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rate of 10 K/min, Cowie!3 found values of T close to 266 K
for atactic head-to-tail polypropylene fractions of molecular
weights in the range 2 X 10%-6 X 10% At the same heating rate
we measured a T’ close to 249 K for hydrogenated 1,4-PDMB
indicating a slightly higher chain mobility for this polymer
compared to head-to-tail polypropylene.
Acknowledgments. The authors thank the Canadian
220-MHz NMR Centre for making the proton NMR mea-
surements and Mr. R. Mayer for making the carbon NMR
spectra. This work was supported by the National Research
Council of Canada and the Quebec Ministry of Education.
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ABSTRACT: One-dimensional short-range interaction models for specific-sequence copolymers of amino acids are
being developed in this series of papers. In this paper, our earlier three-state model [involving helical (h), extended
(¢), and coil (or other) (c) states] is extended to a four-state model by preserving the h and ¢ states, introducing the
chain-reversal state (R and S), and redefining the c¢ state. This model involves six parameters (wy, Un, Ve, UR, Us, and
u) and requires a 6 X 6 statistical weight matrix. A nearest-neighbor approximation of the four-state model is also
formulated; it requires a 5 X 5 matrix, involving the same six parameters. By expressing the statistical weights rela-
tive to that of the e state, only five parameters (wy*, vn*, vr*, vs*, and u*) are required in both the 6 X 6 and 5 X 5
matrices. The statistical weights for the four-state model are evaluated from the atomic coordinates of the x-ray
structures of 26 native proteins. These statistical weights, and the four-state model, are used to develop a procedure
to predict the backbone conformations of proteins. Since the prediction of helical and extended conformations is car-
ried out by the procedure described in papers 1-3 of this series, we focus particular attention on chain-reversal con-
formations in this paper. The conformational-sequence probabilities of finding a residue in h, ¢, R, S, or ¢ states, and
of finding two consecutive residues in a chain-reversal conformation, defined as relative values with respect to their
average values over the whole molecule, are calculated for 23 proteins. By comparing these conformational-sequence
probabilities to experimental X-ray observations, it was found that, in addition to the prediction of helical and ex-
tended conformations (reported in paper 3), 219 chain-reversal regions out of 372 observed by x-ray diffraction stud-
ies of 23 proteins were predicted correctly. These results suggest that the assumption of the dominance of short-range
interactions in determining chain-reversal (as well as helical or extended) conformations in proteins, on which the
predictive scheme is based, is a reasonable one. Finally, in the Appendix, the property of asymmetric nucleation of

helical sequences is introduced into the (nearest-neighbor) four-state model.

In this series of papers,>5 we have developed a scheme
to predict protein conformations in terms of a one-dimen-
sional model based on short-range interactions. More spe-
cifically, we described a method3 for evaluating the statistical
weights of conformational states, based on conformational
information from x-ray crystal structures of native proteins,
and formulated a three-state model for polypeptide chains,
which included a-helical (h), extended (e), and coil (or other)
(c) states. This model was used to predict the occurrence of
h, ¢, and c states in proteins.? These will be referred to here as
papers 1,32,* and 3,5 with equations designated as 1-1, 2-1, etc.
In the present paper, we extend the method to_a four-state
model, consisting of a-helical (h), extended (e), chain-reversal®
(R and S), and coil (or other) (c) states. In this extension, we
preserve the h and « states of the three-state model,>-% and
subdivide the old3-5 ¢ state into chain reversals (R and S
states, which previously appeared in the c state) and a new

(more restricted) c state.
In paper 3,% it was found that a close correlation exists be-
tween the regions of high probability of occurrence of h and

¢ states (calculated with the three-state model) and the helical
and extended regions observed experimentally. This attests
to the approximate validity of the one-dimensional short-
range interaction model for helical and extended conforma-
tions in proteins, despite its omission of long-range interac-
tions. Since it was argued previously®?7 that short-range in-
teractions also play a dominant role in determining chain-
reversal® conformations, it is of interest to include chain-
reversal states in the short-range interaction model. Such
chain-reversal conformations are included here in an exten-
sion of our earlier three-state model.*

In section I of this paper, a theoretical formulation of the
four-state model is presented. A nearest-neighbor approxi-
mation of the four-state model of section I is discussed in
section II. [The property of asymmetric nucleation of helical
sequences is incorporated into the four-state model in the
Appendix.] In section I1I, the x-ray data (atomic coordinates)
of native proteins are analyzed and, in section IV, these are
used to compute the statistical weights of the four-state model.
In section V, we consider two procedures for prediction of
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Figure 1. The two typical chain-reversal conformations found in native proteins, as proposed by Venkatachalam.®e Conformation (a) is called

a type I and (b) a type II chain reversal.

chain reversals in the backbones of proteins. The first (using
rule I) predicts only chain-reversal conformations; the second
(using rule II) preserves the predictions of helical and ex-
tended conformations of paper 3, and augments these with
predictions of chain-reversal and (newly defined) ¢ confor-
mations. The results are presented and discussed in section
VL

I. Formulation of Four-State Model

We consider first the formulation of the four-state model,
consisting of helical, extended, chain-reversal, and other
conformations. The statistical weights wy, vy, and v, (and not
the relative statistical weights wy*, vn*, and v *, because we
will choose the reference state differently here), defined in
section I of paper 2,* can be used without alteration in the
four-state model. However, the c state in the four-state model
differs from that in the three-state model since we now remove
the chain-reversal conformation (only) from the c state of the
earlier three-state model. Thus, the statistical weight u, for
the c state in the present model has a correspondingly dif-
ferent meaning from that in the three-state model.

Two typical chain-reversal conformations are depicted in
Figure 1. Although the precise definition of such a confor-
mation differs from author to author,® all authors describe the
chain reversal in terms of the conformations of two consecu-
tive amino acid residues in the protein. For example, as seen
in Figure 1, a chain-reversal conformation may be defined by
the dihedral angles® ¢;-1, ¥;—1, ¢;, and y; of the two consec-
utive residues, { — 1 and {, assuming that the peptide bonds
are fixed in the planar trans conformation. We will use the
definition of a chain reversal given by Lewis et al.Bb viz,, a
conformation in which the distance® R;_3;+1 between C;_»
and C%;; s less than 7 A; as seen in Figure 1, this distance is
a function of ¢;—1, ¥i—1, ¢;, and ;. If residuesi — 1 and i sat-
isfy this condition, and also bothi — 1 and i are not involved
in helical or extended sequences. they are assigned as a chain
reversal. Thus, the chain reversal is defined by the confor-
mational states of two consecutive residues. We will designate
the conformational states of residues : — 1 and i of a chain
reversal as R and S, respectively. The conformational state
S is allowed for an ith residue only if residuei —lisinan R
conformational state; likewise, an R state can be followed only

by an S state. We then assign statistical weights vg and vg to
the R and S states of residues i — 1 and i, respectively.

Parenthetically, it should be noted that we could have
chosen the statistical weight of a chain reversal to be depen-
dent on both of the amino acid species of residues i — 1 and
i. However, because of the lack of enough x-ray data on native
proteins, it is impossible at the present time to obtain a set of
400 statistical weights for all possible pairs of 20 amino acids.
Therefore, in this paper, we divide the statistical weight of a
chain reversal into two parts, one for residue { — 1 and one for
residue i. However, this is not an independent-residue treat-
ment because account is taken of a correlation, to the extent
that an S state is allowed to follow only an R state, and nothing
but an 8 state is allowed to follow an R state, if the confor-
mation is to be regarded as a chain reversal.

Using the statistical weights (and the correlation of R and
S states) introduced above, and the correlation of the states
of three residues in order to assign wy, we can construct the
statistical weight matrix as an extension of eq 2-12, viz.

41 {¢ h ¢ R e ¢ ¢ h ¢ R R h ¢ R ¢ R §
i-1 1 e ¢ ¢ ¢ h ¢ 8 h h h ¢ 8§ ¢ ¢ 8§ § R
e ¢ L A o 0 0 0 0 0 0 0 0 0 0o o©
¢ h 0 ¢ o0 0 Y 0 0 v Yn Vn 0 0 0 0 0 ©
e e o 0 0 ¢ 0 v © 0 0 0 v 0 v v 0 0 O
€ € € €
¢ R o 0 0 ¢ 0 ¢ 0 0 0 0 o 0o O ¢ 0 © YR
h e U, u u u 0 0 0 0 0 0 0 0 0 O 0 0 O
c c c e
€ e U, M. 8L ¥ o 0 0 0 0 0 © 0 O 0 0 0 ¢
s ¢ L o 0 9 0 0 0 0 0 0 O 0 0 O
‘31. = h h o o o0 o0 h o 0 LN 0 ¢ 0 0o 0 o0 O 1)
h e 9 0 0 0 0 v 0 0 0 0 v, 0 v v 0 0 O
€ € [ €
h R o 0 0 0 0 ©0 0 ¢ 0 0 o 0 0 0o 0 ALY
h o 0 0 o Y o 0 % "h “h o ¢ 0 o © 0 O
]
h 9 0 0 0 \ ¢ o Yo Y Vh ¢ 0 ¢ 0 0 0 O
€ € o 0 0 0 0 v 0 0 ©¢ ¢ v O v v 0 0 0
€ € € €
e R ¢ 06 0 0 0 0 ©0 0O 0 0 O 0O O 0 0 © Ve
s E ¢ 0 0 0 0 v 0 0 0 0 v 0 v v 0 0 0
€ € € ¢
s R o 0 o0 0 0 0 0 0 0 0 0 0 O 0 O O YR
RS i
g 6 ¢ 0 0 o0 A 0 0 ¢ o A o 0 Vs Vg o 4'1

The statistical weight matrix of eq 1 may be contracted as in
eq 2 where the symbol U means that, for example,cU¢UR

[ i+1 cUhUeUR cUhUeUR cUeUR h cUhUeUR 8 7
i—1 i c € h h S R
c cUhUeUR Ug Ve Vh Uh 0 UR
Ww; = € cUhUeUR U Ve Up Up 0 UR (2)

h cUeUR 798 Ve 0 0 0 UR
h h 0 0 Un wh 0 0
S cUhUeUR Ue Ue Vh Vp 0 UR

[_ R S 0 0 0 0 Us 0 _J
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should be read as c or € or R. For the first residue at the N
terminus of the chain,® we define the row vector t, which
consists of the statistical weights for the allowed conforma-
tional states of the N terminus in a similar manner to eq 2-14,
as

t:1=[uc V¢ Un Un 0 UR]I (3)

(by keeping in mind that the first residue cannot contribute
to the hydrogen bond energy or to the S state of a chain re-
versal conformation). For the last residue of the chain (i.e., the
C terminus®), we define the column vector, t*, as

Ue +Ue +up +UR
Ue + 0. + oy +UR
U, tuv, +v
ta k= c € R
N Vh (4)
Uc + Ve t oy +ug
Ug N

The elements of eq 4 correspond to the statescUe¢UhUR,
cUeUhUR,cUeUR,cUhUeUR, and S for residue i + 1
wheni = N.

It is now possible to calculate the partition function Z by
using the set of eq 2-4 for W, t,, and ty*, i.e.,

N-1
Z=t [ I wi] tn* (5)

Since the parameters appearing in eq 3 and 4 do not differ
from those in eq 2, the elements of eq 3 can be found in the
first row of eq 2; similarly, the elements of eq 4 can be obtained
from those of eq 2. Thus, eq 5 may be written as

sea[ W] 0
where
e=[1 0 0 0 0 0] (7a)
and
1
1
evt=| g (Tb)
1
1

because t; of eq 3 and tn* of eq 4 are given by
t; = eW; (8a)
tn* = Wyen* (8b)
respectively.

II. Nearest-Neighbor Four-State Model

In the previous paper 2,* we formulated a nearest-neighbor
interaction model to reduce the size of the matrix and thus
make the computations easier. We can also do this here and
thus obtain a good approximation of eq 2.

The statistical weight matrix for a nearest-neighbor Ising
model treatment of the four-state model, corresponding to eq
2-20 of the three-state model, may be written as

i—1]| ¢ h € R S
w.=| ¢ Uc Uyt wy Ve UR 0 (9)
d h Ue Wy Ve UR 0
€ U 1% 2/w v UR 0
R (o o' " o o 9o
| S Ue U fwy Ve VR 0 _J;
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The partition function in the nearest-neighbor interaction
model, corresponding to eq 6, is

N
Z=¢e [H W,:I en* (10)
i=1
in which
et=[{1 0 0 0 0] (11a)
and
1
1
ey*=|1 (11b)
1
1

Equation 11a indicates that the first residue (the N terminus)
of the chain can be preceded by a ¢ state, and has to be rep-
resented by the first row of eq 9 in the form of e;W;. Equation
11Db indicates that the last residue (the C terminus) of the
chain can be preceded by ¢, h, ¢, R, or S states; hence, it is
represented by the column vector Wnen* which contains the
sum of the elements of the five row vectors in eq 9.

Since our main interest is to obtain the relative conforma-
tional properties of a particular conformational state, the
statistical weights may be expressed relative to that of a ref-
erence state. In contrast to section III of paper 2,4 where the
¢ state was taken as the reference state, we take the e state as
the reference here, because the c state loses its earlier signif-
icance in the redefinition introduced here; also, by taking the
e state as the reference, the numerical values of the relative
statistical weights will lie in a convenient range. With the ¢
state as the reference, we define the relative statistical weights,
wh*, vp*, UR*, vs*, and u.* pertaining to the h, R, S, and ¢
states, in terms of

wp* = wy/v, (12)

vh* = vpfu, (13)

vR* = vR/U, (14)

vg* = vg/u, (15)
and

u* = u. v, (16)

respectively. Using eq 12-16, we may rewrite eq 9 as

r i
i—1| ¢ h € R S
W, = c u* VR ¥ wp * 1 vp* 0
: h | u*  wp* 1 wp* 0
€ uc* Uh*? fwp * 1 UR* 0
R |0 0 0 vg*
- S Uc* vh*’/wh* 1 UR* 0 Jdi

a7

The partition function can be calculated by substituting eq
17 for eq 9 when eq 10 and 11 are used.

We have thus formulated a four-state model involving he-
lical, extended, chain-reversal, and other states in section I,
and a nearest-neighbor approximation of it (involving a
smaller-size matrix1) in this section. The method for calcu-
lating molecular averages and conformational-sequence
probabilities was already described in general terms in section
V1 of paper 2.4 Therefore, we will not repeat these details here.
In order to compute these quantities, we then evaluate the
statistical weights by using x-ray coordinates of native pro-
teins in sections III and IV,

The phenomenon of asymmetric nucleation11-13 of helical
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sequences is introduced, for completeness, in the Appen-
dix.

I11. Analysis of X-Ray Data of Native Proteins

As in paper 1,3 we obtain the statistical weights from the
x-ray structures of native proteins. However, whereas in paper
1 we relied on the crystallographers’ statements as to which
residues were in h and ¢ states, and common criteria may not
have been used in assigning such states, here we compute the
dihedral angles directly from the x-ray coordinates in order
to assign the conformational states. The x-ray coordinates of
26 proteins!4—3? were used (those listed in column I of Table
1), and the conformational states of each residue were assigned
from the values of the backbone dihedral angles (¢, ), using
the criteria summarized below. In Table I, the « and 3 chains
of hemoglobin are regarded as separate proteins; however, the
B and C chains of chymotrypsin are counted as one protein.

(A) Conformational States. Helical State. We use the
criterion of Burgess et al.*° to define a right-handed «-helical
state (h), viz., as one whose backbone dihedral angles lie within
the range of —130° < ¢ < —10° and —90° < ¢ < —10°. Fur-
thermore, as in paper 1,3 if at least three consecutive residues
have dihedral angles in this range, they are considered to be
in a helical sequence; less than three consecutive helical resi-
dues constitute the isolated helical state(s). We consider a
residue in a helical sequence to be in an h state, with a statis-
tical weight wy, (or wy,*), and an isolated residue(s) to be in an
h’ state, with a statistical weight vy, (or vp*).#

Extended State. We use the range of dihedral angles pro-
posed by Burgess et al.?? to define an extended state (¢) of an
amino acid residue, viz., as one whose backbone dihedral
angles lie within the range of —180° < ¢ < —45° and 100° <
Y < 180° or —180° < ¢ < —140°; and 140° < ¢ < 180° and
100° < ¢ < 180° or ~180° <y < —140°. All residues in ¢
states contribute to the statistical weight v.. In the present
paper, we do not distinguish between isolated extended (e)
residues or those that are in extended sequences (by an “ex-
tended sequence”’, we mean one that consists of four or more
consecutive residues in ¢ states,*2 as in paper 13).

Chain-Reversal Conformation. The definition used here
for a chain-reversal conformation was given?s in section I. The
two residues in such a conformation are considered to be in
R and S states, with statistical weights vg and vg, respec-
tively.

(B) Statistical Analysis. Using the x-ray coordinates of
26 proteins,’#-39 the values of (¢, ¢) and the distance R;_9;4+1
between C*;_y and C*;+; were computed. With these values
and the criteria described in section I, the conformational
states h, h’, ¢, R, S, and ¢ were assigned to every residue in the
26 proteins. The results of this analysis are presented in Table
I. To save space, h, hh, ¢, ¢¢, and ece sequences are not shown;
however, the number of h’ residues (Vy ;) are given in column
4 of Table II, and the ¢, ¢, and eee sequences are included
(together with extended e sequences) in the values of IV, ; in
column 5 of Table II. Also, the R and S states are combined
as “‘chain reversal” in Table I, but Ny ; and Ng are listed
separately in Table IL.

Some chain reversals consist of more than two pairs of
residues with R;_s,41, Ri—1,+2, etc., all <7 A. These are
multiple chain-reversal regions where a duplicate assignment
of both R and S would occur (see Table I); e.g., residuesi — 1
and i would be assigned as R and S, respectively, but, at the
same time, residues i and i + 1 would be assigned as R and S,
with residue { being duplicately assigned as S and R. Such
duplicately assigned residues will be considered to be in a D
state. Thus, a sequence of more than two residues in a multiple
chain-reversal region will be designated as RDD--DDS, to
indicate that the multiple chain reversal can extend over many
residues in D states.
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A duplicate assignment can occur at the ends of helical and
extended sequences, where the duplication is between chain
reversal and helical or between chain reversal and extended.
These residues (enclosed in parentheses in the last column of
Table I) are considered as helical or extended, and not as chain
reversal, in counting the number of residues in each type of
conformational state. For example, residues 4-19 and 21-35
of myoglobin are helical and residues 19-20 constitute a chain
reversal; i.e., residue 19 can act both as a helical one and as a
chain reversal (see Table I). Residue 19 is counted as helical
(instead of as an R state of a chain reversal) in order to pre-
serve the definition of the statistical weight of a helical state
from the three-state model; i.e., we are now preserving the h
and e states of the three-state model, and dividing the old ¢
state into chain-reversal and new c states. Residue 20 is
counted as an S state of a chain reversal. If the R or S states
of a chain reversal precede or follow an h or ¢ sequence (such
as Rhhehh, or hh--hhS, or Ree¢¢, or ee--eeS), the combination
Rh, hs, Re, or ¢S may be regarded as a chain reversal (if the
distance R;_;41 <7 A). Thus, we list the chain reversal as
(19)-20 in Table I. In reporting the results of predictions, such
duplicate assignments are treated in the same manner, as
shown by the parentheses in column 6 of Tables IV-VL

The above situation arises because of an ambiguity in the
definition of a chain reversal, when it occurs at either end of
a helical or extended sequence. We have chosen to resolve this
ambiguity by an approximation that counts such chain re-
versals when computing the statistical weights vg and vg but
omits Rh, €S, etc., states from the statistical weight matrix of
eq 17 (in order to keep the order of the matrix small); while
it would have been more consistent to use a higher-order
matrix, to include such Rh, €S, etc., states, the paucity of x-ray
data would have made such a sophistication unwarranted at
this time.

The results of the present analysis are summarized in Table
I1, where N, is the total number of the jth type of amino acid
found in the 26 proteins,*® and Ny, ;, Nvj, N.j, Nrj, Nsj,
Npj, and N ; designate the total number of the jth type of
amino acid found in h, h’, ¢,42 R, S, D, and other (c) states.

IV. Computation of Statistical Weights

We evaluate the statistical weights from the data of Table
II, on the basis of the concept that short-range interactions
dominate in determining protein conformation (see second
paragraph of the introductory section; also see ref 45 and
section IIIE of paper 1,2 and ref 7).

Following an argument similar to that made in section ITA
of paper 1,% in deriving eq 1-4 of paper 1, and keeping in mind
that the e state (rather than the c state, as in paper 13) is taken
as the standard state, we obtain the following analogue of eq
1-16

whj* = foilfe; (18)
where fy, ; and £, ; can be obtained by substituting h and ¢ for
nin

fni = Nyj/N; (19)

since Wy ;* = wh,;/v. ;, as given in eq 12 (see also eq 1-15). The
numerical values of N;, Ny, ;, and N are given in Table IL. In
a similar manner, the statistical weights vy * and Uc;* can
be evaluated by ’

Uhy* = fujlfe; (20)
and
uc,j* =fc,j/fe,j (21)

where fp ;. f.;, and f.,; can be obtained by substituting h’, ¢,
and c, respectively, for  in eq 19. The numerical values of
Ny j, N.j, and N ; are given in Table II.
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Table I
Experimentally Observed Backbone Structures? of Proteins
No. of
amino Backbone structures?
acid
Protein Source residues Helical Extended Chain reversal?
Myoglobinc Sperm whale 153 4-19, 21-35,37-42, none (19)-20, (35)-36, 52—~53,
44-48, 54-57, (77)-78, 79-81, (95)-97,
59-77, 83-95, (117)-119, (122)-123
101-117, 120-122,
125~149
Lysozymed Hen egg white 129 5-14, 25-35, 80—84, 1-4,43-46 (14)-15, 18-19, 2022,
89-99, 109-113, (35)-36, 3738, 40-41,
120-123 55--56, 60-62, 67-68, 70-71,
75-76, 86—87, (99)—-101,
104-108,(113)-115,
116-117,(123)-124,
125-126
Ribonu- Bovine 124 4-12, 25-33,51-55, 43-47,61-65,78—-87, 16-18, 37-38, 55—56, 66-68,
clease-Se 57-60 95-111 76-77, 88—89, 92-94,
113-114
Deoxyhaemo- Horse 141 4-13, 23-26, 28-35, none (13)-17, 18-20, 2122,
globin/ 54-58, 62—-67, (26)—27, (35)-36, 37-43,
a-chain 69-71, 85--91, 44-45, 50-51, 53—(54),
96-~108, 110-~112, (568)-61,67-68, 71-72,
114-116,119-138 73-75, 76—80, 81-84,
95—(96), (108)-109, (112)-
113,116-117, (138)-139
Deoxyhaemo- Horse 146 8-16, 22-31,51-56, none 5-7,(16)-17, 21—-(22), (31)-35,
globin/ 58-69, 71-75, 36—37, 38—42, 43-45, 70~
(-chain 81-91, 101-110, (71), (75)-77, 78-80, (91)—-
112-118, 125-141 93, 100—(101), (110)-111,
119-122, 124—(125),
(141)-142
a-Chymo- Bovine 131 41-43 4-8,15-19, 27-31, 2-3,9-10,11-12, 13-14,
trypsing 36—40, 49-52, 21-22, 34-35,47-48, 53-54,
B-chain 65—-70, 88—93, 58-59, 61-62, 7778, 81-83,
103-110, 119-125 85—-86, 94-95, 100-102,
111-112,117-118
C-chain 97 17-20, 89-95 7-16, 32-35,40-43, 5-6, (20)—-24, 25-27, 30-31,
49-54, 58-61, 38-39, 4446, 47-48, 55-57,
76—-82 70-71, 74~175, 83-86, 8788,
(95)—96
Carboxy- Bovine 307 15-26, 73-80, 84-88, 11-14, 33—-37,45-53, 4-6, 9-10, (26)—-29, 30-32,
peptidase-A® 94-100, 113-122, 60-66, 103-107, 42-43, 57-58, 68—69, 70-72,
174-186, 216-229, 191-198, 201-205, (80)—83, (88)-89, 90-92,
254-261, 286-305 236-242, 266-272 (100)-102,109-110, 111—
112,124-125, 143—146, 149-
150, 151-152, 154—-155, 160—
161, 163-164, 170-171, 207—
208, 214-215, (229)-234,
243-247, 251-252, (261)—
262, 264-265, 274-275, 276—
277, 278-280, 283—285,
(305)-306
Subtilisin Bacillus subtilis 275 2-5,13-17, 64—68, 6—9, 2630, 8891, (9)-11, (17)-19, 24-25, 37-38,
BPN'"! 104-116, 133-145 147-152, 174-181, 40-41, 52-53, 57-58, 61-62,
190-193, 205-210, (68)-73, 84—85, 8687, 98—
213-219, 222-237, 100, (116)-117,120-121,
243-251, 260-263, 159-161,167-170, 172-173,
270-274 182-183, 188—-189, 194195,
203-204, 211-212, 220-221,
(237)-238, 239-240, (251)~—
253, 264~265
Elastase/ Pig 240 155-159 4-8,15-21, 25—-28,  2-3,9-10, 11-12, 13-14, 23—

Staphylococcal Staphylococcus 142!

nucleasek

aureas

55—61, 64—67,

99-106, 122-184

30—34, 39~43,
51-57, 69-74,
76—80, 94—99,
102-106, 110-1186,
119-122, 125-131
139142, 146—154,
172-175, 190-195,
199-202, 220-225,
230-238

7-14, 22-26, 30—36,
39-43, 72-1717,
90-93, 109-112

24, 37—38, 46—47, 48—49,
6061, 62-63, 81-82, 85—87,
88-90, 100-101, 107-109,
117-118, 128-124, 135-136
137-138, 143—144, 161-163
165-166, 170~171, 179-181
185-187, 188—189, 196-198
211-212, 214215, 217-218
226-229

2-3, 4—5, 20~21, 27-29, 37-38,
47-49, 50~51, 53—54, (61)—
63, (67)—68, 70—71, 84—85,
94-96, 116—119, 120-121,
(134)-135, 138-141
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Table I (Continued)

No, of
amino Backbone structures?
acid
Protein Source residues Helical Extended Chain reversal®
Papain™ Papaya 212 25-42,50-56, 68-78, 44-—49, 79-82, 91-95, 3-4, 7-10, 20-21, 58-60, 62—
97-100, 118~127, 109~114, 128-135, 64, 83—-86, 115-116, 136—
140-143 159-163, 170-175, 137, 139—(140), 168-169,
186-191, 205212 179-180, 182~185, 196—-197,
199-201, 202—-203
Ferricyto- Horse heart 104 2-9, 562-54, 71-74, none (9)-13, 14-17, 22~23, 27-29,
chrome ¢ 88-100 33-34, 356—37, 43—-45, 50-51,
62-63, 64-70, (74)-75, 76—
77,979-80, (100)~102
Lactate dehy- Dogfish 329 3-7,32-42, 55-69, 15-19, 22—26, 48-52, (7)-8, 30—31,46-47, (69)-71,
drogenase© 84—-86, 106-1286, 76-—-80, 91-96, 81-82, 83—(84), 8788,
140-151, 164-—-178, 131-135, 186-190, (126)-128, 138-139, 155—
211-215, 225-242, 269-272, 283~-287, 158, 162-163, 182~185, 194~
248-260, 307-323 289-292, 299-303 196, 201-203, 206—208, 219—
220, 246-247, (260)—-261,
274-275, 276—-278, 293-294,
297-298
Cytochrome Calf liver 939 9-14, 35—-38,43-48, 4-8,21-25,77-80 (14)-15, 18-20, 26—-27, 33—34,
b,? 55—-60, 6573, 40-41, (48)—49, 50-51,
82-86 (60)-61, (73)—74, 81—(82)
Thermolysin®  Bacillus 316 70-87,139-150, 1-12,16-23, 39—-43, 13-14, 25-27, 33-35, 36-37,
thermo- 160-173, 175-179, 53-57, 98-103, 45-46, 50—-51, 58—-59, 65—-67,
proteolyticus 234-244, 260-274, 112-115,119-123, 68—69, (87)—-88, 104-105,
281-296, 302—-312 254~-257 108-109,116-118, 127-129,
133-136, 137—-138, (150)—
153, 1569—(160), (173)—-174,
(179)—180, 182-183, 188—
189, 190-192, 195-196,
198-199, 205—-207, 208-211,
217-219, 225-229, 230-232,
233—(234), (244)—2486, 250—
252, 277-278, 298-299,
301-(302), (312)-313
Concanavalin$  Canavalia 237 56-58, 81-84 3-10, 22~-28, 37-40, 11-12, 15-17, 29-30, 32—-33,
ensiformis 46-55, 60-67, 35—-36, 44—45, 68—69, 87-88,
70-79, 93-97, 98-99,118-119, 135-1386,
100-103, 108-117, 138-139, 144—145, 148—-149,
124~-130, 140-143, 150-152,161-162, 167—-168,
157~160, 169-175, 184-185, 187188, 202-203,
189-201, 209-2186, 204-205, 217-218, 223-224,
219-222, 233-237 227-229, 230—-232
Myogen? Carp muscle 108 8-17,26-—-32,40-50, 74-78 3-5,6-7,(17)-18, 21-22,
60-64, 68-70, (32)-33, 356-37, (50)-51,
79-88, 100-107 52-53, 5556, (64)—65,
66—67, (70)-71, 72~73,
(88)—-89,91-92, 99—(100)
Sea lamprey Petromyzon 148 15-21, 23-28, 31-44, 7-12 13-14, (21)-22, (28)—29, 30—
hemoglobinu marinus 46-—-50, 63—65, (31), (44)—45, (50)-51, 53—
68—-87,98-105, 54, 56—~57, 61—-62, (65)—66,
115-124, 132-144 88-90, 92-97, 107-108,
110-111,112-113, 114-
(115),(124)-126, 146~147
Rubredoxinv Clostridium 54 15-17,30-32 2-6, 49-52 7-9, 20-22, 26—27, 35-36,
pasteurianum 40~42, 46—48
Cytochrome Rhodospirillum 112 3-14, 54—56,65-70, none 2—(8), 15-17, 22-23, 27-29,
Cc,v rubrum 97-105 33-34, 36—37, 40-41, 44—-45,
50-53, (66)—58, 64—~(65),
(70)-73, 74—-81, 85—886,
(105)-111
FerredoxinX Peptococcus 54 15-17 2-5 6-7, 19-20, 26—27, 33-34,
aerogenes 40-44,46-47
TrypsinY Bovine 223 78-80, 146-151, 15-18, 25—28, 34~37, 9-10,11-12,13-14, 20-21,
214-221 84-89, 101-106, 30-31, 32—-33, 39-41, 52—54,
116~-120, 135-142 5556, 74—175, 91-92, 97—99,
107—(108),112-113, 124~
127,128-129, 133-134, 144—
145,(151)-152, 158—159,
167-168,174-175, 1771178,
183-185,195-197, 198-201,
209-213, (221)-222
Pancreatic Bovine 58 3-5,25—-27, 48-54 7-10, 18—-24, 29-35 (5)-6,42—-43, (54)-55
trypsin

inhibitor?



818 Tanaka, Scheraga Macromolecules

Table I (Continued)

No, of
ammo Backbone structures?
acid
Protein Source residues Helical Extended Chain reversal?
Glyceralde- Lobster 333 11-23, 36-44,47-49, 2-5, 28-31, 5558, 10—(11), 32-33, (44)—45, 53—
hyde 78-80, 101-108, 70-73,114-118, 54, 59—-61, 65—-67, 7677,
phosphate 129-132, 149-~-163, 125-128, 143-1417, 83—-86, 89-90, 96-98, (108)—~
dehydro- 210-215, 218-220, 169-173, 202-207, 111,122-123, 133-134, 138—-
genase?’ 251-263, 312327, 224—231, 236-245, 140, 141-142, 148—(149),
329-332 297-300, 303-310 (163)-164,179—-180, 183~
184,190-191, 198—200, 209-
(210), (215)-217, 221-223,
264—-266, 267—269, 276-277,
281-282, 283-284, 288-289,
293-294, 295-296, 301-302,
(327)-328
Clostridial Clostridium 138 11-26,63-74, 1-7, 28-34, 49-56, 8—9, 35—-36,40—42, 43-45,
flavodoxin®’ 94-106, 125-136 80-88,112-118 47-48,57-59, (74)-76, 78—

79, 89-90, 92-93, 123-124,
(136)-137

High potential Chromatium 85 12-16, 28-31 60-63, 69-72, 80—-83 4-5,9-10, (16)-17, 21-22,
iron vinosum 23—25, 38—40, 43-45, 47~48,
protein®’ 51-52, 54-55, 58—-59, 64~66,

67—68, 7374, 78-79

a See section IITA of the text and ref 42 for the present definitions of the backbone structures of the helical, extended,
and chain-reversal conformations. # The residue numbers in parentheses are those that could be duplicately assigned as chain
reversals and helical or extended conformations. These residues are regarded as helical or extended ones rather than as chain
reversals in evaluating statistical weights (see section IIIB). The sequences in this column that consist of more than two resi-
dues pertain to a multiple chain-reversal region in which a duplicate assighment of both R and S would occur. Such a dupli-
cately assigned residue is designated as a D conformation in the text. Thus, a sequence consisting of more than two residues
in a multiple chain-reversal region would be designated as RDD - - - DDS. ¢ Reference 15. 4 Reference 16. ¢ Reference 17.
fReference 18. & Reference 19. # Reference 20. { Reference 21./Reference 22. ¥ Reference 23. /In ref 23, the authors re-
ported 149 (which was used in our papers 1 and 8). However, in the recent x-ray data from the Brookhaven Data Bank,'*
this number was reported as 142. M Reference 24. " Reference 25. ¢ Reference 26. » Reference 27. 4 The x-ray coordinates
were reported only for 85 residues [from residues 3 (Ala) to 87 (Ile)].” Reference 28. SReference 29. ' Reference 30. ¥ Ref-
erence 31.VReference 32. W Reference 33. X Reference 34. ¥ Reference 35. Z Reference 36. %' Reference 37. &' Reference 38.

¢'Reference 39.

Since each D residue acts as both an R and an S, we consider
that half of the residues found in the duplicate conformation
D of a chain reversal contribute to the R state, and the other
half of the D residues contribute to the S state; hence, we
evaluate the total number of residues in R and S states, N'g ;
and N’sj, by using

N/mi = Nn,j + [ND,j/Z] (22)
where R and S are substituted for » to obtain N’ ; and N's j,

respectively. The statistical weights vg;* and vg;* can be
computed from

VR;* = ['Rj/fei (23)
and

v ;* = f'sjffe; (24)
where f'r ; and f’s j are given by

fnj=N",;/N; (25)

where R and S are substituted for 5, and N’,; is given in eq 22.
The values of f. ; are given by substituting ¢ for 7in eq 19 (and
not in eq 25). The numerical values of Nr;, Ng;, and Np;
(used in eq 22), as well as N, ; (used in eq 19, 23, and 24), are
given in Table II.

The results obtained for the statistical weights relative to
the e state are given for 20 amino acids in Table III. These
statistical weights for the four-state mode will be used in the
prediction of protein conformation in section VI.

V. Prediction of Chain-Reversal Conformation

In this section, we describe the methods to predict the
chain-reversal conformation, using the four-state model for-

mulated in sections I and II and the statistical weights eval-
uated in section I'V. For this purpose, we describe the method
to compute the conformational-sequence probability in sec-
tion VA, and propose two rules for the prediction of the
chain-reversal conformation in section VB.

(A) Calculation of Conformational-Sequence Proba-
bility. A method for calculating a conformational probability
for a residue or a sequence to be found in a certain confor-
mational state or conformational sequence was formulated
for a two-state model (h or ¢) by Tanaka and Nakajima,4” and
generalized to a model with any number of conformational
states in our paper 2.4

The first-order a priori probability that a residue i will be
found in a helical state (Fp;), an extended state (F.;),an R
state (Fgry), an S state (Fs;), and other state (F.;) can be
calculated by using eq 2-44, viz.

i-1 .
Fi,‘m’ = Z_le1 [ H Wj][a—‘vl] [ ﬁ WZ:I eN*
j=1 9 In (m;;;) dot Li=i41
(26)
where the partition function Z is obtained from eq 10 [since
we will use the nearest-neighbor interaction model, with a
low-order matrix,!? for the predictions, we will use eq 9 (or
17)-11 rather than eq 2-5 or 6-8]. The statistical weight ma-
trices e;, W;, and en™* of eq 11a, 17, and 11b, respectively, are
used in eq 26. Then, the conformational states »; and {p} of eq
26 are replaced by h, ¢, R, S, or ¢ to obtain the values of Fy,,
F, FR;i: FS;i: or Fc;i~
In order to predict the chain reversal, it is necessary to
compute the second-order a priori probability F; rg that the
(i = 1)th residue is found in an R state and the ith residue in
an S state. The value of F;ggs can be calculated by substituting
R and S for ;—; and »;, respectively, in eq 2-47 (i.e., {o} = RS).



Vol. 9, No. 5, September—Octaober 1976

Statistical Mechanical Treatment of Protein Conformation 819

Table 11
The Number of Amino Acids Occurring in Helical, Extended, Chain-Reversal, and Other States in 26 Proteins

No. of residues in conformational states

Isolated :
Amino acid Helical helical Extended4 Chain Reversal Other
J N; N, Ny, j Ne; N, Ns,j Np,; Ngj
Ala 407 175 8 104 43 21 19 37
Arg 128 40 3 45 9 9 11 11
Asn 223 48 2 60 13 48 12 40
Asp 257 75 7 44 24 40 21 46
Cys 100 22 1 41 6 14 5 11
Gln 149 43 5 50 17 11 8 15
Glu 207 104 3 43 17 14 7 19
Gly 401 60 3 94 36 77 18 113
His 111 37 5 31 6 17 6 9
Ile 225 74 6 99 12 11 2 21
Leu 323 124 8 116 17 22 13 23
Lys 320 118 8 76 30 31 20 37
Met 68 26 0 24 5 3 3 7
Phe 150 52 3 51 5 21 ¢} 12
Pro 161 26 7 65 45 3 6 9
Ser 368 79 4 130 47 44 21 43
Thr 270 56 11 106 28 21 20 28
Trp 75 22 3 27 3 10 3 7
Tyr 180 35 3 78 13 24 11 16
Val 353 108 3 163 20 24 11 24
@ See ref 42,
Table III In a similar manner to eq 3-13 and 3-14, we then define the
Statistical Weights for the Four-State Model? relative probabilities
A;x;;go Relative statistical weight? P,* = Fi./8, (29)
J wy, i ¥ vp ¥ % K %
l i 'R ’S, Ho forn="h, ¢ R, S, or c. For RS states at residues — 1 and i of
Ala 1.683 0.077 0.505 0.293 0.356 a chain reversal, we define the relative probability
Arg 0.889 0.067 0.322 Q0.322 Q.244
Asn 0.800 0.033 0.317 0.900 0.667 * = F.
Asp 1705  0.159  0.784  1.148  1.045 Pirs* = Figs/frs (30)
Cys 0.537 0.024 0.207 0.402 0.268
Gln  0.860 0.100 0.420  0.300  0.300 Using the quantities P;,* (n = h, ¢, R, S, or ¢) and Pj;rs*, we
Glu 2.419 0.070 0.477 0.407 0.442 will develop the methods to predict chain reversals in section
Gly 0.638 0032 0479 0915  1.202 VB.
ﬁhs 1.194 0.161 0.290 0.645 0.290 (B) Two Predictive Schemes for the Chain-Reversal
e 0.747 0.061 0.131 0.121 0.212 . . .
Leu 1.069 0.069 0.208 0.246 0.198 Conformation. In this subsection, we propose two rules, one
Lys 1.553 0.105 0.526 0.539 0.487 to predict only chain-reversal conformations by means of a
Met 1.083 0.000 0.271 0.187 0.292 four-state model (rule I), and a second to predict helical se-
Phe 1.020  0.059  0.157  0.471  0.235 quences, extended sequences, and chain reversals by means
IS’I‘O 8-;00 0.108  0.738  0.092  0.138 of the four-state model (rule II).48
Tirr 0. 532 8?81 8§§§ 8351)9 0.331 Rule L A chain-reversal conformation at residues i — 1 and
. . . .292 0.264 . . . . o
Trp 0.815 0.111 0.167 0.426 0.259 i (R state at residue i — 1 and S state at residue i) will be
Tyr 0.449 0.038 0.237 0.378 0.205 predicted if the following two conditions are satisfied: (i) The
Val 0.663 0.018 0.156 0.181 0.147 relative probability P; rg* is greater than unity, i.e., P;rs* 2

a This four-state model consists of helical (h), extended
(€), chain-reversal (R and S states), and other (c) states.
b The statistical weights relative to the extended (¢) state;
ie., vg;* = 1.0 for all 20 amino acid residues.

In eq 2-47, Z' can be obtained from eq 9, 11, and 17. The av-
erage proba'blhties O, 0., OR, 0, or 8. over a whole protein chain
can be obtained by substituting h, ¢, R, S, and ¢ for 5 in eq 2-52,
i.e., from

0, = @n

2|~

N
;1 F, ini

where N is the number of residues in the protein. In a similar
manner to eq 27, the average probability for residues i — 1 and
i to be found in a chain-reversal conformation RS can be cal-
culated from

N
2 Firs

fpg = ———o
BTN &

(28)

1. (ii) The relative probability of an R state at residue i — 1,
P;_1r*, is greater than any of the probabilities Pi—1;n*,
P;_1.*, Pi_yg*, and Pi_;,.* at residue i — 1;ie,

P_15* > Pioiw*, Pi-1.*, Pic1s™, Pic1e?

and, at the same time, the relative probability of an S state at
residue I, P;.g*, is greater than any of the probabilities P;;n*,
P;..*, P.r*, and P;.c* at residue , i.e.,

P;g* > Piy*, Pi.*, Pir™, Pi;c*

The application of rule I can predict the possible position of
a chain-reversal conformation without any ambiguity.

In order to predict the location of helical and extended se-
quences and chain-reversal conformations (using the four-
state model), we will formulate rule II below by combining the
empirical rules of paper 3 (see section III of paper 3), with
which one can choose possible helical and extended sequences,
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Comparison of Predicted and Observed Results for the Chain-Reversal Conformation?

Table IV

Macromolecules

No. of
amino acid Predicted by

Predicted< to be

Predicted by

Obsdb.e

Proteind residues rule I Helical Extended rule 114 chain reversal
Myoglobin 153 6-7 6—12
15-16
19-20 13-20 19-20
22-23 22—-23
26-27 27-32 26—(27)
35—~36 35-36 (35)-36
37-38 37-41, 50-57 52-53
59—60
63-64 65-72
77-78 73-77, 80-87, 7778 (77)-78
92-93 88-91 79-81
96-97 92-93
102-103 103-107 96—-97 95-97
105-106 102—(103)
108-109 108-111
118-119 112-117 118-119 117-119
120-121 120-121 (122)-123
125-126 124-126 127-130
131-132 132-137 131-(132)
140-141 141-145 140—(141)
144-145
147-148 146-149
Lysozyme 129 4-13 (14)-15
18-19 18-19 18-19
26-34 20-22
(35)—36
36-37 36-37 37-38
43-44 40-43 (43)—-44 40-41
45-46 45-46
47-48 47-48
51-52 51~-52
53-59 55-56
60-61 60-61 60—-62
66—67 66—67 6768
70-71 7071 70-71
73-74 73-74 7576
79-80 80-84 79—(80)
86-87 88-92 86—-87 86-87
95-96 95—-96
100-101 100-101 (99)-101
103-104 103—-(104) 104-108
105~-106 104-111
110~-111
112-113 112-113 (1138)-115
118-125 116-117
(123)-124
125-126
Ribonuclease S 124 1-10
20-21 17-21 16-18
23-24 23-24
31-32 27-30
33-34 33-34
37-38 37-38 37-38
52—-53 49-57 45-48 55-56
61-62 62—~66
64—-65
66—67 (66)—-67 66-68
70-71 70-71
75-76 75-T76 76-T717
82-83 78—-82 (82)-83
90-91 90-91 88-89
93-94 93-94 92-94
96-97 95-98
102-103 99-103
104-105 104-111
109-110
114-115 114-119 113-114
122-123 122-123
Deoxyhemoglobin/ 141 1-4
a chain 5—6 5~6
8-9 9-14 8—(9)

13-14
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Table IV (Continued)

No. of ; ¢
amino acid Predicted by Predictede to be Predicted by Obsdb.e
Protein® residues rule I Helical Extended rule II4 chain reversal
15~16 15-16 (13)-17
18-20
23-24 24-32 23—(24) 21-22
(26)-27
37-38 37-38 (35)-36
37—-43
44—-45 44-45 44-45
49-50 49-50 50—-51
53-~54 51-57 53—54
5758 (57)-58 (58)—61
60-61 59-63
63—64 6572 (63)—-64
67-68
71-72
74-75 74-75 73-75
77-78 77—~(78) 76—-80
78-80
81—-82 81-82 81-84
84-85 84-89
97-101 95—(96)
102-103 103-114 102—-(103) _
114-115 (114)-115 {(ﬂg)_111173
119-123
130-131 130-131
132-138
138-139 (138)-139 (188)-139
Deoxyhemoglobin/ 146 5-17 517
8 chain (16)-17
19-24 21-(22)
25-28 29-40 (31)-85
36-37 36-37
38—-42
44-45 44—45 43-45
49-50 51-53
58-59 58-62
62—-63 62—63
65—66 65—66
70-71 70-71 70-71
(75)-717
79-80 79-80 78—-80
8489 (91)-93
108-107 100-(101)
108-117 (110)-111
116-117 116-117 119-122
120-121 120-121
124-128 124-125
131-132 130-135
135-136 136-142
138-139
142-143 (142)-143 (141)-142
144-145 144--145
@-Chymotrypsing 131 5~6 3-8 2—-3
B chain 9-10 9-10 9-10
11-12 12-19 11-(12) 11-12
13-14 13-14
19-20 (19)-20 21-22
34-35 29-32 35—43 34—(35) 34--35
41-42 41-42
48-49 e 48—(49) 47-48
53—54 53—54
55—56 55—-56
58-59
60—-61 67~-71 60-61 61-62
75-76 75-76
77-18 77-78 77-78
88—94 81-83
94--98 85—86
94-95
88—99 99-111 (98)—(99) 100-102
109-110
113-114 112-117 111-112
117-118

119-125
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Table IV (Continued)

Macromolecules

No. of

amino acid Predicted by

Predicted€ to be

Predicted by

Obsd?.e

Protein® residues rule I Helical Extended rule 114 chain reversal
Carboxypeptidase 307 1-2 1-2
A 4-5 4-5 } 4-6
6-—7 6—~7
10-11 9-15 9-10
20-21 19-22 23-28
28—29 29-32 (28)—(29) (26)-29
34-35 33-36 30-32
41-42 45-51 41-42 42—-43
51-52 (51)=52
57—58 57-58 57—-58
59—-61 68—69
70-71 70-74 70-72
72-173
79-85 75-78 80-83
88—-89 88—-89 (88)-89
92-93 92-93 90-92
94-95 94—(95)
95-101 104-112 (100)-102
109-110
111-112
113-114 113-114 111-112
117-118 117-118
122-123 122-123 124-125
127-128 129-133 127-128
130-131
135-136 135-141
143-144 143—144} 143-146
145-146 145-146 149-150
152-155 151-152
156—-157 156~-1567 154-155
158-159 158-159
160-161 160-161 160-161
162-163 162-163 163-164
165—166 165-166
168-169 168-169 '
170-171 171-177 170—-(171) 170-171
172-173
177-178 (177)—-178
181-182 181-182
184185 188-193 184-185
191-192
197-198 198~-206 197—~(198)
199-200 199-200
205-206 208-212 205-206 207-208
211-212 |
214-215 214-220 214-215
231-232 220-231 (231)y-232 (229)-234
237-238 237-238
239-240 239-240
242—-251 243-247
251-252
(261)—-262
264-265 264—-265 264-265
266—-267 266—271
272-273 272-273 274275
276-277 276—(277) 276-277
288-295 277-287 278-280
296~-302 283-285
302-303 (302)-303 (305)—306
Subtilisin BPN’ 275 1-6
2-3
5—-6
7-17 (9)-11
(17)-19
24-25 26—32 24—-25 24-25
38-39 38-39 37—-38
4041 41-45 40—(41) 40-41
48—49 48-49
52-53 52-53 52-53
56-57 56—-57 57-58
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Table IV (Continued)

No. of

Predictedc to be

amino acid Predicted by Predicted by Obsd b
Protein? residues rule I Helical Extended rule I14 chain reversal
61—-62 61-62 61-62
63-64 63-64
6970 68—-76 68—73
81-~87 84-85
86—87 8687
88~97 98-100
103-104 103-104
105-106 110-116 105-106
116-117 (116)~-117 (116)-117
121-124 120-121
129-130 131-144 147-152 129-130
151-152
161-162 161-162 159-~161
168-169 168-169
170-171 170-171 167-170
172—-173 174-181 172173 172-173
183-184 183-184 182-183
188—189 188-189 188-189
190-191 190-193 194-195
206-207 193-200 205-210 203-204
210-211 (210)-211 211-212
213-214 213-219
216-217
223-224 225-235 223-224 220-221
237-238 237-238 (237)-238
239-240 239-240 239-240
248-249 248-249
251-252 251-252 (251)—253
260-261 260-261
269-275 264-265
Staphylococcal 142 1-2 1-2 2-3
nuclease 10-~16 4-5
22-27 20-21
31-32 31-(32) 27-29
33-34 32-41
37-38
42—-43 42—-43
45~46 45—-46
47-48 47—-48 47-49
50-51
52-53 52-53 53_54§
55—61
60-61 62-67 (61)-63
67-68 (67)~-68 (67)—68
69-70 71-75 69-70 70-71
82-83 82-83 84-85
90-91 8794
94-95 96-99 (94)-95 94-96
109-110 100-104 108-115
112-113
117-118 117-118 116-119
121-125
126-137
Papain 212 3—4
7-10
17-18 17-18
21-22 21-22 20-21
24-25 24-26 27~35
27—-28 36—-40
47—-48 48-52
60—-61 60~61 58-60
6777 62-64
23—78 (77)-78
-84 83—-84
85-86 85—86% 83-86
87-88 91-95 87—88
92-93
97-98 102-107 97-98
115-116 118-122 110-114 115-116 115-116
126-127 123-126 (126)-127
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Table IV (Continued)

No. of .
amino acid Predicted by Predicted< to be Predicted by Obsdbe
Proteind residues rule I Helical Extended rule 114 chain reversal
137-138 128-137 (137)-138 136-137
139-140 140143 139—-(140) 139—-(140)
152-153 155-166 152-153
168-169 168-169 168-169
174-175 174~175
176-177 176-177 179-180
183-184 183-184 182-185
196-197 186-189 196-197 196-197
199-203 199-201
202-203
206-207 206-207
Ferricytochrome C 104 1-4
7-8 8—22 7—(8) (9)-13
12-13
16-17 14-17
22-23
25—-26 25-26 27-29
30-31 30-31 33-34
35-37
44-45 44-49 43-45
49-50 (49)—50} _
51-52 51-52 50-51
53-54 53~54
56—66 62-63
69-70 67—-69 (69)-70 64-70
71-72 71-72
73-74 73~-74 (74)-75
76=-77 77-79 76—(77) 76-77
80-85 79-80
83—84
86-87 9396 86-87
96-97 97-101
99-100 ‘
102-103 102-103 (100)-102
Cytochrome b, 93h 5-6 7-14 1-8
14-15 14-15 (14)-15
18~19 18-19 18-20
31-38 20-30 26-27
33-34
38-39 38-39
40-41 41-50 40—(41) 40-41
43-44
(48)—49
50-51
59-60 65-70 59-60 (60)-61
71-72 7277
73-74 _ (73)-74
81-82 78-80 81-82 81-(82)
85-86 85—-86
Myogen 108 1-2 1-6
3~—4 3-5
7-21 6-17
9-10
(17)-18
21-22 21-22 21-22
23-24 23-24
31-32 28--36 32-33
37-38 37-38 35-37
40-41 40-41
4445 43~45
46-47 46-50
(50)-51
52-53 52-53 52-53
56—58 56-57
64—65
66—-67
68-69 69-73 68—(69) 70-71%
72-73 T74-78 72-73 72~-73
78-79 (78)-79
82—-83 83-87 82—(83)
(88)—89
91-92 91-92 91-92

101-102 101~-108 99-(100)
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Table IV (Continued)

2 In this table, the results are given for proteins whose helical and extended conformations had already been predicted in
paper 8.°  The references to the x-ray data for these proteins are given in Table I of this paper. ¢ These predicted results are
cited from Table III of paper 8.5 9 The residues in parentheses are those that are duplicately assigned to be in chain-reversal
conformations and at the ends of either helical or extended sequences. These are assigned to be helical or extended se-
quences. € See footnote b of Table I for the meaning of the parentheses in this column. fThe predictions of helical and ex-
tended regions were made for oxyhemoglobin & and f§ chains in paper 8.5 However, the numbers in columns 4 and 5 are the
same as those for oxyhemoglobin because the same amino acid sequence occurs in both oxy- and deoxyhemoglobins. £ The
prediction for a-chymotrypsin C chain was not carried out because a tosyl group is bound covalently to the side chain of
Ser 195 (see also ref 49). The individual amino acid residues provide the statistical weights (from the numbers Ny, N, etc.),
and a tosylated residue (which is omitted from the data set) does not interfere with this computation. However, the predic-
tion method (using the statistical weight matrix) requires operation on the complete sequence; for this purpose, the tosy-
lated residue cannot be omitted. Since we have not introduced the tosylated residue into the statistical weight matrix, we
cannot make any predictions for proteins containing this residue. This problem does not arise for noncovalently bound

ligands, such as the heme group. # See footnote g of Table 1.

with rule I above (by which a possible chain reversal can be
selected48).

The purpose of rule I is solely to identify possible chain-
reversal conformations, some of which may have been assigned
(duplicately) to helical or extended sequences in paper 3;
however, such duplication is resolved by rule II (see below).
Thus, the question of “testing” rule I should not be raised,
since rule I is intended to be used only in combination with
rule IL. The duplication, referred to above, arises because (in
this paper) we have used only first-order a priori probabilities
for h, ¢, R, S, and ¢ states (and a second-order a priori proba-
bility for an RS state) to predict chain reversals by rule I. Such
a duplication would not arise if we were to use higher-order
probabilities, not only for RS, but also for h, ¢, and c.

Rule II. Chain-reversal conformations assigned by rule I
are discarded if the residues of a chain reversal are involved
in helical or extended sequences predicted by the empirical
rules of paper 3 (see section III of paper 3). Inother words, the
predictions of paper 3 for helical and extended sequences take
preference over the prediction rule I introduced here for chain
reversals. Thus, the predictions of helical and extended se-
quences in paper 3 are not altered by now taking chain-re-
versal conformations into consideration.*8

In using the present rule I1, a chain-reversal conformation
predicted by rule I should be regarded only as a first possibility
of a chain-reversal conformation rather than as a finally de-
termined assignment. However, if one is interested only in the
prediction of possible chain reversals, rule I is explicit enough
to yield a final assignment of a chain reversal. Therefore, in
order to assess the predictability of the present model, we will
predict chain-reversal coformations using rule I, and also using
rule II.

VI. Results and Discussion

The numerical values of the statistical weights relative to
the ¢ state are tabulated in Table III. The statistical weights
vr* and vg* provide an indication of the tendency of amino
acids to form the chain-reversal conformation in proteins. By
comparing vg* and vg*, it can be seen that amino acids such
as Ala, Gln, Glu, Met, and Pro can contribute more to a
chain-reversal conformation at position i — 1 (R conforma-
tion) than at position i (S conformation) since vg* > vg*. The
Pro residue shows the largest such tendency, viz., vg* = 0.738
and vg* = 0.092. On the other hand, amino acids such as Asn,
Asp, Cys, Gly, His, Phe, Trp, and Tyr have the reverse pref-
erence, since vgr* < vg*. The other amino acids such as Arg,
Ile, Leu, Lys, Ser, Thr, and Val are impartial in this respect,
since UR* ~ vg*. Another interesting aspect of the confor-
mational tendencies of amino acids is seen in the results for
amino acids such as Asn (vg* = 0.900 and wy,* = 0.800), Asp
(vg* = 0.784, vg* = 1.148, and v, = 1.000), Gly (vg* = 0.915
and wp* = 0.638), and Pro (vr* = 0.738 and wy* = 0.400),

which have a relatively stronger tendency for a chain-reversal
conformation compared to helical, extended, or other states
than that found for other amino acids.

By using the four-state model formulated in sections I and
II, the set of statistical weights evaluated in section IV, and
rules I and II proposed in section V, predictions of chain-
reversal conformations were made for 23 proteins.4? To assess
the predictability of the present prediction scheme, these
proteins may be classified into four groups. The only purpose
in introducing this classification is to distinguish whether the
protein is involved in the original data set or not, and whether
predicted results for h and ¢ from the three-state model are
available from paper 3 (if not, then the experimentally ob-
served h and ¢ structures are used; see Table V). As a first
group {(group 1), 13 (those in column 1 of Table VII) out of 23
proteins*® were included in the original data set of both this
paper and paper 3° (see also Table XII of paper 13) to evaluate
the statistical weights, and the predictions of helical and ex-
tended conformational sequences were reported in paper 3
(see also Table XII of paper 1). Seven out of the 23 proteins,
as a second group (group 2), were not included in the original
data set in paper 3 (see also Table XII of paper 1), but were
included in the original data set in this paper (see Table I) to
evaluate the statistical weights. No predictions were made in
paper 3 for these proteins of group 2 (see column 5 of Table
VII). In the third group (group 3) or proteins (see column 9
of Table VII), there are two proteins that were not included
in the original data set of paper 3 (see also Table XII of paper
1) and were included in the present original data set of pro-
teins; however, the prediction of helical and extended se-
quences was carried out for these two proteins in paper 3.
Lastly, the new protein, in the sense that we did not include
it in the original data set of proteins to evaluate the statistical
weights in both paper 3 and the present paper, is classified into
the fourth group (group 4), which contains only adenylate
kinase.

The results for the prediction of chain-reversal conforma-
tions in the proteins of group 1 are summarized in Table IV,
together with the observed chain-reversal regions. The pre-
dicted results, using rule I, are given in the third column of
Table IV. To predict the chain-reversal conformation by rule
I1, the predictions of helical and extended sequences made in
paper 3 (quoted from Table III of paper 3) are given in col-
umns 4 and 5 of Table IV.5° Deleting the predicted chain re-
versals in the duplicately assigned regions (between helical
and chain reversal or extended and chain reversal), by
employing rule I1, the results in column 6 of Table IV are ob-
tained.

The results for the prediction of chain-reversal conforma-
tions in the proteins of group 2 are summarized in Table V.
The predictions of chain-reversal conformations, using only
rule I, are given in column 3 of Table V. To assess the pre-
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Table V
Assessment of Predictability of Chain-Reversal Conformations
No. of Obsdb
amino acid Predicted by Predicted by Obsdd
Proteind residues rule I Helical Extended rule II¢ chain reversal
Thermolysin 316 4-5 1-12
13-14
18-19 16-23
25-27
32-35 32-35 33-35
37-38 37-38 36-37
44-45 39-43 44-45 45-46
51-52 51-52 50-51
59—60 53-57 59-60 58—59
64—-65 64—-65 65—67
7087 68-69
73-74
77-78
85-86
88-89 88—-89 87-88
92-93 92-93
94-95 94-95
98-99 98-103
102-103 104-105
112-115 108-109
113-114
118-119 119-123 118—(119) 116-118
124-125 124-125
126-127 126-127 127-129
139-150 133-136
137-138
149-150
153-154 153-154 (150)-153
158-159 158-159 159—(160)
160-173
169-170
175-179 173-174
177-178
180-181 180-181 (179)-180
182-183 182-183 182-183
184-185 184-185
. 188-189
190-191 190-191 190-192
195-196 195-196 195-196
198-199
206—-207 206-207 205-207
208-211
214-215 214-215
218-219 218-219 217-219
226-227 226-227 225-229
234-244 230-232
233—(234)
241242 241-242 (244)-246
249-250 254-257 249-250 250-252
260-261 260-274
277-278 277278 277-2178
279-280 281-296 279-280
293-294
302-312 298-299
304-305 301-(302)
312—(313)
Rubredoxin 54 2-3 2—-6
15-17 7-9
20-21 20-21 20-22
26-27 26-27 26-27
28-29 28-29
31-32 30-32
34-35 34-35 35-36
49-52 40-42
46-48
Cytochrome C, 112 None 2—-(3)
8-9 3-14
11-12
16-17 16-17 15-17
19-20 19-20 22—-23
25-26 25-26 27-29
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Table V (Coptinued)

No. of Obsd?
amino acid Predicted by Predicted by Obsdd
Protein? residues rule I Helical Extended rule II¢ chain reversal
30-31 30-31 33-34
37-38 37-38 36—-37
40-41
44—45 44—-45 44—-45
47-48 47-48
51-52 51-52 50—53
54—-56 (56)-58
64—(65)
69-70 65-70
72-73 72-73 (70)-73
80-81 80-81 74-81
85-86
89-90 89-90
102-103 97-105
106-107 106-107 (105)-111
Ferredoxin 54 1-2 2-5
6—7
10-11 10-11
13-14 13-14
15-17 19-20
26—-27
32-33 32-33 33-34
40-41 40—41
42—-43 42—43% 40-44
46-47
50-51 50-51
Trypsin 223 9-10 9-10 9-~10
11-12
13-14 13-14 13-14
15-18 20-21
25—28 30-31
34-37 32—-33
39-40 39—40 39-41
53—54 53-54 52-54
55-56
67—68 67—-68
74-75 74-75 74-75
78-80 84-89 91-92
98—-99 98-99 97-99
101-102 101-106
108-109 108-109 107-108
110-111 110-111
112-113 112-113 112-113
116-120 124-127
130-131 130-131 128-129
132-133 135-142 132-133 133-134
144-145 144-145 144-145
146-—147 146-151
149-150
151-152 (151)-152 (151)-152
153-154 153-154
158-159 158-159 158-159
160-161 160—161
170-171 170-171 167-168
174~-175
177-178
183-185
192-193 192-193 195-197
200-201 200-201 198-201
203-204 203-204
214-221 209-213
(221)-222
Glyceraldehyde 333 1-2 2-5 1-2
phosphate 6—7 6—17
dehydrogenase 21-22 11-23 10-11
24-25 24-25
32-33 36-44 28-31 32-33 32-33
42-43
44—-45 47-49 44-45 44-45

48-49
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Table V (Continued)

No. of .
amino acid Predicted by Predicted¢ to be Predicted by Obsd be
Proteind residues rule I Helical Extended rule 114 chain reversal
55-58 53-54
59-60 59—-60 59—-61
66—67 66—67 65—67
68—-69 68—69
78-80 70-73 76-77
82—-83 82-83
84—-85 84—85} 83-86
86—-87 86—87
88-89 88-—89 89-90
93-94 101-108 93-94 96-98
112-113 112-113 108-111
120-121 114-118 120-121
122-123 129-132 125-128 122-123 122-123
134-135 134-135 133-134
138-139 138—-139 138-140
143-147 141-142
144-145
146-147 149~163 148~149
150-151 (163)-164
169-173 179-180
185-186 185-186 183-184
187-188 187-188
190-191 190~-191 190-191
198-199 198-199
200-201 202—-207 200—201% 198~200
204-205
210-211 210-220 209-210
(215)-217
221-222 221-222 221-223
228-229 224-231
232-233 236-245 232-233
234~235 234—-235
248-249
250—-251 250—-(251)
252—-253 251-263
264-266
267—-269
275-276 275-276 276-277
280-281 280-281 281-282
285286 285—-286 283-284
288-289 288-289 288—-289
293-294 293-294 293-294
295-296 297-300 295-296 295-296
300-301 303-310 300-301 301-302
308—-309
311-312 312-327 311—(312)
313-314
318-319
329-332 (327)-328
High potential 85 4-5 4-5 4—5
iron protein 10-11 12-16 10-11 9-10
18-19 18-19 16-17
21-22 21-22 21-22
28-31 23-25
32-33 32-33
34-35 34-35
38—40
44-45 4445 43-45
47-48 47-48 47-48
51-52 51-52 51-52
54-55
57-58 57-58 58-59
60-63 64—66
6768 6768 67—-68
69-72 73-74
78-79 78-79 78-79
80-83

4 The references to the x-ray data for these proteins are given in Table I. » The locations of observed helical and extended
regions are cited from columns 4 and 5 of Table I. ¢ The results of prediction under the assumption that the predictions for
helical and extended conformations were made with 100% accuracy. ¢ From column 6 of Table I.

dictability of the present model, the helical and extended re- used the observed x-ray data and thus, effectively, assumed
gions observed by x-ray experiments were used instead of that the prediction of helical and extended conformations was
those obtained by a prediction method; in other words, we made with 100% accuracy, when rule II was applied. Hence,
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Table VI

The Results of Predicted and Experimentally Observed Chain-Reversal Conformation Regions of Proteins

829

No. of : b
amino acid  Predicted by Predicted to be Predicted by Obsd¢ chain
Proteind residues rule I Helical Extended rule II reversal
Bovine pancreaticd 58 2-3 4-7 2-3 (56)-6
trypsin inhibitor zg:ég 13-16 17-21 9-10
40—41 23-28 29-36 40—41
42—43 42-43 42-43
46-47 44-50
49-50
54—55 51-54 (54)~55 (54)-55
Clostridiald 138 7-8 11-21 1-7 (7)-8 8-9
flavodoxin 28-29 22-25 28-29
36-37 36-37 35-36
39-44 40-42
43-45
46—47 46-53 47-48
57-59
65—-66 68~173 65—66
68—69
75-76 75-76 (74)-76
78-79 78-179 78-79
80—-81 80-87
87-88 (87)—88 89-90
92—-93 93-96 92-93 92-93
94-95 98-101
103-104 106-119 103-104
114-115
118-119
123-124
130-131 130-131
133-134 132-136
136-137 136~137 (136)-137
Adenylate kinase&/f 194 2-3 1-6 g
6-7 (6)-7
8—-9 8~9
11-12 10-15
20-21 20-21
23-24 24-29 23—(24)
2526 40-47 64-72
83-84 54—63
89-90 73-76 89-92
92-93 77-84 (92)-93
103-104 96-101
105-106 102-107
108-109 108-109
112-1183 111-119
114-115
122-123 122-125
1256~126 126-130
135—-136 135-136
140-141 140-141
142-143 145-149 142143
146-147
149-150 150-153
151-152 154-156 157-165
168-169 167-173
180-181 174-176 182-190 180~-181
182-183
186-187
188-189

2 The references to the x-ray data for these proteins are given in Table I. » These predicted results are cited from Table IV
of paper 8.° ¢ These regions are cited from column 6 of Table I. 4 These proteins were not included in the original data set to
evaluate the statistical weights in papers 1° and 8,° but were included in the present data set, as seen in Table I (group 3).
¢ This protein was not included in the original data sets in both paper 1° (or 8°) and the present paper (group 4). fFrom
G. E. Schulz, M. Elzinga, F. Marx, and R. H. Schirmer, Nature (London), 250,120 (1974). € The values of ¢ and Y were not
determined since the x-ray coordinates were not available to us.

the chain-reversal conformations that were duplicately as-
signed between helical regions (given in column 4 of Table V)
or extended regions (given in column 5 of Table V) and
chain-reversal conformations predicted by rule I (given in
column 3) were omitted to obtain the results given in column
6 (from rule II). In the last column of Table V, the chain-re-
versal regions observed by x-ray experiments are given for
comparison.

The results for the prediction of chain-reversal conforma-
tions in the proteins belonging to group 3, together with those
for adenylate kinase (group 4), are given in Table VI. The
predictions, using only rule I, are summarized in column 3.
Those obtained by using rule II are given in column 6 [by
omitting the chain-reversal regions assigned duplicately with
the helical and extended sequences®® predicted in paper 3
{cited from columns 4 and 7 of Table IV of paper 3)]. The
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Summary of Predicted and Experimentally Observed Chain-Reversal Regions
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oberved chain-reversal regions are given in the last column
for comparison (except for adenylate kinase whose x-ray
coordinates were not available to us).

A summary of predicted and experimentally observed
chain-reversal regions, given in Tables IV (for the proteins of
group 1), V (for those of group 2), and VI (only for group 3),
is provided in Table VII. The symbols 1 (obsd)» 7 (cor)» 04 72 (over)
refer to the number of chain-reversal regions that are ob-
2 served, predicted correctly, and over predicted, respectively.
_‘g o 0 As seen in Table VII, for the proteins of group 1, 125 chain-
g reversal regions (out of 216) were assigned correctly, with an

over prediction (i.e., predicted but not observed experimen-
tally) of 67 regions; for group 2, 84 chain-reversal regions out
of 141 were predicted correctly, with 29 over predictions; for
group 3, 10 out of 15 were predicted correctly, with 6 over
predictions. In total, 219 chain-reversal regions out of 372 were
predicted correctly, with 102 over predictions.

There are several other methods for predicting chain-re-
versal conformations in proteins. As far as we know, these are
the procedures of Lewis et al.,®® Burgess et al.,*® and Chou and
Fasman.5! All of these authors used a probability for a single
residue to be found in a chain-reversal conformation to cal-
culate the probability of a tetrad®b:51 or nonamer4° to be found
in a chain reversal, hy multiplying the probabilities for single
residues. On the other hand, we have developed a statistical
mechanical treatment of polypeptide chains to treat the
conformations of protein molecules (focusing particularly on
the chain-reversal conformation in this paper, and on helical
and extended conformations in papers 1, 2, and 3). In the
models presented in these papers, we use the statistical
weights, and not the probabilities (see ref 60 of paper 1 for a
discussion of the difference between a statistical weight and
a probability of occurrence of a certain conformational state).
Using the statistical weights, we calculate the probability of
finding a chain-reversal conformation by using a statistical
mechanical procedure for averaging over a whole molecule,
as has been described in section VI of paper 2,4 and briefly in
section VA of this paper. The difference between a statistical
mechanical treatment, such as that presented in this paper,
and a prediction method using a probability as presented in
ref 6b, 40, and 51, was discussed in section VIC of paper 2.*

As described in this section, there appears to be a close re-
lationship between the regions of high probability of finding
a chain-reversal conformation and those observed by x-ray
experiments. These results suggest that the assumption of the
dominance of short-range interactions in determining a
chain-reversal conformation in proteins,%®7 on which the
predictive scheme presented in this paper is based, is a rea-
sonable one. When more x-ray structures become available,
it will be necessary to test this four-state model further, by
applying it to proteins (other than adenylate kinase) that were
not included in the original data set to evaluate the statistical
weights.

However, it is also true that the present four-state model,
as well as the three-state model,? is not sufficient to describe
protein conformation completely in the following three re-
spects. (i) First, even within the framework of a short-range
one-dimensional model, a region of conformational space, viz.,
the other (i.e., ¢) state, does not provide a precise enough
definition of the chain conformation. In other words, even if
the c states were predicted with a high accuracy, the structure
of a protein could not be determined, because the conforma-
tions of the residues predicted to be in ¢ states can vary within
the wide range of the conformational space of the c state. In
order to predict the structure of a native protein, it will be
necessary to divide the conformational space [in the present
context, the space of the other (c) state] as finely as possible.
In other words, it is necessary to remove other conformational
states that occur in proteins from the other (c) state. This
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@ The references to the x-ray data for these proteins are given in Table L. ? See also footnotes e to g of Table VL.
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point (i) will be discussed in a subsequent paper,*4 in which
a multi-state model has been developed to provide a more
detailed treatment of protein molecules. (ii) Second, it should
be noted that a broad range of ¢ and y was used to define the
a-helical state. A wide range of values was selected because
the « helices observed in x-ray structures are rarely regular;
if the observed data for a-helical structures fell in a narrower
range, we would have reduced our defined «-helical range
correspondingly. In any event, the imposition of a restriction
of regularity is not necessary in a theoretical computation of
protein structure, since such a restriction is removed subse-
quently when the energy (see ref 22 of paper 24) or the free
energy (see footnote Y of ref 52) of the whole protein is cal-
culated. The same comments apply to the definitions of the
extended region and to the chain-reversal conformation. (iii)
Third, no attention is paid to long-range interactions in the
one-dimensional nearest-neighbor model. The description of
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third paragraph of section V of paper 2,% the statistical weight
for the extended state was introduced as

qo = vuc (A-1)
in addition to q; to gg defined in our earlier model (see the
summary of Table I of ref 11 for the definitions of g; to gg).

For R and S states, the statistical weights g0 and g1, relative
to the c state are given by

g0 = UR/U, (A-2)

and
qu = vs/uc (A-3)

Using the statistical weights q; to ¢11, the statistical weight
matrix for the four-state model with asymmetric nucleation
of helical sequences can be constructed as

f‘ i+1 |[cUeUR h cUeUR h cUeUR h cUeUR h S
i—1 i c c € € h h S S R
c cUeUR Qs q, q, g, 0 0 0 0 90
c hU y 0 0 0 g, q, 0 0 0
€ cUeUR q, q, q, q, 0 0 0 q,
Wi=| ¢ n o 0 0 0 q g 0 0 0" (A-4)
h cUeUR q; q, q, q, 0 0 0 0 G0
h h 0 0 q, q, 0 0 0
S cUeUR g, q, g, q, 0 0 0 0 9.,
S h 0 0 0 0 g q. 0 0 0
| R S 0 0 0 0 0 0 q., q., 0 i

protein conformation can be improved, and the conformation
of the protein altered, by introducing the long-range inter-
actions that are not included in the nearest-neighbor inter-
action model.>2 (See also Addendum of paper 3.5)
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Appendix

Nearest-Neighbor Four-State Model with Asymmetric
Nucleation of Helical Sequences. We recently!! formulated
a model of the helix—coil transition in polypeptides, in which
account was taken of the different helix nucleation properties
at each end of a regular helical sequence (asymmetric nu-
cleation). This model was applied to the form I = form II
transition of poly(L-proline), in which asymmetric nucleation
played a role.!213 Furthermore, in paper 1,% asymmetric nu-
cleation was observed for the amino acids in proteins.
Therefore, we now incorporate the asymmetric nucleation
property!! of amino acids into the nearest-neighbor four-state
model [it should be noted that the term ‘“nearest neighbor”
is used in such a way that the interactions beyond nearest
neighbor are not included, even though the matrix is con-
structed for three consecutive residues: — 1,{, and i + 1 (see
ref 11 and section V of paper 24)].

In this Appendix, and in this Appendix only, we use the ¢
state as a reference, instead of the e state. Of course, if desired,
one could convert a set of relative statistical weights with a ¢
state as a reference to a set with an ¢ state as a reference.

Following the assumptions made about the ¢ state in the

Equation A-4 can be obtained by constructing a matrix like
that given in eq 1, where the statistical weights g; to g1; are
substituted for u., vn, wy, ete., in eq 1, and then contracting.
From the statistical weights for the allowed conformational
states of the first (i.e., amino terminal®) residue, we obtain the
vector t; as

0 0 gy (A-5)

where each element corresponds to the amino-terminal resi-
due in a state where residue i — 1 is in state c or ¢ (viz., the
combined first four rows in eq A-4). For the last (i.e., carboxyl
terminal®) residue, we obtain

ti=[gs 97 g5 qo Q¢ G

KSCRETE
qde
qst g9, Y4,
Qe

* = gs+tq,+4q,,

(A-6)

g1y N

where each element corresponds to the carboxyl-terminal
residue in a state where residue{ + lisinstatecUeUR,cU
eUR,cUeUR,cUcUR, and S.

Using eq A-4, A-5, and A-6, the partition function can be
written as

N=1
Z=t [ I Wi] ty* (A-T)
i=2
or
N
Z=e [n wi] en* (A-8)
i=1
where
e;=[1 1 0 0 0 0 0 0 0] (A-9)
and
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Fl—
0
1
0
ey*=]1 (A-10)
0
1
0
1]
since
t1 = e1W, (A-11)
and
tv = Wyen* (A-12)
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In the present evaluation of wy and vy, all residues of a helical sequence
contribute to wy, and only isolated helical residues contribute to vy; thus,
the contributions of residues in a helical sequence to helix nucleation (i.e.,
to vp) are neglected. This procedure was adopted for the following reasons:
(i) Even with the x-ray coordinates available, it is difficult to establish
precisely which is the first and last residue of a helical sequence; thus, every
residue of a helical sequence is treated as an interior one, in evaluating
statistical weights {wp), because of the lack of information about the
locations of the hydrogen bonds. (ii) One cannot determine (by observation
of a helical sequence) whether it was nucleated at the N or C terminus or
in the interior of the sequence; despite the omission of the contribution
of helical sequences to vy, and the aforementioned uncertainty as to the
site of helix nucleation, we nevertheless assign the parameter vy, to the N
and C termini of a helical sequence in the theoretical formulation of the
model (i.e., in the statistical-weight matrix, as in eq 1 or 2, for example).
In a homopolymer the statistical weight of a helical sequence of i residues
is v2wi=2, and it does not matter which two residues of a helical sequence
are assigned the statistical weight v. However, in a specific-sequence co-
polymer where vy, as well as wy, depends on the type j of the amino acid
residue, one would have to know where the helix was nucleated in order
to know which two residues should be assigned the statistical weight vy.
Since we do not have this information, we arbitrarily assign vy, to the
residues at the N and C termini, in the statistical-weight matrix (see the
discussion in section IB of paper 3). (iii) By omitting the contribution of
helix nucleation of helical sequences from the values of vy, we have un-
derestimated the values of v, However, from our experience in trial cal-
culations, we have found that this underestimate does not significantly
affect the values of Pin*, P;.*, Pir*, Pi;s*, and P;,.* (defined in section
V); i.e., the final predicted results are insensitive to the nucleation pa-
rameter vy, This point will be discussed in more detail in a future publi-
cation.

The statistical weight v, ; introduced in sections I and II does not involve
cooperativity, in the sense that no interactions beyond the single residue
under consideration are taken into account. Therefore, we do not distin-
guish between the ¢ states of an extended sequence and those in isolated
extended states (or in extended sequences shorter than four residues).43
To save space in Table I, we did not list ¢ sequences shorter than four
residues; however, they are included in the values of N ; listed in Table
IL. (For similar reasons, only helical sequences of three or more residues
are listed in Table I, but the short, h and hh, sequences appear in Ny of
Table II.) When applying rule II of section VB, € sequences (and h se-
quences) are predicted by the three-state model of papers 1-3, and chain
reversals by the four-state model of this paper. However, this does not
mean that e sequences shorter than four residues (or h sequences shorter
than three residues) are assigned to the ¢ state. If one were interested in
computing the appropriate probabilities, one could predict whether those
residues (not assigned to e sequences, h sequences, or chain reversals) are
in e, e, ece, h, hh, or ¢ states; this will be done in our forthcoming multistate
model.4* Therefore, one should not regard those parts of a protein chain
(not predicted to be in € or h sequences, or chain reversals) as being in ¢
states.

In paper 1,3 we used only the number of residues in ¢ sequences, rather
than N, since it was impossible to detect isolated ¢ states because the
x-ray coordinates were not available to us. Nevertheless, it is expected
that the prediction results obtained in paper 3% are valid, since the same
criteria that were used in evaluating the statistical weights in paper 1 were
used in paper 35 when predictions were made about the e state in proteins.
In other words, the statistical weights deduced from information about
the ¢ sequences were used to predict ¢ sequences.

S. Tanaka and H. A. Scheraga, Macromolecules, submitted (multistate
model), paper 5:

It should be noted that, for the present analysis, any of the definitions of
a chain-reversal conformation proposed by other authors® could be
used.

As in papers 1-3, we use j to designate the species of amino acid (f = 1 to
20, as seen in column 1 of Table II) and i to designate the position of an
amino acid in the protein chain.
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Predictions are made in this paper for 23 proteins [the sum of 13 (group
1), 7 (group 2), and 2 (group 3) out of the 26 proteins listed in Table I, and
the 1 protein (group 4) not listed in Tablel]. As to other proteins, no pre-
diction is made since, for two proteins (lactate dehydrogenase and con-
canavalin), the amino acid sequences have not been determined com-
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pletely, and only the known parts of the sequences (and their x-ray
structures) were used to compute statistical weights. No prediction is made
for sea lamprey hemoglobin simply because there are many other globin
homologues as seen in column 1 of Table I, and this protein was omitted
to save computer time. As for the a-chymotrypsin C chain, see footnote
g of Table IV. Elastase also includes a tosyl residue, and no prediction was
made for it. However, a prediction was made for the B chain of «-chy-
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ABSTRACT: Asymmetric charge transfer (CT) spectra from combinations of carbazole derivatives and chloranil
are shown to consist of two bands originating from the highest (HOMO) and second highest (HOMO 2) energy oc-
cupied molecular orbitals of carbazole. Symmetry arguments are used to indicate that of two possible (parallel
plane) alignments of donor and acceptor, that which is totally symmetric gives rise to only the lower energy CT
transition whereas the unsymmetrical alignment which is energetically preferred permits the two observable CT
transitions. Low molecular weight model carbazoles all show the asymmetric CT bands which have been resolved
into two Gaussian components by means of a computer assisted analysis. Significantly, poly(N-vinylcarbazole)
(PVCA) gives rise to CT bands much less asymmetric than corresponding model systems and it is concluded that
steric interactions in PVCA greatly reduce the possibility for interaction of the carbazole units with chloranil in the
1:1 asymmetric arrangement preferred by the model compounds. As expected from the theoretical argument,
poly(N-ethyl-3-vinylcarbazole) and poly(/N-ethyl-2-vinylcarbazole), both of which are derived from unsymmetri-
cally substituted carbazoles, give with chloranil highly asymmetric CT spectra which are very similar to those of the

appropriate model compounds.

Carbazole and its ring and N-alkylated derivatives like
other aromatic amines exhibit long wavelength charge
transfer (CT) transitions with acceptors because of rela-
tively high energies for the highest occupied molecular or-
bitals.! This property is manifest in low ionization poten-
tials,! low oxidation potentials (~1.2 V (SCE)),2 and a very
high propensity to oxidative coupling.?

Observation of CT transitions when organic electron do-
nors and acceptors are allowed to interact is now a com-
monplace phenomenon,? it being frequently concluded that
these transitions arise from so-called CT complexes with-
out proper regard for the magnitude and nature of the
binding forces in such complexes. Carbazoles, no less than
other good organic electron donor molecules, readily partic-
ipate in this type of intermolecular association with elec-
tron acceptors, the required close approach of donor and
acceptor being favored by the planarity of the carbazole
ring system. Particular interest in the formation and prop-
erties of CT complexes of carbazole derivatives arise from
(mainly two) quite different types of study. Hoegl® was the
first to show that poly(N-vinylcarbazole) (PVCA) was a
useful organic photoconductor and, more importantly, light
absorption and photoconductivity were improved when
PVCA was mixed with a variety of organic acceptor mole-
cules. Several years later Ellinger® showed that many or-
ganic electron acceptors, including chloranil, were useful
initiators for the polymerization of monomeric N-vinylcar-
bazole (NVCA). Related observations were published inde-

pendently at about the same time by Scott, Miller, and
Labes.”

These early disclosures stimulated research studies of
the formation and photoelectrical properties of CT com-
plexes of PVCA, leading ultimately®® to a commercial pro-
cess for electrophotography based on compositions formed
from PVCA and 2,4,7-trinitrofluorenone (TNF). In com-
plete contrast, and despite extensive studies by several
groups of workers,!0 the reactions of NVCA with organic
electron acceptors have not yet resulted in developments
significant in other than a purely mechanistic sense; a criti-
cal survey of the scope and value of such studies has been
given recently by Hyde and Ledwith.!!

Reactions of NVCA and chloranil have been extensively
investigated. Originally it was claimed by Ellinger® that
chloranil was a useful initiator for cationic polymerization
of NVCA in toluene, but subsequently other workers!?
found that purified chloranil was inactive in this particular
system. Rather, it was shown that the strong protonic acid,
1,4-dihydroxy-2,3,5,6-tetrachlorobenzene (the dihydro re-
duction product of chloranil), thought to be an impurity in
chloranil, was the true initiator. In more polar solvents the
situation is even more confused.!3 Another original obser-
vation by Ellinger® was that mixtures of NVCA apd chlo-
ranil in acetone gave rise to formation of the cyclodimer of
NVCA when exposed to uv light or strong sunlight. This re-
sult has been amply confirmed by subsequent studies!*1%
and it is now known that cyclodimerization of NVCA oc-



