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Conformational change of a helical polymer molecule induced by periodic modulation of the internal coordinates
around constant values of a uniform helix was studied by numerical calculation. We paid attention to the ‘spatial
resonance’ found by Yamamotet al, who carried out analytical calculation to a linear approximation
(Yamamoto, M., Kasai, K. and Hikichi, KJ. Macromol. Sci. (Phys.1967,B1(2), 213). The spatial resonance
means that when the wavelength of the modulation is equal to one turn of the helix, a finite amplitude of the
modulation of the internal coordinates leads to divergence of the fluctuation in the external coordinates. We found
that the molecular conformation in the spatial resonance induced by the modulation of the internal rotational angle or
the bond angle is not a straight helix but is deformed into a ring-shaped helix, which we call ‘ringed-coil’
conformation. On the other hand, the modulation of the bond length does not give rise to the spatial resonance. When
both the internal rotational angle and the bond angle are modulated in a proper way the molecular conformation
remains as a straight helix, but the atomic positions are displaced from those of the uniform helix. A few possible
applications of the concept of the spatial resonance are proposk2P8 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION In equation (1h represents one of the internal coordinates:

There are two types of coordinate systems used in the studytahne Eond;aggg:émg g?gdni?%ae’rggii'Cnctgégsglmz;t;gﬂal the
of the molecular conformation and the molecular motion of gler. Y 9

. i . : helix. r(n,t), ¢(n,t) and 7(n,t) are, respectively, the length
helical polymer molecules; one is the external coordinate .
system composed of the helix radius, the rotational angle of the chemical bond between théh and € + 1)th atoms,

. : : -~ which is called thenth bond hereafter, the bond angle
between the neighbouring monomers around the helix axis, ' ;
and the interval of the neighbouring monomers along the betvlveen thedr(th— t%])tg agd Th ?on;lsﬁarxzrl] ﬂ;\e rotagonal
helix axis, and the other is the internal coordinate system arnger aroun:iv I ﬂth ?irr]n a va rlm rofamplit ’d“’ avr\; \j"
composed of the chemical bond length, the bond angle and'®: respectively, the ime averagerplampliitude, wave

the internal rotational angle. The external coordinate systemItieonngt?_hgrsg;l\’/gg:]e?ﬁfsng ?ggs'gg'i""nl tz?%sseo?mgirn?ggrl%f
is suitable to express the intermolecular interaction : 9 P

potential. On the other hand the internal coordinate system _bonds; No iS & constant. Yamamotet al obtained an

is suitable to express the intramolecular interaction |trr1]teerehset||.ng rtﬁsems‘llr::tthaa'g’or\:mci‘h tlr?eeqeu?(Iartr?alonc?og:crjnngres
potential. Therefore, the interrelationship between the X, uctuat X :

external and internal coordinates has to be considered todlverges; they called this divergence ‘spatial resonance'.

study the molecular conformation and the molecular W€ carried out numerical calculation of the molecular
motion conformation determined by the internal coordinates given

Yamamoto and co-workers studied the thermal motion ﬁze?a?u;tlcir(;)gilr% ;%(?I;/e'&(:sorrgegngélmlt:tlc;gv?él](samgar;‘gto’s
in the crystal using the intenal coordinate systein found tﬁgt mod Iat'c.)n of tﬁe internal F?otat'onallO a[:] le to
According to Shimanouchi and Mizushithand Miya- u vatl ! ! 9

zawd, Yamamotoet al. deduced equations applicable to a satisfy the spatial resonance condition leads to drastic
non—u,niform helix connecting the internal and external change in the molecular conformation, from a straight helix

coordinates to a linear approximation. Their approximation ©© @ fing-shaped helix. ‘in this work the molecular
was based on the assumption that the thermal motionConforrnatlon induced by the modulation of the bond

deforms the molecular conformation from the uniform helix 2"9l€ and the bond length, as well as the internal rotational
but keeps the straight shape of the molecule. Using theseangle, is calculated in detail. The results are compared with

equations, they calculated the thermal fluctuation of the the results from the analytical calculation by Yamarretial.

external coordinates accompanying thermal motion of the

internal coordinates, which can be expressed as
MODEL AND CALCULATION METHOD

_ 2x(n—n,
h(n,t)=h+Ah COS(%-CO“HX)- 1) We consider a helical molecule composed of one kind of
atom. In this study, deformation from the uniform 18/5 helix
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is calculated. Atomic positions are calculated along the
following procedures. We consider the molecular con-
formation at a timd = ty, assuming that-wty + a = 0 in

equation (1), except when studying phase dependence

Initially the positions of the zeroth, first and second atoms
are calculated according to Shimanouchi, Mizushima and
Miyazawa equatiolfs® assuming that(0t) = r(Lto) =T,
o(11tg) ¢ and the rotational angle between the
neighbouring atoms around the helix axis is equal to the
value of the uniform 18/5 helix; and¢ are set to be unity
and the tetrahedral angle, respectively. The helix axis is
assumed to be identical with the axis of a Cartesian
coordinate system. The first atom is put on shaxis. We
consider a plan® containing the above three atoms. The
zeroth and second atoms are moved on the plBne
symmetrically for thex axis to make¢(1.t,) equal to the
modulated value determined by equation (1). The value of
N in equation (1) is set to be 1 to calculatél ty). For the
calculation ofr andr the valuen, is set to be 0.5. With these
values of ny the modulated internal coordinates are
symmetric for the first atom wherwty + o = 0. Then
r(0to) andr(1ty) are adjusted to the modulated values. The
position for thenth atom @ = 3) is calculated referring to
the positions of then(— 3)th, ( — 2)th and 6 — 1)th atoms
using the next equation.

vp=v,_1+r(n—21{ —cosep(n—1)e,
+sing(n—1) sint(n— 2)g,
(2

wherev, is the vector designating the position of thtn
atom. Geometry of the successive four atoms is shown in
Figure 1 Thea andb directions are, respectively, parallel to
the (0 — 2)th bond and perpendicular to the plane deter-
mined by the f — 3)th, ( — 2)th and 6 — 1)th atomse,,

e, ande, are unit vectors along the b and

—sing(n— 1) cos7(n— 2)e.}

c axes, respectively. These three unit vectors are given by

the following equations.

_ Mn-2
Iro_>l

€ (3)
_ M-3XTh_2
Irh_3 X rp_sl

(4)

®)

& =6 X &

n-3
&

r(n-3) n-2

wherer, is the vector from theath atom to the § + 1)th
atom, that is,

(6)

fh=Vnt1—Un

The value ofr, which is necessary to calculate the value of

7(n — 2) in equation (2), is calculated from Shimanouchi,
Mizushima and Miyazawa equatidits

RESULTS

Wavelength dependence

Molecular conformation is calculated for various wave-
lengths of modulation. The molecular conformations
induced by the modulation of the bond angle and the bond
length are shown irFigures 2 and 3 respectively. The
molecular conformations induced by the modulation of the
internal rotational angle are almost the same with those
shown inFigures 2 and 3as reported in a previous paper
Figure 2 show the projection to they plane of 72 atoms
(from the first to the 72nd atom). After the atomic positions
are calculated according to the method explained in the
previous section, the whole molecule is rotated arouncthe
axis to move the vector from the first atom to the 73rd atom
onto theyxzplane. The solid circles and the lines show the
atoms and the chemical bonds, respectively. The wave-
length is @) 18, (b) 18/2, ) 18/3, {d) 18/4, €) 18/5, ) 18/6,

(g) 18/7, ) 18/8, () 18/9; () is shown in onlyFigure 2 It
should be remembered that the value of the internal
coordinate determined by equation (1) with each of the
above wavelength values has a periodicity of 18 bonds. The
amplitude of the modulation i5¢ = 0.943 in Figure 2and

Ar = 0.0165 inFigure 3 The average of the relative
displacement between theth and @ + 3)th atoms
corresponding to these values &% and Ar is almost the
same as that correspondingAe = 1° used in Ref®.

It is apparent inFigure 2ethat the molecular conforma-
tion is significantly deformed from the uniform helix when
N = 18/5. When\ # 18/5 there are 18 solid circles. This
means that the molecule has the translational symmetry of
the uniform 18/5 helix. IrFigure 2dandFigure 2fthe solid
circles are notably displaced from the positions of the
uniform helix. This suggests that the deformation from the
uniform helix becomes significant as the wavelength
approaches to 18/5. On the other hand,Figure 3 all
molecules have the translational symmetry of the uniform
18/5 helix.

Positions up to the 1000th atom are calculated to

Figure 1 Geometry of the successive four atoms with the structural parameters used in the calculation
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Figure 2 Projection to thexy plane of the deformed molecules composed of 72 atoms with the modulation of the bond angle. The wavelength of the
modulation is &) 18, () 18/2, ) 18/3, {d) 18/4, €) 18/5, ) 18/6, @) 18/7, () 18/8 and i) 18/9. The solid circles and the lines show the atoms and the

chemical bonds, respectively

investigate the conformation induced by the modulation of the wavelength was equal to one turn of the helix. This

the bond angle closely arourdd= 18/5. The amplitude is

means that the divergence of the external coordinates found

the same with the above calculation. Results are shown inby Yamamoto and co-workefs® corresponds to the

Figures 4 and 5Figures 4 and 5show, respectively, the
projections to theyz and xz planes of the molecule. The
conformation with the modulation of the internal rotational
angle, which was already reported in a previous paper
almost the same as those showrrigures 4 and 5Atomic

positions are not corrected by rotation aroundxheis. The

deformation into the ringed-coil conformation.
Conformational change due to the modulation of the
internal rotational angle with a wavelength equal to a
multiple of 18/5 is calculated. Two cases such\as 2 X
(18/5) and\ = 3 X (18/5) are investigated and the ringed-
coil conformation is found in both cases. However, the

molecule is expressed by successive lines connecting everysingularity of these two cases is much weaker than the
18 atoms or open circles expressing every 18 atoms. Thecase ofA = 18/5. The amplitude of the modulation is set to

straight lines ) in each figure show the uniform helix. The
wavelength islf) 18/4.9, €) 18/4.95, ¢) 18/4.995, ) 18/5,
(g) 18/5.005, ) 18/5.01, {) 18/5.05 andj] 5.1.

Figures 4 and 5show that significant deformation from
the uniform helix occurs in a narrow range of the
wavelength around = 18/5. At a wavelength close to
18/5 the helix axis is deformed from a straight line into a
helix; the molecular conformation is a coiled-coil. As the

be 5. The radius of the ring & = 2 X (18/5) and\ = 3 X
(18/5) is, respectively, 650 and>2 10* while it is 100 when
A = 18/5 with an amplitude of °1 The singularity at the
wavelength equal to multiple turns of the helix was not
pointed out be Yamamoto and co-workers The new
singularity will be obtained by calculation in higher order
approximation.

The mode of the modulation with a wavelength equal to

wavelength approaches to the 18/5 the radius of the helix one turn of the helix was calle@&(0) mode’ by Yamamotet
becomes larger and the helix pitch of the helix axis becomesal. accounting for the symmetry of the atomic displacement.

smaller. Wher\ = 18/5 the helix axis becomes a ring. The
conformation atA = 18/5 will be called ‘ringed-coil’
conformation hereafter.

It should be noted that = 18/5 is the wavelength equal
to one turn of the helix. Conformational change starting
from a uniform 19/6 helix was calculated similarly to the
case of 18/5 helix, and the ringed-coil conformation was
found at A = 19/6. This shows that the ringed-coil
conformation is not due to the value of 18 or 5. Thus it is
confirmed that the ringed-coil conformation occurred when

However, the symmetry is based on the assumption that the
deformed helix is still in a straight shape. This assumption is
not correct as shown iRigures 4 and 5Therefore the term
‘E(§) mode’ is not proper in this case.

Amplitude and phase dependence

Dependence of the conformational change on the
amplitude and the phase is calculated. The wavelength is
fixed to be 18/5. The amplitude investigated is 1a61°
intervals forAr, and 1, 2, 3, 4 and 5 times 0.948r A¢. The
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Figure 3 Projection to thexy plane of the deformed molecules composed of 72 atoms with the modulation of the bond length. The wavelength of the
modulation is &) 18, (b) 18/2, () 18/3, @) 18/4, €) 18/5, () 18/6, @) 18/7 and ) 18/8. The solid circles and the lines show the atoms and the chemical bonds,

respectively
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Figure 4 Projection to theyz plane of the molecules composed of 1000 Figure 5 The same molecules with thosefigure 4 projected to thec

- S ) lane
atoms. The molecule is expressed by successive lines connecting every 18
atoms (&)—(e) and @)—(j)) or open circles expressing every 18 atorf)s (
The straight line &) is the uniform helix. 0)—() show the deformed
molecules by modulation with a wavelength b (.8/4.9, €) 18/4.95, () modulation of the internal rotational angle is the same as

18/4.99, €) 18/4.995, ) 18/5, @) 18/5.005, () 18/5.01, () 18/5.05 andjj 5 that of the bond angle. As the phaset + « becomes larger
the ringed-coil is rotated clockwise around tlzeaxis
stepwise at the step of 45This result is as expected because

calculated radius of the ring is given rable 1 The first the phase of the modulation varies by 3@@ring one turn

column shows the amplitude of the modulation. The second of the helix.

and third columns show the radius of the ring due to the

modulation ofr ande, respectively. The radius of the ringis  Complex mode

almost linear to the inverse of the amplitude within the  As mentioned above, the conformational change induced

amplitude range investigated. by the modulation of the internal rotational angle is similar

The phase-wt + « in equation (1) is changed from 0 to to that of the bond angle. It is expected that a proper
315 at 45 intervals. Phase dependence in the case of thesuperposition of the modulation of the bond angle on the
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Table 1 Amplitude of the modulation and radius of the ring of the ringed- o2k T T T T ]
coil conformation L _
Amplitude Modulation Modulation e 0: ]
)2 of 7 of ¢ -0.021- 1 -
Ag 99.9 99.2 T
2% A, 49.9 296 0.021 ]
3 X Ag 33.2 33.0 s ok _
4% Ag 24.9 24.7 - i
5X Ag 19.9 19.7 002 -~ TV
& Ag=1for At andA, = 0.943 forA¢ N i
< 0o .
Table 2 Amplitude of the complex mode of the internal rotational angle -0.02f A S
and the bond angle with their ratio 0 10 20
AdlA Atomic number
Ar (9) Ad (%) T Figure 6 The displacement of atoms due to the modulation of the
1 0.936 0.936 complex mode from the position of the uniform helix, dfé and & are
2 1.872 0.936 displacements in the radial direction of the helix, in the rotational direction
3 2.808 0.936 around the helix axis, and in ttedirection, respectively
4 3.744 0.936
5 4.679 0.936
T T T T T T T T T T T
0.5t e o .
. . . . » e Q i
modulation of the internal rotational angle will lead to a .
straight helix because of compensation for tendency to i ® 7
curve the helix axis. Such a type of complex mode is T e o 7
investiagted by a trial and error method. The wavelength i 7
andAr are set to be 18/5 and,Irespectively. The\¢ is > 0 © ©
changed until the 73rd atom comes to the position right ro. .
above the first atom. The phaset + « of r and¢ are fixed N ®
to be 0 and 180 respectively. A similar calculation is B ¢ s 7
carried out forA7 = 2, 3, 4 and 8 The complex mode - 9 6 -
which keeps the straight shape of the helix is found for each -0.5f R .
value ofA7. Values ofA7 andA¢ are given inTable 2with I IS

the ratio ofA¢ to Ar. The values oA¢/A7 agree very well
with each otherFigure 6shows the displacement of atoms
from the position of the uniform 18/5 helixz\7 andA¢ are Figure 7 Projection to thexy plane of the atomic positions of the uniform
set to be 5and 5% 0.936, respectively. IrFigure 6dr, d6 helix (solid circles) and the same molecule witiyure 6 (open circles)
and d are displacements in the radial direction of the helix,
in the rotational direction around the helix axis, and inzhe  rotational angle and the bond angle. However, it should be
direction, respectivelykigure 7 shows a projection of the  noted that the atomic displacement due to the complex mode
atomic positions to thety plane. The solid and open circles s not confined in a plane parallel to thg plane, as shown
are the atomic positions of the uniform helix and the same in Figure 6, and the projection of the atomic displacement is
helix with Figure 6, respectively. not rotation around the helix axis, as shownFigure 7.
Therefore the spatial resonance of the complex mode does
DISCUSSION not correspond to the thermal motion of the rigid helix
around the helix axis in the polyoxymethylene crystal.
The work by Yamamotet al. was carried out to explain the  Molecular motion expressed by a soliton md%elanother
thermal motion of the rigid helix around the helix axis possibility to explain the molecular motion around the helix
observed by Chibat al. in the crystal of polyoxymethyl-  axis.
en€d. They suggested that thermal motion satisfying the |t is found that only small modulation of the internal
condition of the spatial resonance is the motion of the rigid rotational angle or the bond angle around the constant value
helix around the helix axis. Since the molecular conforma- of a uniform helix can lead to a significant change of the
tion in the polyoxymethylene crystal is taken to be an 18/5 whole conformation. The deformed conformation does not
helix neglecting the difference between the carbon and always have the translational symmetry of the original
oxygen atoms, the results of our calculation can be applied uniform helix if the modulation itself has the periodicity of
to this case. The thermal motion in the crystal must keep the the original uniform helix. The ringed-coil conformation
straight shape of the helix. As shownTable 1the radius of  occurs when the wavelength is equal to one turn of the helix
the ring of the ringed-coil conformation is about 100 times or its multiple. It should be noted that one turn of the helix is
the bond length when the amplitude of the modulation is not a length equal to a multiple of the interval of
only 1°. The typical thickness of the polymer crystal is neighbouring atoms. The geometric feature of a continuous
similar to the radius of the ring. The spatial resonance mode helix is essential for the occurrence of the ringed-coil
of only the internal rotational angle or the bond angle give conformation. Yamamotet al.! pointed out that the spatial
rise to too large curvature of the helix. resonance occurs due to accumulation of deviation from
The spatial resonance mode which keeps the straightthe uniform helix because the period of the deviation is the
shape of the helix is the complex mode of the internal same as the turning period of the helix. Occurrence of the
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spatial resonance when the wavelength is equal to a multipleorder divergence in equation (7) and equation (10) is equal
of the helix turn means that the accumulation effect is not to zero. The obtained value is 0.936 in very good agreement

linear to the modulation.
In the linear approximation studied by Yamametioal.

with the values iriTable 2 The same value can be obtained
from equation (8) and equation (11). This is consistent with

the external coordinates were assumed to change sinusoidaliythe above consideration that only the second order

accompanying the sinusoidal modulation of the internal
coordinates. According to their analytical calculation the
amplitude of the sinusoidal change in the external
coordinates diverges as follows. The following equations

divergence is important for the drastic conformational
change.

A few possible applications of the concept of the spatial
resonance are mentioned belowable 1shows that the

are shown in condensed forms to show the essential partsadius of the ring of the ringed-coil conformation is less than

resp?nsible for the divergence; the full forms are given in
Ref. *.
Modulation of7:

Ap=f,(K)(cosd — cosk) ~2Ar (7)
A9 =1f,(K)(cosb — cosk) ~2Ar (8)
Ad = f,(k)(cosd — cosk) ~*Ar (9)

Modulation of¢:

Ap= (f4(K)(cosf — cosk) ~2 + f5(k)(cosh — cosk) ~1)A¢
(10)

Af = (f5(k)(cosf — cosk) ~2 + f,(k)(cosh — cosk) ~H)Ag

(11)
Ad = fg(K)(cosf — cosk) ~*A¢ (12)
Modulation ofr:
Ap = fq(K)(cosh — cosk) ~Ar (13)
A = f10(K)(cosf — cosk) ~1Ar (14)
Ad =", Ar (15)

In equations (7)—(15)p, A¢ andAd are the amplitude of
the modulation of, respectively, the helix radius, the

20 times bond length when the amplitude is. Fhis
suggests the possibility of a rather sharp turn of the molecule
in solution or melt without mixing of théransandgauche
conformations. Such a sharp turn will be able to occur in a
hard chain in which conversion from ti@nsto gaucheor

vice versa is difficult.

The spatial resonance may reduce the magnitude of the
force constant relevant to the change in the shape of the
whole molecule. Large deformation of the whole molecule
occurs with only small change of the internal coordinates.
The increase of the internal energy due to the deformation
will be small because the internal energy mainly depends on
the local conformation determined by the internal coordi-
nates. Large deformation with small increase of the internal
energy means that the force constant is small.

The small force constant suggests that the molecular
motion satisfying the condition of the spatial resonance
mode will have a large amplitude and a small frequency. it
should be noted that experimental results and computer
simulations about various protein molecules showed that the
relative motion between the rigid secondary structures
connected together by a flexible part is very slow with a
large amplitud® Such a mode of molecular motion may
correspond to the molecular motion satisfying the condition
of spatial resonance.
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