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Chain Dimensions and Intrinsic Viscosities of Polypeptides in the Helix—Coil

Transition Region
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An equation is derived which correlates the unperturbed dimensions <(r2> of polypeptides with the helical contents in the
helix-coil transition region by using a simple model of a polypeptide chain. The model is a chain of connected balls which
represent the repeating units, -CO-NH-CHR-,based on the fact that the repeating unit has a plane structure. The changing
trend of the expansion factor a, in the transition region is connected with the helical content f. The intrinsic viscosities
[7] of polypeptides are calculated from the unperturbed dimensions and the a, factors.

The above calculated results concerning <(r2>¢ and [7] are compared with other authors’ theoretical and experimental
results. From the comparison, we concluded that our theory explains better the chain dimensional behavior of polypeptides

in the helix—coil transition region than others.

Introduction

The helical structure of polypeptides was studied early by
Pauling et al.,! the structure was an a-helical structure which
includes 3.6 residues or repeating units per turn. Doty et al.?
discovered that polypeptide chains in solution perform a
reversible transition between the randomly coiled and the
a-helical forms according to the solution conditions. From
that time down to this day, experimental researches about
the helix—coil transition in polypeptides have been actively
under way. For example, there are rescarches for the effects
of solvents,® pH* and the concentration of a surfactant ion
in the solution,’ and the effects of the temperature and the
length of side—chains® attached to the polypeptides were also
studied. Many researches have been conducted on the con-
formation of polypeptide molecules by using various kinds
of analytical instruments.”-?

In theoretical studies. Zimm and Bragg,® Lifson and Roig!?®

and many others!! set up the statistical mechanical models
for polypeptide molecules. The transformation matrices
were individually taken for the three chain elements in one
repeating unit (CO-NH-CHR)-, and then the mean behaviors
per three repeating units were calculated. They calculated
the helical contents, the sensitivity paramenter of the transi-
tion and other properties of polypeptides, e. g., electric mo-
ments, relaxation times, efc., But not so many studies were
conducted for calculating the chain dimensions in the helix—
coil transition region. Nagai!l:12 studied the chain dimen-
sions by applying the Zimm-Bragg theory,? But his theoreti-
cal results cannot explain the chain dimensional behavior of
polypeptides in the transition region, and do not agree with
the experimental results even qualitatively.

In order to solve the above difficulty, we set up a new model
that is more simple and conclusive than other models. The
excluded volume effect on the chain dimensions in the tr-
ansition region was also studied in this paper, this kind of
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studies has never been appeared in the literature. The detail-
cd results and discussions will be reported in the text.

Theory

(1) Model

Polypeptides, being polyamides, have a planarity!> ' in
cach repeating units as shown in Figure 1. Consequently, our
model that treats the bond-rotation angle ¢ (sec Figure 1
where the frans-form was takea as ¢=0°) per repeating
unit should be more simple and reasonable than the model
treating separately the bond-rotation angles appearing in the
repeating unit.

The bond angles and the bond lengths in a chain are gener-
ally limited within narrow ranges, so wc can take the mean
value!® as if they are fixed. Then, in the helix—oil transi-
tion, the bond rotation angle ¢ is the only one variable in
the unperturbed dimension of a polypeptide. The polymer
connected by the broken lines (in Figure 1) exhibits chain
dimensional behaviors of the polypeptide. Accordingly, the
polypeptide chain is represented by a simple model as shown
in Figure 2 where each repeating unit is represented by a ball.
Thus the behavior of the ball expresses that of the repeating
unit, The bond angle # and the bond length / are defined in
Figure 2.

In our theory, a random-coil is defined by a frecly rotating
chain in which ¢ changes since the freely rotating chain is
closer to real chain state than the freely jointed chain in which
¢ as well as 0 change, and since it is also more often used
for defining the random-coil.’® The a-helix and the inter-
mediates in the transition region are both defined as the roa-
tation-hindered chain states because -of the intramolecular
hydrogen bonds, the hindrance in the former being complete.

(2) Unperturbed Dimension

We consider a simple polymer chain, i.e., polymethylene,
which becomes identical to our model if the ball (in Figure 2)
expresses -CH,-. If the bond rotational potential is indcpen-
dent on its neighbors and symmitric, the unperturbed mean-
square end-to—-end distance <#?>>, can be expressed by the
following well-known equation:"?

<ol (IR (HESmES) O

where I, 8 and ¢ were already defined, and chain length #
is assumed to be very large. For the freely rotating chain,!®
<“cos ¢ >=0. Hence from Eq. (1)

o~ .2 { 1+cos8 )
If Eq. (1) is divided by Eq. (2), it gives the ratio of the un-
perturbed dimension of the a-helix or intermediates to that
of the random—coil <{r2>, i. e.,

<r>, — 1+<cos ¢> 3)
<r* > 1-<cos¢>
The subscript ¢ denotes the randomly coiled states. Since the

formation of a polypeptide helix is due to the intramolecular
hvdroeren bonds. the fluctuation in the mean bond-rotation
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Figure 2. Simple model for a polypeotide molecule. €ircle re-
prescnts the repeating unit -CO-NH-CHR-. The quantities, ¢,
¢ and / are defined in the figure.

angle per repeating unit or residus should be negligible. We
define <cos ¢ >=cos X, where X is thc mean bond-rotation
angle per residue for a polypeptide helix which is fastened
tightly by the hydrogen bonds. .

(i) a-Helix. The polypeptide helix is an a-helix,! i. e., 3.6
residues per turn of the helix; thus, the mean bond-rotation
angle per residue is 100°(=360°/3.6, cis-convention). Since
¢ is defined as shown in Figures 1 and 2, it is given by 6=180
bond-rotation angle, and since < cos ¢> is defined as cos X
(X, trans—convention) wc obtain X ;;=80°(=180° —100")
where the subscript H denotcs the a-helical state.

(ii) Random—-Coil. The preceding procedure is applicd to a
general helix, Then we obtain an equation which relates X
with the residue number per turn N, ic.,

X=180°—-300°_ (4)
N

Since a random-coil is defined by a freely rotating chain. the

X satisfies cos X =<{cos ¢>=0, thus X, is 90°, 27C°, ....

If Eq. (4) can be applied to a random-coil, then N (=N))

beccomes 4 since X,=90°. Since N, can not be acpative, the

angles 270°, etc. are discarded.

(iii) Intermediates in the Transition. If Eq. (4) can be app-
lied to intermediates, the N lies between N=23.G and N=4,
i. e., the intermediates are a kind of helix of 3.6 < N < 4,
If fi represents the fraction of the a-helical residues in an
intermediate. 1— £ corresponds to the fraziion of the rand-
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omly coiled residues. If these two kinds of residues are rand-
omly distributed in the chain (since it is in the unperturbed
state), the residue number per turn N can be writlen as
following

N=Ng fu+N.(1—fu)
=3.6fu+4(—fg) (5)

Now, using Eq. (4) and Eq. (5), we can obtain X at a certain
Su. By using the definition of X, Eq. (3) is rewritten as

<r2>0 — 1+COS X (6)
2>y, 1—cos X

the X being calculated from Egs. (4) and (5) at a given f g,
the ratio <z?>¢/<#*>y. at the fg is thus obtainable from
Eq. (6).

Thus far, we treated only the case where the chain length
n is very large. If it is not the case, for a freely rotating chain,
the following equation holds:1?

<r*>q . 1+cosd  2cosf 1—cos* 8 ) @
nl? l—cost =~ = ( (1—cos 8)?

And, for a rotation hindered chain,?

<> _( 1+cos @ )( 1+<cos > )

nl? 1—cosf 1—<cos ¢ >
cos @ <cos¢p>+4A cos  <cos ¢> +A
~ (RO p Ay, (sl Senfotl ),
®)
where
o= QRA4[m) (1-27) [ (1- 2%, k=12 (8a)
and

11. 2= —%—[COS /] (1 - <C05 ¢>)
#{cos? # (1—<cos >)2+4<cos $>12] (8b)

where 1, , indicates A; or 4,, and A, takes the positive sign
whereas 1, takes the negative in the double + signs. The
division of Eq. (8) by (7) yields

<r*> =( 1+cos X )
<r*>pe 1—cos X

[1-(Fear) (Feay)
{( cosﬁzcosi(+ll )Pl ( cosﬂcosX+22 ) 2}]
1— 42

?
-(rer) B d 2320‘32 )}}

The second factor muitiplied by the third on the right of Eq.
(9) is expressed as [E(X, 8, n) ]2 for simplicity. This factor
represents the dependence of <(r2>>,/<(r?>,. on the chain
length ». Since # is almost constant and X is determined
by fu, we can rewrite Eq. (9) as

( 2:;;’ )" =( o X ) B s a0

Results and Discussion

Jong Ryul Kim and Taikyue Ree

(1) Estimation of the E(n, f;;) Factor ‘

To examine the dependence of the unperturbed dimension
ratio <p?>/<r¥ >y, on n, the value of E(n, fi;) factor in
Eq. (10) should be known. First of all, the § must be known
since the E(n, fz;) factor in Eq. (9) contains cos § as a constant.
The characteristic ratio, C,.=<(r2>>(/nl?=10.3, is obtain-
ed? for a high-molecular-weight PBLG (poly-y-benzyl-L-
glutamate) in DCA (dichloroacetic acid) which is a coil sol-
vent, Thus, we can obtain the value of cos § from Eq. (2),
the 0 value being 34.6°. Then the mean bond angle per
residue is 145.4° which corresponds to a hypothetical bond
angle since the random-coil of polypeptides is not exactly
identical with the freely rotating chain.

The E(n, f ;) factors are calculable by using Eq.(9), where X
is calculated from Eqs. (4) and (5) at a given fi, and ; » and
P, , are calculated from Egs. (8a) and (8b) at a given n by
using the X. The results obtained at fy=1 are tabulated in
Table 1. From Table 1, one notes that over a wide range of n,
the values of E(n, 1) is almost unity, and also that E (n, 1)
increases with # reaching asymptotically unity at #=co where
Eq. (10) becomes Eq. (6) which holds only at n=co. We next
calculate the E(n, fy) factors at various fg for n=200 which
is a somewhat small chain length. The results are shown in
Table 2. From the latter, one notes that the values of E(200,
[ lie between unity (at fz=0, random-coil) and 0.993470
(at fiz= 1, a-helix). See Table 2. Also one notes from Table
1 and 2, that the values of E(n, fz) are nearly equal-,to unity,
thus we set E(n, fi)=1. Since E(n, fi;)=1 in Eq. (10), it is
concluded that <{rZ>;/<r*> is nearly independent of
chain length ».

(2) Excluded Volume Effect

The expansion factor a that represents that the excluded
volume effect or the long range interaction is defined as

=<2 <P (a0

For general polymers, several theories about o have been
presented.2?2 The theories, however, cannot be applied to the
changeable a in the helix-coil transition region. In order to
evaluate « by experiment, first of all, <#2>> in a certain con-
dition must be obtained by light scattering, efc., and also
<r*>>, should be obtained in the 8-condition, but the two
quantities must be for the same conformation. Polypeptides
perform the helix—coil transition so that ¢ cannot be obtained
by the above procedure since the conformations change co-
mpletely different from the original conformation. Therefore,
in order to know <(r*> we must obtain separately <»2>,
and a corresponding to each conformation in the transition
region.

According to Nagai,!! the long range interaction (or a)
does not seem to be affected strongly by a small change in

" the atmosphere of the helix—coil transition system. Currently

existing theories®1? of the helix—coil transition all neglect
the excluded volume effect. Neves and Soctt,? however,
concluded that the existing theories are not capable of corre-
tly predicting the dimension of the polypeptide undergoing
a helix~coil transition, since the long range interaction was
not taken into account whereas it is important.
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TABLE 1: Dependence of E (n, ;) on the Chain Length n at £, =1

n En, 1
150 0.991207
200 0.993470
350 0.996316
500 0.997434
750 0.998296
1000 0.998724
1500 0.999151
2000 0.999364
3000 0.999576
4000 0.999682
5000 0.999746

oo 1.000000

TABLE 2: Dependence of E(n, £;;) on the Helical Content £, at n=
200

bt £(200, fi)
0 1.000000
0.1 0.999488
0.2 0.998954
0.3 0.998389
04 - 0.997796
0.5 0.997172
0.6 0.9906513
0.7 0.995817
0.8 0.995003
0.9 0.994300
1.0 0.993470

At a constant tempcerature, when polypeptides perform the
transition according to the change of the solvent composi-
tion, the expansion factor for viscosity a,, which is rclated
with the hydrodynamic volume of a polymer in solution,
may be expressed by the following equation:

a,=apx+a,(1-a) (12)

where x is the fraction of the helical solvent in a helical-coil
mixed solvent, @,y and o, are the e, factor in a pure helioal
and pure coil solvent, respectively, the interaction between
the helical and the coil solvents being neglected. Teramoto
ct al.,** measured the optical rotation at 20-30°C for the
PBLG of N,=800 (number-average degree of polymeriza-
tion) in a mixed solvent composed of the helical solvent
[ethylenedichloride (EDC)] and the coil solvent [dichloroace-
tic acid (DCA)]. We converted the optical rotations into the
helical contents f; by using Teramoto et al.’s expression,?!
and constructed a graph of the EDC fraction x (by volume)
vs. f; (Figure 3) where x is directly connected to «a, through
Eq. (12). In Figure 3, there is no perceptible change in the
EDC fraction x between fyp=0 and 0.9, and it increase sud-
denfy almost linearly after f;;=0.9. From Eq.(12), one oblains,

“7;/“1‘c= 1 "I'[ (anll/“m;) —-1]x (125)

where x has the relation with f;; shown in Figure 3, i.c, x is
about constant over the range of f;;=0 to 0.9, (hus in this
range, «, [« is about constant since v~ censtant according
to Eq. (12a). But, at f;; 0.9, the x increases suddenly as
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Figure 3. Dependence of the helical content f;; on the compos-
ition (by volume) of the DCA-EDC mixed solvent for the PBLG
sample (V,=800) at 20-30° C. The DCA and EDC are the coil
and helical solvents, respectively. Thus the EDC fraction x is
related with ;. The x vs. fp; was calculated from Teramoto ot
al’s optical rotation vs. x data.24
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Figure 4. Schematic representation for the dependence of the
expansion factor ratio a,/a,. on the helical content ;.

shown in Figurc 3, thus, the a,/a,, also increascs in a similar
way. Thus the behavior of @,/a,, over the whole range of
Jir is schematically as shown in Figure 4.

The reason for this trend (shown in Figure 4) is explained
in the following way: the random-coil sections in fairly long
chain act as flexible joints, thus, over the range of f;==0
and 0.9 the chain of the polypeptide acts as if it werc a ran-
dom-~coil; but in the range of f;==0.9 and 1,the polypeptide
chain acts a stiff chain because of the lack of the flexible
joints (random-coil sections). The trend shown in Figure 3
and 4 will appear in all PBLG whose chain length are suffici-
ently large in the mixed solvent system (EDC and DCA). We
should not expect, however, this trend will occur for otiwr
polypeptidc-solvent systemis since it may depend on the coo-
perativity parameter or the helix-initiation parameter o, "

(3) Intrinsic Viscosity

The Flory intrinsic viscosity equation® is written as

-

23/2 2 s
(7)== =, ST (13)

"(Y,/’

where [7] is the intrinsic viscosity or the limiting viscosity
number, M is thc molecular weight of polvmer. @ is the
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Flory viscosity constant which is a universal constant inde-
pendent of the nature of the polymer, and @ is viscosity
constant which depends on the excluded volume effect.
Norisuye® measured [ 7] and <»®> for two high-molccu-
alr-weight samples of PBLG in a DCA-cyclohexanol mixed
solvent at various stages of their thermal helix—coil transi-
tions, and computed @ from Eq. (13). The resulting values
of @ are almost constant in the transition region, and decrease
sharply at the region of nearly f;=1. Generally @ decreases
with increasing expansion factor,2?b this fact is in agreement
with the trend (shown in Figure 4) of expansion factor.
By using the 2nd equality of Eq. (13), one may write [7], as
[9].=9 —(Srz—%lo“—)ji . (13a)
Taking the [ %] and [ 7], given by Eqgs. (13) and (13a), respec-
tively, and by using Eq. (6), we obtain,

And, usign Eq. (14), a1/ a,, is given by

o Iplu o L\ 15
e ( (7] 1.69262) 4>

where [(14cos X)/(1—cos X)]3/2=1.69262 at fi;=1 since
X=80°. The quantities [7];; and [7]. can be easily obtained
by experiment.

Teramoto et al?! measured the helical contents and the
intrinsic viscosities for several samples of PBLG in EDC-
DCA mixed solvents of various compositions in the transi-
tion region. Their experimental [4] values for N,=800 and
600 vs. f;; are shown in Figures. 5 and 6, respectively. We
calculate [7]/[y]. from Eq. (14) according to the following
scheme: (i) the term [ (1+cos X) /(1—cos X)]3/2in Eq. (14)
is calculated as a function f by using Eqs. (4) and (5); (ii)
the term (,/a,)°=1 over the range of fy=0 to 0.9; but
increases sharply if f5;>0.9 (refer to Fig. 4) and reaches the
value of (a,/a,,) fr-1, the latter being obtained from Eg.
(15). (iii) the product of the above two terms becomes as
shown by the fuil curves in Figs. 5 and 6, the values of [7],
being equal to 1.49 and 1.01 d I/g for N,=800 and 600,
respectively.

The experimental [ 7] values are compared with our theore-
tical valuess in Figure 5 and 6. Our results are in a good agree-
ment with experiment. Nagai’s theoretical results!? on <r?>
[<r*> vs. fy of similar chain length have a minimum in the
transition region, this is not true experimentally (refer to
the experimental points in Figures 5 and 6). Norisuye®® per-
formed the same kind of experiment for PBLG samplecs in-
dependently from Teramoto ef al?' The Norisuye’s dala
exhibit almost the same behavior of [7] vs. f; as in Teramoto
et al.’s work.

In the region between fiy=0 and 0.9 where the change of
the excluded volume effect (expansion factor) is negligible as
preriously mentioned (i e., a,/a,.=1), the unperturbed
dimensions <r%>/<r*>,. are directly related with the
intrinsic viscosities T /Tn 7. (refer to Egs. (14) and (6Y). Judg-
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Figure 6. Variation of [] with the helical content. The expe-
rimental points® are for PBLG (N,=800) in DCA-EDC
mixtures; at fiy=1 the DMF solvent was used.
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Figure 6. Variation of [%] with the helical content. The ex-
perimental points®! are for PBLG (N,=600) in DCA-EDC
mixtures: at fi;="1 the DMF solvent was used.

ing from Figures. 5 and 6, our theory well explains the un-
perturbed dimensions of polypcpiides in the transition region.

A theoretical research for the region where @, increascs
abruptly, is an urgent problem and may be very important.
We plan to study this problem in the near future.
Acknowledgement. We acknowledge the Korea Research
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MO Theoretical Studies on Stereoelectronic Control in the Addition Reaction of

1, 4-Benzoquinone-4-(0-methyloxime)*

Ikchoon Leet and Eun Sook Han
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The chlorine addition and Diels-Alder cycloaddition of cyclopentadiene to 1, 4-benzoquinone-4-{O-methyloxime) have
been studied MO theoretically. It has been shown that the reactions occur predominantly to the quinone ring double bond
which is oriented anti to the nitrogen lone pair due to an n-¢* interaction between the nitrogen lone pair, n, and the app.
vicinal bond, causing the = bond to be weakened and destabilized due to the less conjugation from reduced delocalization.

Structure-reactivity relation has been a subject of great
interest in organic chemistry. In the kinetic controlled ch-
lorine addition and Diels-Alder cycloaddition of cyclopen-
tadiene (CPD) to 1, 4-benzoquinone—4-(O-methyloxime) (1),
the overwhelming predominance of products which have the
configuration (2) where the oxime group is anti to the re-
maining double bond was found over the alternative arrange-
ment (3). The NMR studies of Baldwin and Norris have
shown 70 % and 90 9 of anti products in the two addition
reactions respectively.!

*Taken as part 24 of the series “Determination of Reactivity by
MO Theory™.

TABLE 1: Encrgy Compoments (a.u.) (Relative Values are in
kcal/mole)

Energy la Ib
Eror ~103.2438 —103.3720
dEqror 80.5 0.0
423€; 0.0 281.9
dWVau—V.) 362.4 0.0

In this work we report results of an MO theoretical inves-
tigation on a difference in chemical reactivity of the two
quinonoid double bonds focussing our attention on the effect
of orientation of nitrogen lone pairs. Since we are prima-



