.488 272.8 
Met 0.0741 0.0185 0.0 0.111 0.0843 ,b 
Phe 0.0440 0.0314 0.0377 0.0377 2.49 4.88 
Pro 0.0 0.0846 0.0746 0.0 eob 0.0 
Ser 0.0403 0.0224 0.0872 0.0403 5.10 3.52 
Thr 0.0298 0.0327 0.0982 0.0 ,b 0.996 
TrP 0.0370 0.0741 0.0 0.0 ,b ,b 
TY r 0.0263 0.0219 0.0921 0.0395 11.7 3.10 
Val 0.0588 0.0364 0.0336 0.0336 4.37 11.4 

a For an explanation of the parameters in the two-state model (h or c), see section IIC. The superscript (2), which indi- 
cates that the parameters pertain to  the two-state model, and the subscript j ,  which specifies the species of amino acid, are 
omitted for simplicity. b These values are very large (>> 1). 

Table VI 
Tentative Values of the Parameters Related to  Asymmetric Nucleation in the Three-State Modela 

A1 a 0.153 0.126 0.0270 0.0811 1.17 15.6 

Asn 0.0173 0.0606 0.0649 0.130 2.67 0.871 

CYS 0.0455 0.0455 0.136 0.0909 1.21 0.538 
Gln 0.0769 0.0684 0.0513 0.0769 1.40 3.98 
Glu 0.0790 0.263 0.132 0.132 2.98 0.269 
GlY 0.0069 0.0253 0.0414 0.0483 5.88 0.595 
His 0.0952 0.0357 0.143 0.357 0.0210 0.932 
Ile 0.0917 0.0417 0.100 0.0500 0.874 1.06 
Leu 0.158 0.0960 0.0678 0.0678 1.24 3.37 
LY s 0.103 0.0437 0.0119 0.119 0.295 165.0 
Met 0.133 0.0333 0.0 0.200 0.0260 ,b 
Phe 0.0598 0.0427 0.0513 0.0513 1.35 2.64 
Pro 0.0 0.116 0.102 0.0 ,b 0.0 
Ser 0.0513 0.0285 0.111 0.0513 3.14 2.17 
Thr 0.0457 0.0502 0.151 0.0 ,b 0.423 

TY r 0.0392 0.0327 0.137 0.0588 5.28 1.40 
Val 0.111 0.0688 0.0635 0.0635 1.22 3.20 
a For an explanation of the parameters in the three-state model (h, E ,  or e ) ,  see section IIC. The superscript (3)  which indi- 

cates that the parameters pertain to the three-state model, and the subscript j ,  which specifies the species of amino acid, are 
omitted for simplicity. b These values are very large (>>1). 

-4% 0.0635 0.0079 0.0238 0.0952 0.0339 34.7 

ASP 0.0238 0.0905 0.0571 0.0429 26.0 1.01 

TrP 0.0526 0.105 0.0 0.0 m b  w b  

large value of u,* (Le., the high stability of the t state for 
Val), the value of Wh(2)* is reduced, according to eq 17. 

In Table X, the amino acid residues have been grouped 
into three categories according to their helix-stabilizing 
power.55 Those in the first group may be regarded as helix 
stabilizers (Wh*  2 0.51, those in the middle group as helix 
indif ferent (0.27 I Wh* < 0.5 and 0.33 < Wh* < 0.5 for the 
two-state and three-state models, respectively), and those 
in the last group as helix destabilizers (Wh* 50 .27  and 0.33 
for the two-state and three-state models, respectively). I t  
should be noted that the group in which a particular amino 
acid residue is included is the same in both the two-state 
and three-state models. 

We now compare the a-helix stabilizing assignments of 
Table X to those made by other authors. Kotelchuck and 
Scheraga56 classified the amino acids Ala, Val, Leu, Ile, 

Met, Trp, Gln, Glu, Phe, Cys, Arg, Pro as h, and Ser, Thr, 
Asn, Asp, Tyr, Lys, and His as c. Our present assignments 
of the helix-stabilizing power are found to be in fairly good 
agreement with those made by Kotelchuck and Scheraga. 
As seen in the first column of Table X, the helix stabiliz- 
ers, i.e., the amino acid residues from Ala to Lys, are found 
among the h units of Kotelchuck and Scheraga, except for 
Lys which is the weakest of the helix stabilizers in the clas- 
sification of Table X. The amino acids belonging to the 
helix-indifferent group (in Table X) (including amino 
acids such as Lys and Pro in the intermediate regions be- 
tween the groups) are found among either the h or c units 
of Kotelchuck and Scheraga. As for Pro, as mentioned in 
section IIIC, it is not a helix stabilizer but a strong helix 
initiator a t  the N terminus of the a-helical sequence. 
Therefore, Pro may be included among the h units, accord- 
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Table VI1 
Tentative Values of the Parameters Related to the Nucleation of @Helical Sequences 

For the two-state modelb For the three-state modelc 
Amino 
acidj U N ( ~ ) U  uc (h  )a ON( ' )  U c ( C )  U urq ( c )  U c ( C )  (5 

Ala 0.0878 0.107 0.0522 0.0174 0.85 x 10-5 0.0811 0.0270 0.21 x 
-4% 0.0175 0.140 0.0714 0.0179 0.31 x 10.' 0.0952 0.0238 0.56 x 10-5 

0.0549 0.78 x 10-4 0.130 0.0649 0.11 x 10-3 
0.31 x 

0.05Zi1 0.12 x 10-3 
Gln 0.0909 0.102 0.0517 0.0345 0.17 x 10-4 0.0769 0.0513 0.37 x 1 0 - 4  
Glu 0.227 0.0682 0.100 0.100 0.15 x 10-3 0.132 0.132 0.27 x 10-3 
GlY 0.117 0.0319 0.0398 0.0341 0.51 x 10-5 0.0483 0.0414 0.75 x 10-5 
His 0.0517 0.138 0.263 0.105 0.20 x 10-3 0.357 0.143 0.36 x 10-3 
Ile 0.0467 0.103 0.0299 0.0597 0.86 x 10-5 0.0500 0.100 0.24 x 10-4 

Met 0.0323 0.129 0.111 0.0 0.13 x 10-'d 0.200 0.0 0.42 x 1 0 - ~ d  
Phe 0.0595 0.0833 0.0377 0.0377 0.71 x 10-5 0.0513 0.0513 0.13 x 10-4 
Pro 0.500 0.0 0.0 0.0746 0 e  0.0 0.102 Oe 
Ser 0.0909 0.164 0.0403 0.0872 0.52 x 0.0513 0.111 0.85 x 10-4 
Thr 0.108 0.0980 0.0 0.0982 0.93 x 10-~f  0.0 0.151 0.22 x 1 0 - ~ f  
TrP 0.111 0.0556 0.0 0.0 Oe 0.0 0.0 Oe 
Ty r 0.135 0.162 0.0395 0.0921 0.80 x 10-4 0.137 0.18 x 10-3 

Asn 0.212 0.0606 0.110 
ASP 0.218 0.0575 0.0375 0.0500 0.24 x 10-4 0.0429 
CYS 0.100 0.100 0.0541 0.0811 0.44 x 10-4 0.0909 0.13 

Leu 0.0756 0.124 0.0377 0.0377 0.13 x 10-4 0.0678 0.0678 0.43 X 10.' 
L Y S  0.0647 0.153 0.0926 0.0093 0.85 x 10-5 0.119 0.0119 0.14 x 

0.0588 
Val 0.0703 0.114 0.0336 0.0336 0.90 x 10-5 0.0635 0.0635 0.32 X 

a The parameters 
are omitted for  simplicity. b The superscript (2)  and subscriptj are omitted for simplicity. C The superscript (3) and sub- 
script j are omitted for simplicity. d Calculated by using eq a of ref 54. If eq 44 were used, the value of u would be zero, 
since the paucity of x-ray data would probably make one of the terms on the right-hand side of eq 44 zero. e These values 
are very small. fcalculated by using eq b of ref 54. If eq 44 were used, the value of (5 would be zero, for the same reason as 
in footnote d 

( h )  and U C ( ~ )  are the same for the two-state and three-state models (see section IIC). The subscripts j 

ing to the assignment of Kotelchuck and Scheraga, because 
this residue is found frequently at the N termini of a-heli- 
cal sequences [see N1(7) and f i ( 7 )  in Appendix I]. Further- 
more, the present assignment of Asn and Tyr as helix des- 
tabilizers is in accordance with that made by Kotelchuck 
and Scheraga. Pain and R0bson,5~ using information theo- 
ry, made the following assignments in the order of decreas- 
ing helix-forming power: Gln, Leu, Met, Trp,  Ala, His, Ile, 
Gln, Val, Phe, Cys, Arg, Thr,  Asp, Tyr, Lys, Asn, Gly, Ser, 
(Pro); our present assignments correlate fairly well with 
these, except for Ala, Lys and His. Lewis e t  al.58 grouped 
the amino acid residues as follows: helix formers (Val, Gln, 
Ile, His, Ala, Trp,  Met, Leu, Glu), helix indifferent (Lys, 
Tyr, Asp, Thr,  Arg, Cys, Phe), and helix breaker (Pro, Ser, 
Gly, Fairly good agreement between our present as- 
signment and that of Lewis e t  al. is found except for amino 
acids, such as Phe, Lys, His, Ser, in the boundary region 
between the groups. 'The only significant exception is the 
assignment of Tyr, as helix indifferent, while Tyr is a 
strong helix destabilizer according to the present assign- 
ment. Comparing our results with the assignments made by 
Finkelstein and P t i t ~ y n , ~ ~  in which Ala, Glu, His, and Leu 
are classified as what they call helical, Arg, Asp, Gln, Ile, 
Lys, Met, Phe, Thr,  Trp  and Val as neutral, and Asn, Cys, 
Gly, Pro, Ser, and Tyir as antihelical, fairly good agreement 
between both assignments is again found except for His. 
According to the analysis of Burgess et al.4 the assignment 
of helical tendency is in the order of Glu, Ala, Trp,  Leu, 
Gln, Met, Lys, His, Val, Ile, Phe, Asp, Thr,  Arg, Pro, Cys, 
Ser, Asn, Tyr, and Gly, which is in good agreement with the 
present assignment, especially in that Tyr is a strong helix 
destabilizer. A recent analysis made by Chou and FasmanGo 
has led to similar results to those obtained here except for 
His. 

Thus, we see that there is a difference in the assignments 
for His made by various authors. This difference can be ex- 
plained as follows. As can be seen for f j ( L )  ( i  = 2 to 8) for 
His in Table I11 := 0.5001, half of the His residues were 
found to be in conformational states 2 to 8. Furthermore, as 
observed from the value of N1(')  for His in Appendix I,  10, 

4, 8, and 3 residues (25 out of a total of the 38 residues 
found in states 2-8) were found in states 2, 3, 6, 7, respec- 
tively (i.e., a t  the ends of helices), while 11 (respectively, 
12) residues were found in state 8 (respectively in states 5 
and 8), i.e., in the interior of the a-helical sequences. Thus, 
the discrepancy in the assignment of His arises from the 
way in which the a-helical conformational state is defined, 
i.e., whether (i) all conformational states 2 to 8 are includ- 
ed, which is the procedure often used by x-ray crystallogra- 
phers and some other a ~ t h o r s , ~ ~ - ~ '  or (ii) states 2, 3, and 4 
are omitted, while states 5, 6, 7, and 8 are assigned as a-hel- 
ices, on the basis of the values of (&b) and the presence of a 
hydrogen bond, as mentioned in section IA; the latter is the 
procedure used here in computing the statistical weights 
w , ~ ( ~ ) *  and w h j ( * ) *  (of course, u,' also will be affected 
through the values of u,, which include states 1, 2, 3, and 
4). Thus, among all of the amino acids, His is especially re- 
markable in that a considerable number of His residues is 
found in states 2, 3, and 4 (15 residues) while 11 residues 
occur in the interior of the helix (Le., in state 8). Since we 
have not included states 2, 3, and 4 in the a-helical confor- 
mation, the resulting helix-stabilizing power has been re- 
duced; this is the reason why other authors ranked His as a 
strong helix former rather than as a helix-indifferent resi- 
due, which is the assignment made in Table X. However, it  
is important to realize that such discrepancies as the differ- 
ent assignments of the helical tendency of His, and, more 
generally, the differences in the magnitudes of the statisti- 
cal weights depending upon the different definitions of the 
a-helical conformation, must not affect our main objective, 
i.e., the prediction of protein conformation; i.e., the assign- 
ment of conformational states must be made by the same 
definition as that adopted when the x-ray data on proteins 
are interpreted. In other words, since we have omitted 
states 2, 3, and 4 in defining the a-helical state, these states 
are not included in the a-helical sequence predicted. 
Therefore, for example, it can be expected that His will be 
found in states 2, 3, and 4, i.e., as c states near the ends of 
a-helical sequences rather than in states 5 and 8, i.e., in the 
interior of the a-helical sequence, as long as we do not in- 
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Table X 
Tentative Assignments of Conformational Tendencies of 

the Amino Acids in the &Helical and 
Extended Conformations 

@Helical tendency based 
on the statistical wt of Extended 

Three-state Two-state conformational 
model* modelb tendencyc 

Ala A! a Val 
Leu 21U Leu 
Glu Leu Met 
TrP Ile 
Val Met CY s 
Met L Y S  A1 a 
Ile Val 
Gln Ile Thr 
Phe Gln Gln 
LYS Phe TrP 

TY r 
His His Pro 
Thr ASP Phe 
ASP Arg Arg 
Arg Thr LY s 
CYS C Y S  Glu 
Ser Ser Ser 

His 
Pro Asn 
Asn Pro GlY 
Tyr GlY Asn 
GlY Tyr ASP 

a I n  the order of the statistical weights, w h , i ( 3 ) * ,  given in 
Table IV (from the large one to  the sFall one). b In the or- 
der of the statistical weights, wh,j.(2) , given in Table IV. 
cIn the order of the statistical weights, u e , i * ,  given in Table 
IV. 

clude states 2, 3, and 4 as a-helical states when predictions 
are made.13J4 

Turning to a consideration of extended structures, the 
amino acid residues were ordered according to their t-con- 
formation forming power (in the last column of Table X), 
based on the values of u,* given in column 7 of Table IV. 
Again three groups are distinguished as t formers (u,* I 
0.5), t indifferent (0.2 < u,* < 0.5), and E breakers (u,* 5 
0.2). The results show that the Val, Leu, Met, Ile, and Cys 
have a strong E tendency which is in good agreement with 
the results of the analysis of Burgess e t  aL4 and of Chou 
and FasmaaG0 Thus, it is seen that, as a general character- 
istic property, the amino acids Leu, Val, and Met have 
preference for highly structured, or ordered conformations 
(i.e., a-helical and E structures), since these residues are in 
the top groups in every column of Table X, while Asn and 
Gly residues have preferences for unstructured, or unord- 
ered conformations (Le., c-state tendency) since they ap- 
pear a t  the bottom of every column of Table X. 

Finally, the present results will be compared to experi- 
mental observations of the conformational properties of 
polyamino acids in solution in section IIID, together with a 
discussion of solvent effects, because whj(')* and the 
Zimm-Bragg parameter s can be affected by solvent. No 
comparable experimental results (involving the effect of 
solvent) are available for comparison with the statistical 
weights u,*. 

C. Asymmetric Properties of the Amino Acids in Nu- 
cleation of the a-Helix. The theory of asymmetric nuclea- 
tion of the conformational transition has been described in 
general terms for one-dimensional transition phenomena in 
our previous paper,49 and applied there to interpret the 
conformational transition of poly@-proline). In section 
IIC, we described asymmetric nucleation in terms of the 
helix-coil transition, and calculated various sets of statisti- 

cal weights such as ( u c ~ ( ~ ) * ,  U N J ( ~ ) * ,  ~ N J  ('I*, UC J (')*), 
( ~ C J ' ~ ) ,  U N J ' ~ ) ,  UNJ('), ucJ( ' ) ) ,  ( ~ 1 ,  PNJ, PcJ), and the sta- 
tistical weights qr ( i  = 1 to 8). In a general sense, all of 
these parameters (which pertain to the boundaries between 
helical and coil sequences) are statistical weights (involving 
contributions from both nucleation and propagation pro- 
cesses, and not only from nucleation processes) for the cor- 
responding states relative to the c state, as described in sec- 
tion IIC and in ref 49. The quantities U N ( ~ ) ,  U C ( ~ ) ,  UN('), and 
&), and / 3 ~  and /3c designate the contributions of nuclea- 
tion to the statistical weights assigned to states in the 
boundary between the different conformational phases; the 
statistical weights for states in the boundary between dif- 
ferent conformational sequences are usually expressed as a 
product of two terms corresponding to nucleation parame- 
ters u ~ ( ~ ) ,  U N ( ~ ) ,  UN(~) ,  and UC(')  and the propagation pa- 
rameters w and u ,  as seen, for example, in the second col- 
umn of Table 11. In order to interpret the physical mean- 
ings of these parameters, we will consider several amino 
acids as examples. After that, we will deduce the general 
implications about the asymmetric properties of amino 
acids from the results of Tables V, VI, and VII. 

The numerical values of U Q ( ~ ) * ,  U N ~ ( ~ ) * ,  ucJ(')*, and 
U N ~ ( ' ) *  provide information about the stabilities of confor- 
mational state 6, 7, 3, and 2 (see expression 19) of the j t h  
amino acid relative to  the c state, and the values of WhJ* 
specify the stabilities of a helical state in the interior of an 
a-helical sequence (relative to the c state). Therefore, if we 
examine the values of I J C ( ~ ) *  and U N ( ~ ) *  of Table V, we 
know the relative stabilities of the a-helical residues at  the 
C and N terminal ends of the a-helical sequence. For exam- 
ple, the values of U C ( ~ ) *  (=0.0986) and U N ( ~ ) *  (=0.0812) for 
Ala (see Table V) show that Ala does not have significant 
asymmetric properties, since the relative stabilities of these 
two states are similar. Similarly, Cys has identical values 
(0.0270) for U C ( ~ ) *  and U N ( ~ ) * .  In contrast, for Arg, the a -  
helical conformation is considerably more stable a t  the C 
terminus [ u c ( ~ ) *  = 0.04761 of the a-helical sequence than 
that a t  the N terminus [ u N ( ~ ) *  = 0.0060], and vice versa for 
Glu [ u c ( ~ ) *  = 0.0600 and U N ( ~ ) * =  0.2001. The same infor- 
mation, based on the statistical weights U N ( ~ ) *  and U C ( ~ ) * ,  
may be obtained, alternatively, from the nucleation param- 
eters UN(~)  and U C ( ~ )  (given in the second and third columns 
of Table VII). 

Therefore, one method to assign the asymmetric proper- 
ties of the amino acids for the formation of the a-helical se- 
quence may be based on either U N ( ~ ) *  and u ~ ( ~ ) * ,  or U N ( ~ )  

and U C ( ~ ) ,  which has often been employed, implicitly or ex- 
plicitly, in describing the asymmetric properties, i.e., the 
asymmetric properties of the amino acids have often been 
deduced only from the number of a-helical residues found 
at  (or near) the N or a t  (or near) the C terminus of the a- 
helical sequence. However, from a statistical thermody- 
namical point of view, the asymmetric properties of amino 
acids should not be based only on the quantities I J N ( ~ ) *  and 
U C ( ~ ) * ,  or U N ( ~ )  and U C ( ~ ) ,  or on the number of amino acids 
found at  the ends of the a-helical sequences, as has often 
been done by previous authors.60B61 The reason for this is 
that the occurrence of ends of the a-helical sequences has 
to  be related not only to U N ( ~ ) *  and U C ( ~ ) * ,  or and 
U C ( ~ ) ,  but also to ON(')* and u&)*, or uc(') and UN(') which 
are related to the occurrence of the ends of c-state se- 
quences. In other words, as described in ref 49, the four pa- 
rameters UN(~) ,  U C ( ~ ) ,  &), and &) [or U N ( ~ ) * ,  ucfh)*, 
u#*, and uc(C)*] are not independent of each other; thus, 
the asymmetric properties of amino acids should be de- 
scribed on the basis of the four parameters U N ( ~ ) ,  U C ( ~ ) ,  

UN('), and UC(')  [or U N ( ~ ) * ,  U C ( ~ ) * ,  u ~ ( ~ ) * ,  and UN(h)*] rather 
than the two parameters U N ( ~ )  and U C ( ~ )  [or U N ( ~ ) *  and 
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uc(h)*].  In other words, the number of amino acids found a t  
the ends of the a-helix [on the basis of which we computed 
the values of aiid (or U N ( ~ ) *  and u ~ ( ~ ) * ) ]  cannot 
be independent of thte number of the amino acids found a t  
the ends of the c-state sequences. For this reason, as de- 
fined in eq 45 and 46, ON and Pc have been defined in terms 
of the magnitudes of U N ( ~ )  and U C ( ~ ) ,  which measure the nu- 
cleations at  the N and C terminal ends of the a-helical se- 
quence, relative to the magnitudes of QJ(~) and which 
measure the nucleations a t  the N and C terminal ends of 
the c-state Sequences. 

The appearance of' a certain amino acid, j ,  a t  the ends of 
the a-helical or the c-state sequence can be described in 
terms of the parameters P N ~  and PcJ, in the helix-coil 
transition theory described in ref 49. Let us consider the 
conformational transitions in two directions, one from the 
amino to the carboxyl end, and the other from the carboxyl 
to the amino end. The parameters U N ( ~ )  and [or U N ( ~ ) *  
and U~J(~)*]  measure the nucleation difficulties of the a-he- 
lical state and the c state for the conformational transition 
occurring in the direction from the N to the C terminal 
ends. Therefore, if & [ = u N ( ~ ) / u N ( ~ )  as given in eq 451 is 
larger than 1, nucleation of the a-helical state is preferable 
to  that of the c state, which means that the j t h  amino acid 
can serve as a helix initiator a t  the N terminus of the a-he- 
lical sequence. In a similar fashion, for the opposite direc- 
tion of the conformational transition, if Pc is larger than 1, 
the j t h  amino acid can serve as a helix initiator a t  the C 
terminus of the a-helical sequence. On the contrary, if P N ~  
is smaller than 1, the j t h  amino acid can serve as a helix 
terminator (or c-state initiator) a t  the N terminus. If PcJ < 
1, the j t h  amino acid can serve as a helix terminator (or c- 
state initiator) a t  the C t e r m i n u ~ . ~ ~ ~ ~ ~  If P N ~ / P c ~  - 1, the 
j t h  amino acid is considered to have no asymmetric proper- 
ties (helix impartial) for the nucleation of the a-helical se- 
quence. Thus, the numerical values of PN and Pc given in 
the last two columns of Table V (or of Table VI for the 
three-state model) provide us with quantitative informa- 
tion about the asymmetric properties of the amino acids for 
the nucleation of a-helical sequences. 

In order to simplify the illustration, we will restrict our 
discussion to  the two-state model because the general qual- 
itative trends of the asymmetric properties among the 
amino acids are not altered in going from the two-state to 
the three-state model, as seen in Tables V and VI. As de- 
scribed above, no significant asymmetric properties could 
be observed for the Ala residue, when based on the values 
of uc(h)* (=0.0986) and U N ( ~ ) *  (=0.0812) (or U N ~ ~ )  = 0.088 
and U C ( ~ )  = 0.107). However, the values of PN (=2.83) and 
pc (=37.6) for Ala (given in Table V) show that Ala can 
have substantial asymmetric properties (though not so 
strong) for the fortnation of the a-helical conformation, 
which is caused primarily because of the difference in the 
nucleation properties of the c state [see u#* (=0.052) and 
u$)* (=0.017) given in Table V (or c r ~ ( ~ )  and uc(C) given in 
Table VII)]. As general conclusions, among the 20 amino 
acids listed in Table V, the values of Pc indicate that Met, 
Lys, Arg, His, and Ala may be classified as helix init iators 
a t  t h e  C t erminus  of the a-helical sequence. This assign- 
ment of His has been made on the basis of the difference in 
the asymmetric properties of nucleation of the a-helical 
state (e.g., @c/Px = 1.72/0.0386 N 43 for His) even though 
the absolute values of pc and PN are very small, because 
most of the His residues in the conformational states 2 to 8 
were found in the c 'dates 2, 3, and 4 rather than in the he- 
lical states 5, 6, 7, aiid 8. Nevertheless, the His residue has 
an asymmetric property with respect to the initiation of the 
a-helix. On the other hand, Pro, Thr,  Asp, and Glu can be 
assigned as helix init iators a t  t h e  N terminus  of the helical 

sequence (because PN > Pc), while Asn, Cys, Gln, Gly, Ile, 
Leu, Phe, Ser, Trp,  Tyr, and Val have helix-impartial  
properties for nucleation of the a-helix (because and Pc 
do not differ significantly), although each amino acid of 
this group has slight asymmetric properties as seen in the 
values of PN and pc given in Table V. I t  should be noted 
that the present assignment of the asymmetric nucleation 
property of a j t h  amino acid does not mean that the j t h  
amino acid is found more frequently a t  the N or C terminus 
than the other amino acids; instead it means that the j t h  
amino acid is found more frequently a t  one end of an a-he- 
lical sequence than at  the other end. 

Some authors have taken the asymmetric nucleation or 
termination properties of amino acids (for forming a-heli- 
ces) into account in their empirical prediction schemes. 
Kotelchuck et a1.62 found that polar amino acids can play a 
helix-breaking role; e.g., Asp and Asn serve as helix break- 
ers a t  the C termini of helical sequences. This also has a 
quantitative basis in the values of PN and PC for polar resi- 
dues (Tables V and VI). Residues with positively charged 
side chains (Arg, His, and Lys), with PN < Pc, are helix ter- 
minators a t  the N termini and helix initiators a t  the C ter- 
mini of helical sequences. On the other hand, residues with 
negatively charged side chains (Asp and Glu), with PN > 
Pc, are helix initiators a t  the N termini and helix termina- 
tors a t  the C termini of helical sequences. The asymmetric 
nucleation and termination properties of polar residues in 
a-helical sequences may be attributed to electrostatic in- 
t e r a c t i o n ~ , ~ ~  Le., between the charged residues a t  the N and 
C termini and the dipole moment along the helix axis.63 
This dipole has its negative end at the C terminus and its 
positive .end at  the N terminus. Thus, positively charged 
residues at  the C terminus, and negatively charged residues 
at  the N terminus, stabilize the helix. Blagdon and Good- 
man63 took this asymmetric nucleation property into con- 
sideration in their empirical scheme to predict a-helical se- 
quences. 

Finally, we point out that, in order to obtain information 
about the asymmetric properties of nucleation, the param- 
eters PN and pc are determinable by analyzing experimen- 
tal data on the helix-coil transition in polyamino acids in a 
manner similar to  that  used in the determination of the 
Zimm-Bragg parameters u and s, which have Seen ob- 
tained for the naturally occurring amino acids.8 In such a 
system, the independent parameters describing the helix- 
coil transition are the degree of polymerization of the po- 
lyamino acid, PN and p ~ ,  in addition to the parameters s 
and ~ . 4 9 - ~ ~  

D. Solvent Effects. I t  is of interest to compare the 
present statistical weights, obtained from x-ray data, to 
those determined from experimental studies on polyamino 
acids in solution. Since experimental results on helix-coil 
transitions in polyamino acids are usually treated in terms 
of a two-state model, whereby s and u of the Zimm-Bragg 
theoryg or w and u of the Lifson-Roig the0ry4~ are evalu- 
ated, we will compare these experimental results with 
WhJ(')*. For this purpose, we have summarized the experi- 
mental 

As seen in Table XI, some of the experimental values of s 
and u vary considerably, depending upon the experimental 
conditions (e.g., solvents, salt concentrations, and tempera- 
ture) and the experimental methods. Since these variations 
may not be due only to experimental error, it seems to be a 
questionable procedure to average these quantities to ob- 
tain experimental values of s and u for the j t h  amino acid, 
as Chou and Fasman did.EO Furthermore, considerable 
error can be committed by comparing the statistical 
weights obtained from x-ray data with experimental values 
of the parameters .E and u of the Zimm-Bragg theoryg (or 

of s and u (or w and u )  in Table XI. 
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Table XI 
Observed Values of s (or w )  and u (or u) from Solution Experiments on Polyamino Acids 

s (or w ) b  at Exptla method 
Amino (type of transition 
acid Solvent obsd) 10°C 20°C 25°C 30°C u (or u ) ~  

Ala 

Glu 

Leu 

LY s 

Phe 
Val 
His 

Ser 
GlY 
Pro 

Water 
0.06 M NaBr 
Water 
0.1 N KC1, pH 2.3 

or water, pH 2.3 
0.1 N KC1, pH 8 
Water 
0.2 M NaCl 
0.2 M, 0.01 3 M NaCl 
0.1 M KC1 
KCl, KSCNf 
0.01, 0.05, 0.1, 

0.4 M NaCl 
0.2 M NaCl 
0.1 M NaCl 
0.1 M KCl, 8 M urea 
0.1 M KC1 and ethanol 

vol % of ethanol: 
10 
20 
27 

0.1 M KC1 and 
3 M methanol 
3 M propanol 

1 .71  M ethanol 

3.42 M ethanol 

4.62 M ethanol 
4.95 M methanol 
2.01 M propanol 
0.87 M butanol 
0.2 M NaCl and dioxane 
Water 
Water 

0.05 M KF 

0.1 M KCI 
0.1 M KCI 
0.1 M KSCN 
0.1 M KF 
0.06 M NaBr 
0.2 M NaCl 
0.05 M KF 
Water 
Water 
0.02 M KCl 
0.1 M KCl 

Water 
Water 

0 
T 
0 

OC 
d 
d 
TC 
Te 
Te 
Tc 

Tc 
TC 
Tc 
T, Oc 

TC 

T, OC 

T, 0, at 9°C 
at  35°C 
at 14°C 
at 35°C 
at 10°C 
at 25°C 
at 25°C 
at 25°C 

0 
0 

T 

TC 
TC 
TC 
T C  

TC 
TC 
TC 
0 
0 
TC 
CC 

0 
0 

1.06* 

1.08 

1.42 
0.97 
0.96 
1.45 

1.30 
1.61 

1.48 

1.36 

1.33 
1.44 
1.53 

1.78 
1.19* 
1.12 
1.12 
1.11 

1.24 

1.05 

1.08 
0.90 
1.25 

0.73 
0.55 

1.05* 

1.07 

1.35 
0.97 
0.96 
1.36 

1.22 
1.49 

1.39 

1.27 

1.30 
1.42 
1.51 

1.61 
1.20* 
1.14 
1.15 
1.12 

1.18 

1.00 

1.08 
0.93 
1 .17  

0.76 
0.59 

1.04* 
1.09 

1.32 

1.18 
1.44 

1.35 

1.24 

1.28 
1.41 
1.50 

1.30 
1.51 

1.53 
1.20* 

1.92 

1.15 
1.15 
1,. 16 
1.17 
1.27 
0.98 
1.15 

. -  

1.13 
1.00h 
0.86h 
0.78h 

1.04* 

1.06 

1.28 
0.97 
0.96 
1.29 

1.14 
1.39 

1.32 

1.20 

1.27 
1.40 
1.49 

1.46 
1.21" 
1.14 
1.16 
1.12 

1.12 

0.95 

1.06 
0.97 
1.09 

0.77 
0.62 

0.012* 

8 x 

1 x 10-1 
6 X 
6 x 

3 x 10-3 

2.5 x 10-3 
5 x 10-3 
5 x 10-5 

0.70 x 10-3 i I 0.90 x 10-3 
0.90 x 10-3 
1.30 x 10-3 
0.84 x 10-3 
0.98 x 10-3 
1.25 x 10-3 
1.10 x 10-3 

Ref 

65  
66 
67 

8 

68 
69 
70 
7 1  

72,73g 
73 
14 
75 

76 

77 

73 
78 

3.3 x 10-4 
1 . 2  x 10-4 
3.0 x 10-3 
6.8 x 
6.3 X 1 

70 

2.9 x 10-3 66 
2.3 x 10-4 81 
4.6 x 10-4 80 
1.8 x 10-3 82 
1 x 10-4 83 

1 x 10-4 85 
1 x 10-5 86 
i 87 

a The experimental methods are designated as: 0, optical (optical rotatory dispersion or circular dichroism); T, titration; 
and C, calorimetric. b The parameters w and u of Lifson and R ~ i g ~ ~  are designated by an asterisk in this table (0  - u 2 ) .  
C Transition of the uncharged random coil to the uncharged helix, See ref 8 for a discussion of the transitions in Glu. d Tran- 
sition of the charged coil to the charged helix. e Transition of the charged coil (or the extended coil conformation) to the 
uncharged helix. fThe authors of ref 71 did not specify the concentration of the salts. g Without carrying out any computa- 
tions, the authors of ref 73 concluded that the values of the enthalpy and entropy change for the transition of the un-. 
charged coil to the uncharged helix were the same as those reported in ref 72, because of the agreement of their plot of the 
free energy difference vs. temperature with those reported in ref 72. h These values (0.78, 0.86, and 1.00) were calculated by 
using i?Jr = -0.94, -1.00, and -1.07 kcal/mol from calorimetric measurements (given in ref 84) and by assuming AS = 
-3.65 eu, which was observed in titration measurements (given in ref 84). iGanser et al.*' obtained experimental values of s, 
(5, O N ,  and pc (see ref 49 as to the physical meanings of 0, PN,  and P c )  by observing the form I i2 form I1 transition of poly- 
(L-proline). The results are: u = 1.0 x (in benzyl alcohol-1-butanol at  70°C), 
butanol at  70" C), and u = 5 x l o +  (in trifluoroethanol-1-butanol at  25" C). However, these values should not be compared 
to the values of w h , j ( * ) * ,  uj, 

< u < 

and 8c,j,(j = Pro) (see the text and ref 60 for more detail). 

(in trifluoroethanol-l- 
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the parameters w and u of the Lifson-Roig the0ry4~) if at- 
tention is not paid to the nature of conformational transi- 
tion observed experimentally in solution. As one example, 
one should never compare the statistical weights WhJ"), 

a,('), and the parameters of asymmetric nucleation such as 
and PC (for j = proline) with the experimental values 

of s, u, PN, and pc observed for the order a order (helix 
form I e helix form 11) conformational transition of 
poly( L-proline) in solution (see the theoretical phenomeno- 
logical and molecular treatments in our previous pa- 
p e r ~ ~ 9 - 5 ~  for the definitions and the physical meanings of s, 
U,  PN, and Pc, and the correspondence of these quantities to 
those used in ref 87). The order d order and helix-coil 
transitions are two entirely different phenomena. All of the 
statistical weights of the two-state model for j = proline in 
this paper are defined for the helix-coil transition and not 
for the helix-helix transition; the latter involves a confor- 
mational transformation accompanied by rotation about 
the peptide bonds (variation of in addition to varia- 
tion of 4 and ~ + b . ~ ~  Thus, the comparison of s and u for pro- 
line made by Chou and FasmanGo is erroneous. As another 
example, as we have indicated in the third column of Table 
XI, one often observes different conformational transitions 
although the same notation, s and u, is used to  describe the 
phenomena. For example, the values of s and u for Glu are 
defined for different conformational transitions such as the 
transition of the uncharged random coil to  the uncharged 
helix, of the charged coil to the charged helix, and of the 
charged coil (or the extended coil conformation) to the un- 
charged helix, as indicated in the third column of Table XI; 
this may be responsible for the variations in the values of s 
and (r which were pointed out above. Therefore, it is mean- 
ingless to  average these values together. I t  is necessary to  
understand the physical meanings of the statistical weights 
and the possible factors which can affect their magnitudes 
both in proteins and in synthetic polyamino acids before 
any comparisons can be made. 

We will first discuss the effects of solvent on the parame- 
ters Wh,,(')* (or s )  and u (or the other parameters of asym- 
metric nucleation of helical sequences described in section 
IIC). As described by GCI et  a1.88 and Tanaka and Schera- 
ga,50,51 the effects of solvent on the helix-coil transition in 
polyamino acids can be classified into three types: (1) spe- 
cific interactions of solvent molecules with free N H  and CO 
groups of the amide group of amino acid residues (only the 
CO group for the proline residue50s51); (2) effect of the sol- 
vent molecules as the dielectric constant of a bulk medium 
on electrostatic interactions; and (3) additional interaction 
energies between atoms or groups of atoms of a protein 
molecule caused by the presence of solvent molecules. We 
will discuss these three types of solvent effects in both pro- 
tein folding and the helix-coil transition in polyamino 
acids. 

Several examples of phenomena caused by interactions 
of type (1) have been observed in helix-coil transitions of 
polyamino acids in solution. One example is the inverse 
thermal helix-coil transition of poly(y-benzyl L-glutamate) 
in the two-component solvents system, dichloroacetic acid 
(DCA) and 1,2-dichloroethane (DCE)F9 in which DCA 
molecules bind to the NH and CO groups of the amino acid 
residue in the coil state, while DCE plays the role of an in- 
active d i l~ent .~ ' - '~  Another example is the conformational 
transition between the form I and I1 helices of poly(L-pro- 
h e ) ,  triggered by the different affinities between the dif- 
ferent species of alcohol molecules and the CO groups in 
the form I and I1  conformation^.^^-^^,^^ In aqueous solu- 
tion, water can bind to the backbone NH and CO groups 
(type 1 solvent effect). As discussed e l ~ e w h e r e , ~ ~ ~ ~ ~ * 8 s ~ 9 4  a 
type (1) solvent effect can affect the parameter s for po- 

lyamino acids in solution considerably. In native proteins, 
it  is much more difficult to assess the solvent effect of type 
(1) on the values of s (or the values of whj(' )*) .  Generally 
speaking, the existence of the a-helical state of amino acids 
located on the surfaces of proteins (or exposed to the sol- 
vent) will be determined by the competition between the 
relative stabilities of the helical and coil states, with the 
latter being influenced by bound solvent molecules. On the 
other hand, for the a-helical state of amino acids located in 
the interior of the native protein, this competition may not 
exist, especially for those involved in nonpolar cores in 
which the solvent molecules may not be able to approach 
the peptide bonds to  form the hydrogen bonds [it should be 
noted that this is described as a type (1) solvent effect, and 
not as a type (3) hydrophobic effect described below]. Even 
when solvent molecules can exist around the amino acid 
residues located in the interior of protein molecules, the 
values of s in a protein can still differ from those observed 
in a polyamino acid in solution, because of the different ac- 
tivities of the solvent molecules in solution and in the inte- 
rior of native proteins (see, for example, eq 37, 38, and the 
equation given in footnote 27 of ref 50 for the effect of the 
activity of the solvent molecules on the partition function). 
Thus, it  may be considered that the values of W h j ( * ) *  (or s )  
for the j t h  amino acid, evaluated on the basis of x-ray data, 
are averaged over the effects mentioned above, which de- 
pend on the various environments of the j t h  amino acid in 
native proteins. In other words, the statistical weights eval- 
uated here for the j t h  amino acid pertain to the conforma- 
tional properties of this residue averaged over the various 
environments encountered in native proteins [also, includ- 
ing the effects of long-range interactions which, however, 
can be neglected (see section IIIE)]. Therefore, the values 
of Whj ( ' )*  (or s )  may correspond to those that are obtained 
by averaging the values of s observed in the helix-coil tran- 
sitions in polyamino acids in several solvent systems which 
simulate the environments present in native proteins; how- 
ever, the x-ray values of Wh,j( ')* need not correspond to the 
values of s and u from polyamino acids in a single solvent 
system, as stated above. 

In contrast to the effect on s ,  a type (1) solvent effect 
cannot influence the parameter u,50351788,94 or the asymmet- 
ric nucleation parameters PN and Pc.50,51 Therefore, as far 
as the type (1) solvent effect is concerned, the values of u 
(and PN and Pc, although experimental values of these 
quantities are not yet available) given in Tables V-VI1 are 
comparable to those observed in solution (given in the 
eighth column of Table XI). 

The type (2) solvent effect can also affect the values of 
both s and u of the helix-coil transition of polyamino ac- 
ids.88b The value of s of an amino acid may differ depend- 
ing upon the environment (e.g., on whether the medium is 
aqueous or organic) around the amino acid in the native 
state, mainly because of the different effective local dielec- 
tric constant. This effect, as well as the type (1) solvent ef- 
fect, may also be able to be taken into account by using the 
values of s observed in a model polymer-solvent system 
that  simulates the conditions present in the native protein. 
In this respect, it would be of interest to investigate the 
variation of s in aqueous and organic media. Actually, some 
recent studies have detected the type (2) solvent effect on 
the values of s .  For example, the values of s observed can 
change remarkably when organic solvents such as dioxane 
and alcohol are added to aqueous solution as can be seen 
for the values of s for Glu in 0.2 M NaCl ( s  = 1.32 a t  
25°C),68 and in 0.2 M NaC1, dioxane ( s  = 1.53 a t  25°C),73 
in the fourth and last rows of Glu in Table XI. Other exam- 
ples for the values of s observed for Glu are those in 0.1 M 
KC1, 3 M methanol77 (shown in Table XI), and in 0.1 M 
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KCl, ethanol (shown in the original paper76). In both cases, 
the values of s increase as the amount of methanol and of 
ethanol increases. More recently, Dubing4 found that the 
free energy change (AG) in going from the uncharged helix 
of Glu to the uncharged coil obviously depends on the di- 
electric constants of the bulk media (see the plot of -AG 
vs. the dielectric constant in Figure 2 of ref 94). These vari- 
ations in the values of s (or in the free energy change, 
-AG) may be due partly to  a type (2) and also a type (3) 
solvent effect, although the type (1) solvent effect can also 
affect the values of s or AG by affecting the activities of the 
solvent, as described above. Roughly speaking, the a-heli- 
cal state in an organic environment is more stable relative 
to the coil state than in an aqueous medium because of the 
absence of solvent-peptide hydrogen bonds which stabilize 
the coil state in the latter environment. From the experi- 
mental results cited above, it appears that the a-helical 
states of amino acids in organic environments are more sta- 
ble (i.e., the values of s are larger) than in an aqueous envi- 
ronment in native proteins. 

In contrast, the variation in the values of u seems to be 
less sensitive to a type (2) solvent effect, perhaps because 
the nucleation of the a-helix occurs in the early stages of 
protein folding in which the environment of the amino 
acids may not be different from that in the bulk solution. 
In other words, we may expect the values of u observed in 
the native state of a protein to be similar to those observed 
in the helix-coil transition in polyamino acids in solution. 

The typical solvent effect of type (3) is the hydrophobic 
interaction energy.95 Hydrophobic interactions can stabi- 
lize the a-helix in polyamino acids which have nonpolar 
groups in their side chains. This effect can be reflected in 
the value of s .  The hydrophobic interaction free energy can 
be evaluated for the amino acids by using the Nemethy- 
Scheraga theory.95 For example, for poly@-alanine), the 
hydrophobic interaction energy between a 61 carbon and an 
a 4  carbon amounts to -0.35 at  27OC, which 
successfully accounts for experimental results88b on the 
helix-coil transition in poly(L-alanine) in water. The im- 
portant role of hydrophobic bonds has been described in 
the theory of the helix-coil t r a n ~ i t i o n , 9 ~ % ~ ~  and confirmed 
by a number of experimental s t ~ d i e s . ~ ~ , ~ ~ , ~ ~ , ~ ~  However, as 
a matter of course, we cannot straightforwardly assign 
these hydrophobic interaction energies, estimated on the 
basis of experiments for homopolymers, to the amino acid 
residues of protein molecules. The reason for this is that 
the hydrophobic (and also electrostaticg8) interactions 
which stabilize the a-helical sequence are obviously depen- 
dent on the species of the ith, (i + 4)th, and (i - 4)th 
amino acid, which in turn are dependent on the amino acid 
sequence of the protein. I t  is beyond the scope of the 
present model to take into account the (longer-range, se- 
quence-dependent) hydrophobic interactions in the a-heli- 
cal sequences of proteins, mainly because the x-ray data 
are not sufficiently extensive to enable us to evaluate the 
quantities correlated to pairs of amino acids found in pro- 
teins. However, in principle, it is possible to take this effect 
into account within a one-dimensional Ising model, Le., in 
the model of specific-sequence copolymers of amino acids, 
in which the hydrophobic interaction energy may be as- 
signed depending upon the pair of amino acids found at  the 
ith and (i + 4)th positions. The hydrophobic interaction 
free energy can be evaluated, for example, by the Nemethy- 
Scheraga theory.95 

The above discussion of solvent effects would seem to 
make it almost meaningless, a t  present, to compare, in a 
quantitative manner, the statistical weights Wh,, (2)*,  evalu- 
ated from x-ray data, with the values of s determined from 
studies of the helix-coil transition in polyamino acids, be- 

cause the values of s for polyamino acids have not been de- 
termined in many different solvents. Nevertheless, it  is of 
interest to make this comparison. For this purpose, we will 
discuss the relative helix-forming tendency among the 
amino acids observed in each of two different systematic 
studies in a qualitative manner. As seen in Table XI, the 
values of s observed in the helix-coil transition of polyami- 
no acids in solution show that the amino acids Ala, Glu, 
Leu, Lys, and Phe behave like helix stabilizers (because s > 
1 a t  room temperature), while His and Val behave as helix 
indifferent residues ( s  1). The values of s for Ser and 
Gly, which are smaller than unity, show that these amino 
acids serve as helix destabilizers. Among the helix stabiliz- 
ers, the Lys residue shows a tendency toward weak helix- 
forming power. These relative helix-stabilizing powers of 
the amino acids observed in solution are in good agreement 
with those found in native proteins (except for the Phe res- 
idue), as seen in the second column of Table X. 

Finally, we will compare the values of u evaluated on the 
basis of the x-ray data (given in Table VII) with those ob- 
served in the helix-coil transition of polyamino acids in so- 
lution. As stated previously, the values of u are relatively 
insensitive to solvent effects. Therefore, the numerical 
values of u observed in the native state (given in Table VII) 
are in satisfactory agreement with those observed in solu- 
tion (see the values of u of Table XI), if one takes into con- 
sideration that the determinations of the values of u are 
less sensitive than are those of the values of s when analyz- 
ing the experimental data. I t  is of particular interest to 
point out that the value of u for Glu, observed in the native 
state, is larger (less cooperative) than for the other amino 
acids except His (see Table VII), which is in good agree- 
ment with the experimental observations on u in solution, 
in particular, with the large value of u = 1 X reported 
in ref 8. 

E. Some Considerations of Possible Long-Range Ef- 
fects on the  Statistical Weights. Based on earlier studies 
of Kotelchuck et a1.56,62fj4 and subsequent work summa- 
rized in ref 6, it seems that the conformational preferences 
of polypeptide chains (for helices, extended structures, 
bends, and nonregular structures) are determined primari- 
ly by short-range interactions, with long-range interactions 
playing a lesser role. The questions thus arise as to whether 
the neglect of long-range interactions in the procedures de- 
scribed here can (i) invalidate our use of the one-dimen- 
sional Ising model for treating protein conformation, or (ii) 
affect the statistical weights evaluated in this paper. We 
consider both of these questions in this section. 

In the second paragraph of the introductory section, we 
have already mentioned some arguments attesting to the 
approximate validity of the one-dimensional Ising model 
for treating helix and coil states in proteins. Similarly, con- 
formations in the t region appear to be stabilized primarily 
by short-range interactions, thereby validating a one-di- 
mensional Ising model treatment that includes 6 states. 
The t region of a conformational energy map of an amino 
acid residue is broad and relatively flat, the main energy 
contribution being an electrostatic interaction between 
neighboring amide  dipole^.^^-'^^ In addition, because of the 
flatness of this region, it is also stabilized entropically. In- 
deed, as stated by Florylo' in conjunction with the calcula- 
tion of the characteristic ratio, (R2)o/nL2 of the polypeptide 
chain, the partition function of an amino acid residue in 
the coil state is determined primarily by the statistical 
weights attributed to the t region; e.g., the contributions of 
the t region, the right-hand a-helical region, and the left- 
handed a-helical region to the partition function (in the 
absence of long-range interactions) are 93, 6, and 1%, re- 
spectively, for alanine.'O1 Thus, the extended conformation 
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Table XI1 
The &Helical (h)  and Extended ( E )  Regions Observed by X-Ray Experimentsa 

No. of 
amino acid 

Protein Source residues &-Helical (h )  regiona Extended ( E )  regiona 

Myoglobinb 

LysozymeC 

Ribonuclease Sd 
Oxyhemoglo b i d  
a chain 

Oxyhemoglobinh 
0 chain 

a-Chymotrypsini 
B chain 

C chain 

Carboxypeptidase Ak 

Subtilisin BPN’m 

Insulinn 
A chain 
B chain 

ElastaseP 

Staphylococcal9 

Papainr 

Ferricytochrome c1 

Cytochrome b , U  

Myogen” 

Sea lampreyw 
hemoglobin 

nuclease 

Sperm whale 

Hen egg white 

Bovine 
Horse 

Horse 

Bovine 

Bovine 

Bacillus 
su btilis 

Pig 

Pig 

Staphylococcus 

Papaya 

Horse heart 

Calf liver 

Carp muscle 

Petromyzon 
marinus 

aureas 

153 

129 

124 
141g 

146 

131i  

97 

307 

27 5 

2 1  
30 

240 

149 

212s 

104 

93 

108 

148 

4-17, 21-35, 37-41, 
52-57, 59-76, 87-94, 
101-117, 125-148 

5-14, 25-35, 81-84, 
89-95, 110-113,121-123 

4-12, 25-33, 51-55e 
4-17, 21-35, 37-41, 

53-70, 81-88,95-111, 
119-137 

5-17, 20-33, 36-40, 
51-55, 57-75, 86-93, 
100-116,124-142 

None 

17-24, 88-96 

15-25,1 73-87, 95-99,l 
113-121,174-186, 216-230, 
255-259,l 286-305 

104-116,133-144, 224-237, 
243-251, 270-274 

6-9, 15-19, 65-72, 

3-5,14-18 
8-18 
156-159, 234-239 

55-66,100-105,123-133 

25-40, 51-56, 68-77, 
11 7-1 25,139-1 42 

10-12,15-17, 50-53, 
63-69, 72-74,92-100 

9-14, 34-37,43-48, 
56-61, 65-73, 81-85 

8-14, 27-32,41-50, 
68-70, 79-88,103-106 

13-28, 31-43, 68-87, 
99-1 05,x 11 5-1 26,X 
133-1 44X 

None 

43-46 

43-47,61-65, 77-88, 95-111 
None 

None 

4-9, 15-20, 27-31, 36-40, 
49-53, 67-70, 88-93, 
95-100,103-110,119-125 

58-61, 76-82 

60-66,103-107,191-198, 
201-205, 236-242, 266-271 

2-5, 26-30, 88-91,147-152, 
174-181,190-193, 205-210, 
213- 219 

6-16, 32-35, 41-44, 49-55, 

11-14, 33-37, 45-53, 

None 
2-7, 24-290 
14-22, 25-35, 38-44, 

53-58,69-80, 93-101, 
124-135, 139-142, 145-153, 
171-180,185-196,199-209, 
21 5-226’ 

7-14, 22-27, 30-37, 39-43, 
71-77,88-94,109-112 

162-167,169-175,185-192 

None 

4-8, 21-24, 28-33, 75-80 

74-77 

None 

a The h regions are assigned to  sequences of three residues in state 5 (Figure l a )  or more than three residues in states 5, 6, 
7, and 8 (Figure 1b-e); these conformational states are defined in section IA of the text and in Table I. See also section IB 
and ref 4 for the definition of the E regions. b Reference 15. CReferences 1 6  and 17. d Reference 18. e Since the helical se- 
quence at 56-59 is the &II-helix, those residues are not involved in the &-helical region. fReferences 19 and 20. gPerutz et 
al.” reported that residues F6, G4, and GH3 are Asp, Asp, and Asp, whereas they are Asn, Asn, and Asn according to Dick- 
erson and G e i ~ . ~ ~  The former assignment is employed in this paper. h Reference 19. iReferences 2 1  and 22. i According to 
Birktoft and residues 55 and 77 are Glu and Asp, respectively, whereas they are Gly and Asn according to Matthews 
et  aL2’ The former assignment was employed in this paper. k Reference 23. lResidues 26-29, 100-103, and 260-262 are 
in the aII-helical conformation, which are not involved in the &-helical region. 
OThese E regions are those reported by the original authors. P Reference 27. 9 Reference 28. YReferences 29 and 20. 
SMitchel et ale2’ reported that residues 64, 167, and 169 are Asp, Asn, and Gly, respectively, while, according to Drenth 
et aL3’ they are Asn, Gly, and Asn, respectively. The latter assignment was used in this paper. tReference 31. u References 
32 and 33. 
conformation, which are omitted in this paper. 

References 24 and 25. n Reference 26. 

Reference 34. WReference 35. Residues 45-52, 62-66, 92-98, 111-114, and 145-148 are in the aII-helical 

is stable without the hydrogen bonds associated with paral- 
lel and antiparallel structures although, of course, such 
hydrogen bonds confer additional stability on the extended 
conformation. In a similar manner, the stability of chain re- 
versal conformations can be attributed, in first approxima- 
tion, to the short-range interactions within the residues 
comprising the bend.6J02 Thus, we may conclude that i t  is 
a good approximation to treat protein conformation in 
terms of a one-dimensional Ising model consisting of a lim- 
ited number of discrete states (two and three in this paper, 

but more than three in a subsequent paper’4). 
We now turn to the second question, as to how long- 

range interactions might influence the statistical weights 
computed here. Since short-range interactions dominate, it 
appears reasonable to assume that, in passing from the un- 
folded to the folded native state of a protein, most amino 
acids remain within a given conformational region such as 
h, e, etc. Long-range interactions (and solvent effects) alter 
the dihedral angles within a given region but, as long as the 
residue does not move out of the given region, its statistical 
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weight (evaluated from x-ray data, as we have done here) 
will not alter significantly. 

The protein folds to its globular form, not only by chang- 
ing the conformations of its amino acid residues within 
their given conformational regions5 (because of long-range 
and solvent effects), but also because of large changes in 
the conformations of some residues (assumed to be uery 
few in number), i.e., a transfer from one conformational re- 
gion to  another, say h to E ,  again because of long-range and 
solvent  effect^.^ However, since these drastic changes in 
conformation are presumably so few in number, and be- 
cause the statistical weights are averages over a large num- 
ber of x-ray data, the average values of the statistical 
weights are thus relatively unaffected by the few residues 
that pass from one conformational region to another during 

folding. 
We thus conclude that, as a first approximation, we may, 

use a one-dimensional Ising model, with the statistical 
weights of a discrete number of states determined by x-ray 
data on proteins, to predict with reasonably high accuracy 
the preferred average conformational states of segments of 
a protein (to be followed, of course, by minimization of the 
energy of the whole protein). The statistical weights devel- 
oped here, and the theory presented in paper 11,12 will be 
used in this manner in paper 111.13 

IV. Conclusion 
We summarize here the conclusions reached in this 

paper. (1) The statistical weights of the 20 naturally occur- 
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ring amino acids, in the two-state model [a-helical (h) and 
other states (c)] and in the three-state model [a-helical (h), 
extended ( e ) ,  and other states (c)] have been evaluated, 
based on the x-ray data of native proteins; these will be 
used in the prediction of protein conformation in an ac- 
companying paper.’ (2) The asymmetric nucleation pa- 
rameters of the 20 amino acids have been evaluated on the 
basis of a previous theory of the helix-coil t r a n ~ i t i o n . ~ ~  (3) 
The conformational properties of the amino acids are dis- 
cussed in terms of the statistical weights obtained here; the 
amino acids have been classified as helix stabilizer, helix 
indifferent, and helix destabilizer on the basis of the values 
of whJ(2)* ,  and as helix initiator a t  the N terminus, helix 
impartial, and helix initiator a t  the C terminus on the basis 
of the asymmetric nucleation parameters. (4) A discussion 
was presented to cotnpare the statistical weights evaluated 
from x-ray data on native proteins with the experimental 
results obtained from studies of the helix-coil transition in 
polyamino acids in solution. ( 5 )  The predominant role of 
short-range interact ions and some possible effects of long- 
range interactions in determining the statistical weights 
were discussed in conjunction with the mechanism of pro- 
tein folding. (6) While we have calculated the statistical 
weights from x-ray data on proteins, in this paper, these 
quantities can be obtained from any of a number of alter- 
native theoretical or experimental sources, for use in the 
statistical mechanical treatment of protein conformation 
formulated in paper 11. 
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gous (horse) a- and P - h e r n o g l o b i n ~ ’ ~ ~ ~ ~  (based on a 1.4-A resolutioi 

The obserued conformation of an amino acid in a protein can be af- 
fected by the conformation of i ts  neighboring amino acids along the 
chain because of cooperativity. For example, a given amino acid can 
adopt the helical conformation more easily the greater the tendency 
of its neighboring amino acids to form a helical conformation. How- 
ever, in this paper, we neglect this cooperativity in that we regard the 
observed data for the amino acid residues in proteins as pertaining to 
isolated residues; this is consistent with the evidence6 that the confor- 

map). 
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mations of amino acid residues in proteins are determined predomi- 
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the other hand, when one can discriminate whether a hydrogen bond 
is or is not present, then the fractions of helical states with and with- 
out a hydrogen bond, fh' and fh". respectively, are given by fh' = q / Z ,  
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UNj")]  and C- [i.e., ucJch) and U C ~ ( ~ ) ]  terminal ends, we may define 
the new parameter u by means of eq 44 for a specific-sequence copoly- 
mer. This corresponds to the similar approximation made in using the 
Zimm-Bragg model for a specific-sequence copolymer, in which the 
physical (molecular) meaning of the parameter u cannot be given ex- 
plicitly because U"J and ucJ are not always equal for a specific-se- 
quence copolymer; i.e., ucJ # U N ~ ,  which was demonstrated in our 
previous paper.49 If we take UN J ( c )  = uc IC) = 1 in eq 44-46, and if (I is 
set equal to UN, = uc,, the present treatment corresponds to the 
Zimm-Bragg model for a specific-sequence copolymer. The numerical 
values of UN,  and UC, may be calculated by using eq a and b (given 
above in this reference) and eq 37 and 41-43. These values of U N ~  and 
uc, may be used to compute the relative statistical weights of column 
3 of Table 11, although we calculated the statistical weights q a  ( i  = 1 to 
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and c below (see their paper for notation). 

and 

P1.k = f i . k / ( f k )  (C) 

Therefore, we recomputed the values of their parameters by both 
methods, Le., using eq a and c and eq b and c, and confirmed that 
their order of helical and extended tendencies of amino acids did not 
change, no matter which method is used. However, the numerical 
values (especially Po) do depend on the method used. For example, 
Pp for Ile is 1.54 from eq a and c, but 1.60 from eq b and c. Such 
changes will affect the predictions based on the relative values of P,  
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residues instead of a single residue. The difference between a statisti- 
cal weight (eq 55 of paper III2) and an a priori probability (eq 57 and 
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ABSTRACT: A one-dimensional three-state Ising model [involving a-helical (a), extended ( e ) ,  and coil (or other) 
(c) states] for specific-sequence copolymers of amino acids has been formulated in order to treat the conformational 
states of proteins. This model involves four parameters (Wh,z, Uh,,, u~,,, and uC,&),  and requires a 4 X 4 matrix for gen- 
erating statistical weights. Some problems in applying this model to a specific-sequence copolymer of amino acids 
are discussed. A nearest-neighbor approximation for treating this three-state model is also formulated; it requires a 
3 X 3 matrix, in which the same four parameters appear, but (as with the 4 X 4 matrix treatment) only three pa- 
rameters ( w h * ,  Uh*, and u,*)  are required if relative statistical weights are used. The relationship between the 
present three-state model (3  X 3 matrix treatment) and models of the helix-coil transition is discussed. Then, the 
three-state model (3  X 3 matrix treatment) is incorporated into an earlier (Tanaka-Scheraga) model of the helix- 
coil transition, in which asymmetric nucleation of helical sequences is taken into account. A method for calculating 
molecular averages and conformational-sequence probabilities, P(il nl ( p ) ) ,  Le., the probability of finding a sequence 
of n residues in a specific conformational state ( p ) ,  starting at  the ith position of the chain, is described. Two alter- 
native methods for calculating P(ilnl(p)), that can be applied to a model involving any number of states, are pro- 
posed and presented; one is the direct matrix-multiplication method, and the other uses a first-order a priori proba- 
bility and a conditional probability. In this paper, these calculations are performed with the nearest-neighbor 
model, and without the feature of asymmetric nucleation. Finally, it is indicated how the three-state model and the 
methods for computing P(il nl ( p ) )  can be applied to predict protein conformation. 

In order to develop a prediction scheme to obtain an ini- 
tial conformation of a protein, which can be refined by sub- 
sequent energy minimization: we have formulated a statis- 
tical mechanical treatment of protein conformation. In 
paper I4 of this series, we deduced the statistical weights 
for various conformatiom of the naturally occurring amino 
acids from x-ray data on proteins. In the present paper, we 
formulate a three-state model [involving a-helical (a ) ,  ex- 
tended ( e ) ,  and coil (bther) (c) states], and incorporate it 
into our earlier model5 of the helix-coil transition in which 
asymmetric nucleation is taken into account; also, we show 
how to compute the probabilities of occurrence of helical 
and extended conformations, respectively. In paper 111,6 we 
compute these probabilities for specific proteins, using the 

theory of the present paper and the statistical weights of 
paper I.4 

The one-dimensional Ising model is used in this treat- 
ment. I t  is applicable as a first approximation4 because 
short-range interactions dominate7 (although not exclu- 
sively) in determining the native conformations of proteins. 
In fact, the Zimm-Bragg theorf of the helix-coil transition 
has already been applied to  the prediction of a-helical re- 
gionsgJO in native proteins. The formation of the a helix is 
treated in this paper as a cooperative process, because of 
the formation of hydrogen bonds, but long-range effects in 
the formation of the extended structure are neglected.” 

The three-state model is presented in section I, and its 
application to specific-sequence copolymers of amino acids 


