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The recent progress in the quasi-continuity model and its applications in studying the low-frequency internal motions of
biological macromolecules have been surveyed. Emphasis is placed on revealing the origin of this kind of internal collective
motion, which involves many atoms and has significant biological functions. In light of such a line, the low-frequency motions
in a-helix structure, B-structure (including B-sheet and B-barrel), and DNA double-helix structure, the three most fundamen-
tal component elements in biological macromolecules, are discussed, and the corresponding physical pictures described, It
turns out that the low-frequency motion in biological macromolecules originates [rom their two common intrinsic characteris-
tics, i.e., they possess (1) a series of weak bonds, such as hydrogen bonds and salt bridges, and (2) a substantial mass

distributed over the region containing those weak bonds.

1. Introduction

During the last decade more and more experi-
mental results have emerged [1-7] indicating that
low-frequency motions in protein and DNA mole-
cules obviously exist. Meanwhile, various models
have been proposed, attempting to reveal the pos-
sible mechanisms. They can be classified as fol-
lows:

1.1. The elastic global model {8]

In this model a protein molecule was likened to
a continuous elastic sphere imitating heart breath-
ing or pulsation movement. And the following
formula taken from earth dynamics was used to
calculate the low-frequency mode for a globular

* Part of this paper was presented at seminars held in Kyoto
University, Japan, and in Los Alamos-National Laboratory,
USA.
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protein:
. 1 7E
™ pr? (1)

where 7 is the wave number, ¢ the speed of light
in vacuum, and E, p, and r are the Young’s
modulus, mass density, and radius of a protein
molecule, respectively. This is a model full of
imagination, which once played a role in stimulat-
ing development 1n this area, both theoretical and
experimental. However, this model could not re-
flect the sensitivity of the observed low-frequency
mode of a protein molecule to its conformational
change, as observed by Brown et al. [1]. In particu-
lar, contradictory to eq. 1, it was found at times
that the observed low-frequency wave number for
a bigger protein molecule was higher than that for
a smaller one [6]. All these problems are actually
caused by the fact that the model itself treats the
whole internal structure of a protein molecule as a
‘black box’ without considering its conformation.
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1.2, The harmonic model [9-11]

This model is actually a combination of the
classic normal mode theory with the modern com-
puter technique. In principle, it can reach to the
level of the constituent atoms of a protein mole-
cule, and hence much more detailed information
can be provided. But also because of this, the
approach is much more computationally demand-
ing. The results thus obtained depend very sensi-
tively on the choice or assumption of the empirical
potential functions. Besides, using this model, one
usually finds a frequency spectrum rather than the
dominant low-frequency mode, the one whose pho-
nons excited in number are in an overwhelming
majority owing to various favorable factors such
as the microenvironment [12,13], compared with
the other possible low-frequency modes in the
frequency spectrum thus found. Therefore, the
so-called dominant low-frequency mode is actu-
ally the one that possesses the greatest amplitude
and corresponds to the outstanding low-frequency
peak as observed. In other words, the current
harmonic model does not directly present an intui-
tive picture of the dominant low-frequency mo-
tion, which is a kind of collective internal motion
involving substantial atoms in a biomacromole-
cule and hence is most likely to be of primary
importance in biological functions [13-19].

1.3. The quasi-continuity model {20-23]

This model was established in an attempt to
simplify the calculation of the dominant low-
frequency motion by grasping the most essential
factors and neglecting those that are unessential.
As far as the depth of description is concerned,
this model lies between the elastic global model
and the harmonic model. Unlike the elastic global
model, the quasi-continuity model can reflect the
internal conformation of a biomacromolecule, but
on the other hand, justified by the physical char-
acter of low-frequency motion [13], it treats the
constituent atoms as a continuous mass distribu-
tion, thus greatly simplifying the calculation in
comparison with the discrete, normal mode model,
As an additional merit of the quasi-continuity
model, an intuitive physical picture is provided for
various types of dominant low-frequency motions

in biological macromolecules, respectively, which
is very useful for studying biological functions
[17-19].

In this review paper, the quasi-continuity model
will be summarized systematically. Before going
on, however, let us first see what factors are most
essential to the low-frequency internal motion of a
biomacromolecule.

2. The essential factors of low-frequency motion in
a biomacromolecule

In comparison with ordinary small molecules, a
biological macromolecule generally bears the fol-
lowing two unique features: (1) a series of weak
bonds, such as hydrogen bonds and salt bridges,
which actually play a role in stabilizing some
certain types of higher-order structures; (2) a great
number of atoms distributed around those weak
bonds. These two characteristics not only give
variety to the conformation of a biomacromole-
cule, but are also the origin of its low-frequency
internal motion. According to the report by Brown
et al. [1], the observed low-frequency peaks for
a-chymotrypsin and pepsin would immediately
disappear once they were denatured. This ap-
parently indicates that this kind of low-frequency
motion is very sensitive to the molecular confor-
mation, or more explicitly, to the distribution,
formation, or disruption of the weak bonds in a
protein molecule.

The above conception can serve as a criterion,
helping us to discern which factors are essential
and must be taken into account, and which are
unessential and may be treated by a rough ap-
proximation or even neglected in order to estab-
lish a simple but successful calculation model.
Later, we shall apply this criterion to approach
this subject from three different aspects in struc-
ture, i.e., the a-helix structure, B-structure (includ-
ing B-sheet and fB-barrel), and the double-helix
structure. The first two structures are the most
fundamental component elements in protein mole-
cules, and the third one stands for the basic struc-
tural pattern of a DNA molecule. The discussion
following such a line will naturally disclose the
origin of low-frequency motions in biological mac-
romolecules, as well as provide a series of convine-
ing demonstrations from different aspects.
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3. a-Helical structure

The quasi-continuity model has been used quite
successfully to calculate the low-frequency mo-
tions of a-helices with various microenvironments
in protein molecules [12,13,20,22]. As is well
known, a normal a-helix has 3.6 residues per turn,
with a hyvdrogen bond between the CO of the i-th
residue and NH of the (i + 4)-th residue; i.e., an
a-helix composed of n amino-acid residues gener-
ally has n — 4 hydrogen bonds. Consequently, a
collective fluctuation of these hydrogen bonds
along the axis of the a-helix will naturally give rise
to an accordion-like motion (see fig. 1). Besides,
the analysis in section 2 indicates that the covalent
(strong) bonds in a biomacromolecule are not
essential to the low-frequency internal motion. In
fact, the effect of their fluctuations can be ne-
glected because they either merely generate high-
frequency modes or reach a temporary equi-

Fig. 1. lllustration of an a-helix, (O) Peptide oxygen, (@)
peptide nitrogen, ( ~~~ ) hydrogen bond.

librium (corresponding to a local minimum in
energy) in a much shorter time than the period of
the low-frequency motion considered here.
Accordingly, for simplicity, rather than the dis-
crete lattice model, we prefer to use the continuity
model in which all the constituent atoms are
treated as a continuous mass distributed according
to some certain geometric shape, depending on the
conformation of the structure concerned. Based
on such a physical picture, an «-helix can be
compared to a spring whose mass, however, is not
negligible, viz., a spring with distributed mass.
Such a continuity model implies the following two
aspects of the origin: (1) a series of hydrogen
bonds that stabilize the frame of a helical struc-
ture, and (2) a continuous mass distribution that
further substantiates such a spring-like frame-
work.

However, an a-helix in a protein molecule may
have various terminal conditions, depending on its
microenvironment and location. For example, in
proteins a-helices often possess the terminal con-
ditions as itlustrated in fig. 2a, b, and c, respec-
tively. When in accordion-like motion, the for-
mulas to calculate their low-frequency modes are
as follows.

(1) If the two ends of a helix are linked to two
hard walls * via two mass-negligible springs (e.g.,
chemical bonds) whose force constants are K, and
K, respectively, as shown in fig. 2a, we have [20]

@

o1 K+ K*
Y= — B ——
2mc (af+a32)pL/3
where p is the mass per unit length along the axis
of the helix, L the total length of the helix axis, &
the stretching force constant of the helix, to be
given later (see eq. 11), and

K, K,
YK K, “TE K (3)
K, K
% _ b
K K, +K, )

(2) If at the two ends of a helix there are two
fragments attached whose masses are M; and M,,

* Here the ‘hard wall’ represents the compact portion of a
protein that has much greater mass than the helix.
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Fig. 2. The three different terminal conditions of an a-helix in
protein molecules. See the text.

respectively (fig. 2b), then we have [12]
k

G L (5)
2me \| M*+ (B2 + B3 )eL/3
where
MZ Ml
-2 il - 6
By M+ M, b M, + M, (6)
MIMZ
. i 7
M M, + M, (7)

(3) If one end of a helix is linked to a hard wall
through a mass-negligible spring whose force con-
stant is K, and at its other end is attached a
peptide fragment whose mass is M (fig. 2¢), then
we have instead [22]

. 1 Kt
= (8)
2ac Y M+ (1 +vy+7y2)pL/3
where
k
= 9
Y= TR (9)

kK
¥ =
K k+ K

(10)

In the above equations the stretching force
constant k of the helix is associated with the
constituent hydrogen bonds (fig. 1), and can be
calculated by the following formula [12]

6k /Si if j=0

12k, /(100 + 12 /) ifl<j<4
= 12k8/[10i+3+12/(j~4)] if5<5<8

12k8/[10i+6 +12/(j—8)] if 9</;<10

(11)
where
n,—4

izINT{ o } (12)

j=(n,—4) =11

where n, is the number of residues in the a-helix
and hence must be greater than 4, the truncation
operator INT represents taking the integral part
for the number following it; e.g., INT(7/3) =2,
INT(1/4) = 0, and so forth, and

kg = /(K% cos 0)F + (kY sin 6)?
=0.12 mdyn/A (13)

where 8 =~ 26° is the angle between the helix axis
and the constituent hydrogen bonds [20], and A},
=0.13 mdyn/A and k% =0.03 mdyn/A [24] are
the stretching and bending force constants of the
hydrogen bond, respectively. By means of eqs.
11-13, the stretching force constant of any given
a-helix can be easily determined.

Here let us take the insulin molecule as an
example, through which the calculation model can
be fully illustrated. It is well known that an insulin
molecule consists of A- and B-chains. The A-chain
contains two helical regions (residues A2-AS8;
A13-A20), and the B-chain contains one rather
longer helix (residues B9-B19). Among these three
helices, only the helix (B9-B19) is most likely
responsible for the observed low-frequency peak
of 22 em~! [6] because the other two helices
(A2-A8 and A13-A20) seem too short to generate
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Fig. 3. Schematic drawing of an insulin molecule (with permis-
sion from J.8. Richardson), in which the helix (residues B9-B19)
is shaded black.

any low-frequency modes within this range [12}. In
other words, our attention should be first focused
on the helix (B9-B19), which is specially marked
with black shading (fig 3) and termed as the
‘principal helix’ [12]. The amino acid sequence of
the helix (B9-B19) is [25]:

Ser -His-Leu-Val-Glu-Ala-Leu-Tyr-Leu-Val- Cys
(B9) (B19)
which consists of 11 amino acid residues, i.e.,
n,=11. Thus, according to eq. 12 we have i =0
and j=7. Substitution of these data, as well as of
eq. 13 into eq. 11, will yield

k=12k%/7=10.20 X 10° dyn/cm (14)
On the other hand, we have [12]

pL = the total mass of the helix (B9-B19)
=1228 g/N (15)

where N is Avogadro’s constant. The residues
B1-B8 and B20-B30 that attach to the two ends
of the helix (B9-B19) and can be treated as two
mass fragments are Phe-Val-Asn-Gln-His-Leu-
Cys-Gly and Gly-Glu-Arg-Gly-Phe-Phe-Tyr-Thr-
Pro-Lys-Ala, respectively [25]. Accordingly, we
have M, =901 g/N and M, =1346 g/N, which

via egs. 67, further give

B, =060, B,=040 M*=540g/N (16)
Substituting eqs. 14-16 into eq. 5, we obtain
1

27 X 3x101°

 0.20X10° X 6.023 x 102
540 + [(0.60)° + (0.40)°] x 12283

7=

=227cm™! (17)

which is in excellent agreement with the observed
low-frequency peak of 22 cm™~! [6]. This is also a
good explanation for why the same low-frequency
peak of 22 ¢cm ! was observed for insulin dimer as
well as insulin monomer, because both contain the
principal helix (B9-B19). Moreover, the above
illustration also discloses the essence of the domi-
nant low-frequency motion in the insulin mole-
cule, as reflected by the calculation process and
the model itself.

For the a-helix with different microenviron-
ments in a protein molecule, the equations for
calculating 7 mght be a little different in form (cf.
egs. 2, 5 and 8), but the essence of the accordion-
like motion resulting from the collective fluctua-
tion of their constituent hydrogen bonds remains
the same. In table 1 more calculated results for
other protein molecules, together with the corre-
sponding observations, are listed, all indicating a
good agreement between observation and calcula-
tion.

4. B-Structure

The model presented earlier for the accordion-
like motion of an a-helix is very successful in
explaining the observed maximum low-frequency
peaks for many protein molecules; however, re-
markable low-frequency peaks have also been ob-
served for some major-8 protein molecules, in
which there is no a-helix but extensive B-struc-
tures are observed. Therefore, it is necessary to
extend the discussion on the origin of low-
frequency motion to B-structures.
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A comparison between the observed low-frequency wave numbers for some biological macromolecules and their calculated results in

terms of our models

Biological Principal Form of Calculated Observed .
macromolecule structure involved motion wave number (cm ) wave number (cm~ )
a-Chymotrypsin helix (residues 235-—245) accordion-
like motion 30® 29 °
Pepsin helix (residues 225-235) accordion-
like motion 33° 32°
L helix 1 (residues 5-15) accordion- 27} o 25
ysozyme helix 2 (residucs 25-35) tike motion 26
Insulin helix (residues B9-B19) accordion-
like motion 23 * 22°¢
Immunoglobulin G the B-barrel with 9 breathing 28 28°¢
strands in Vi domain motion
the B-barrel with 7 breathing, 368 36"
strands in Vy domain motion
the B-barrel with 7 breathing 298 28 B
strands in Cpyy domain motion
Concanavalin A the B-barrel with breathing
14 strands motion 19 * 20°
DNA various individual standing )
intact DNA segments wave 30 * 30°
* Examples given in this paper. * See ref. 13. ® See ref. 1. © See ref. 12. 9 See ref. 3. ¢ See ref. 6. | See ref. 23. 8 See ref. 19. " See ref. 4.
" See ref. 5.
4.1. B-Sheet where My is the total mass of the 8-sheet, and Ag

As is well known, in a 8-sheet there are a series
of hydrogen bonds between its two adjacent
strands. The hydrogen bonds are formed between
every other backbone C=0 group of each strand
and every other backbone NH group of its adjac-
ent one (fig. 4a and b), and vice versa [26,27].
Thus, if an a-helix can be compared with a spring
with distributed mass, as treated in section 3, a
B-sheet can of course be compared to a ‘rods and
springs’ mattress as shown in fig. 5. Each rod in
this figure represents a strand, and each spring
denotes a hydrogen bond whose force constant
along the vibration direction is assumed to be k£.
When such a system is in accordion-like motion,
the wave number is given by [23]

3A k'B
\/w 1), (%)

and p are the numbers of its total hydrogen bonds
and strands, respectively. Eq. 18 can also be used
approximately to deal with a nonregular 8-sheet if
its nonregularity does not cause a large relative
variance in the mass of each strand and in the
number of hydrogen bonds between two adjacent
strands. Actually, for many S-structures in pro-
teins, the above condition can be satisfied quite
well.

Now let us apply eq. 18 to a typical representa-
tive of B-sheets in proteins. A statistical analysis
[28] for the known B-structures in proteins indi-
cates that the average number of strands per sheet
is 4.7, and most strands have 5-7 residues.
Accordingly, as a representative, we can consider
a B-sheet with five strands, each having six residues
plus CH,CO- and -NHCH; end groups. The num-
ber of total hydrogen bonds for such a 8-sheet is
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Fig. 4. Schematic drawing of (a) an antiparallel B-sheet, and
(b) 4 parallel B-sheet. The dotted line represents a hydrogen
bond between two adjacent strands. Note that in both cases
the hydrogen atoms bound to C* atoms are omitted.

(6+1)X(5-1)=4x7 [29]; ie, Ag=28. But
note that the hydrogen bonds in an antiparallel
B-sheet are along the direction of its accordion-like
motion (fig. 4a), whereas those in a parallel 8-sheet
tilt up or down with an angle of ~ 20° [30] along
that direction (fig. 4b). Therefore, we have

k% =0.13 x10° dyn/cm
(for antiparallel shect)

kfy= \/(k;, cos 20°)° + (k¥ sin 20°)°
=0.12 x 10° dyn/cm
(for parallel sheet)

where k§; and k% have the same definition as in
eq. 13. The mass of each residue in such a repre-

(19) |

111
—— ——
—— ——
g — —

Fig. 5. A ‘rods and springs’ mattress used to imitate the
accordion-like motion of a B-sheet in which there are five
strands and six hydrogen bonds between any two adjacent
strands.

sentative S-sheet is 111 a.m.u., the average mass
per residue for the known B-sheets [31]. Substitut-
ing

p=5 Ag=28
M =6X5%111=3330 amu.=3330g/N
(20)

as well as eq. 19 into eq. 18, we obtain

for the antiparallel sheet

A

(21)

_ [304cm™!
292 cm™}

for the parallel sheet

The above calculation illustrates that a f(-sheet
with five strands, each having six residues, can
also generate a low-frequency wave number of
~ 30 cm~!. Besides the trivial difference between
the two values in eq. 21 indicates that the effect
due to a tilted angle of approx. 20° in hydrogen
bonds is insignificant on the calculated low-
frequency mode. Accordingly, it is not necessary
in later calculations to make such a distinction
between the two cases, as shown in eq. 19. This
also justifies the approximate validity of the pre-
sent model, even for a twisted [B-sheet [27,32].
Further discussion and a comparison with obser-
vation will be given below.
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4.2. B-Barrel

According to the same conception, a [-barrel
can be compared to a ‘rods and springs’ cylinder
(fig. 6a). When such a cylinder is carrying out a
breathing motion (fig. 6b), its wave number can be
derived as [23]

1w\ [Askh
=— (sm—) o, (22)

we U

=

where Ay is the number of the total hydrogen
bonds in the B-barrel, and M, is its mass. Like-
wise, under the similar condition as mentioned
above for a nonregular 8-sheet, eq. 22 can also be
applied approximately to a nonregular B-barrel.

Now let us take concanavalin A as an example.
This molecule has been widely used as a molecular
probe in studies of cell membrane dynamics and
cell division. A striking feature of concanavalin A
is that it contains a big 8-barrel of 14 strands but
no a-helix at all, as shown by the schematic
drawing [33] in fig. 7. For such a $-barrel, we have
p=14, M =13320 g/N [34], and Agz=110 [35].
Substituting these data and k% = k§; = 0.13 X 10°
dyn/cm [24] into eq. 22, we obtain

;:

———1——(sinl)
7 X 3 x10" 14

y \/ 110 X 0.13 X 105 X 6.023 x 102
13320

=19.0cm! (23)

which is quite close to 20 cm™! [6], the maximum
low-frequency peak observed for concanavalin A.
Consequently, the dominant low-frequency mo-
tion observed in concanavalin A originates very
likely from the breathing motion of the S-barrel
therein.

5. DNA double-helix structure

If the conception regarding the origin of low-
frequency internal motion in a protein molecule is
correct, then this kind of motion must occur in a
DNA molecule as well. This is because in a DNA
molecule the following two factors that are essen-

tial to the low-frequency motion also exist: (1) a
series of weak bonds as reflected by many con-
secutive hydrogen bonds between the complemen-
tary nitrogen bases along the double-helix chains;
(2) a substantial number of atoms distributed over
such a structure, which also justifies the continuity
model applied here. We shall use the continuity
model to approach the low-frequency internal mo-
tion of a DNA molecule, the most important
genetic molecule in biolegy.

According to the continuity model as demon-
strated earlier for the fundamental structures in
protein molecules, the DNA double-helix struc-

. ] P

"‘\.\\F‘

- @ -
Y4
/ \

Fig. 6. Schematic drawing of (a) a ‘rods and springs’ eylinder
used to imitate the breathing motion of a B-barrel, and (b) an
illustration of such breathing motion when viewed from the
top of the cylinder.
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Fig. 7. Schematic drawing of concanavalin A (with permission
from J.S. Richardson).

ture can be compared with a ‘ribbons and springs’
duplex twiner, as illustrated in fig. 8. In this
schematic illustration the two DNA polynucleo-
tide chains are compared to two right-handed
helical ribbons intertwining around the same axis
Z, while the hydrogen bonds between a pair of
complementary bases are compared to a spring,
holding the double ribbons together and consecu-
tively rotating around the Z-axis by about 36°.
However, under thermal equilibrium, not all these
base-pairs are closed as held by the intact
Watson-Crick hydrogen bonds; some will be open
corresponding to a break in hydrogen bonds (or,
according to the physical picture in fig. 8, corre-
sponding to a snap of the springs). The closed-open
motion is familiarly known as ‘breathing’, which
is governed by the following thermodynamic rela-
tion [36]
Kopen
Closed base-pair = open base-pair (24)

The experiments gave [36]
1
—k— = <nbase> =38 (25)

open

Fig. 8. A ‘ribbons and springs’ double twiner system used to
imitate the collective fluctuations of the complementary hydro-
gen bonds in a DNA molecule, whose two polynucleotide
chains are compared with two right-handed helical ribbons
intertwining around the Z-axis, and whose hydrogen bonds
between a pair of complementary bases {denoted by hatched
rectangles) are compared with a spring, holding the double
ribbons together and consecutively rotating around the Z-axis
by about 36°.

which means that, on average, for every 38 closed
base-pairs there is an open base-pair. Besides,
NMR relaxation experiments have further demon-
strated [37] that the open base-pair is usually
sandwiched between closed base-pairs, i.¢., base-
pair opening is a single base-pair event. Therefore,
along a DNA molecule there are actually many
‘blocks,” which have a consecutive run of closed
base-pairs and which are separated from each
other by the open pairs (broken springs). Each of
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these blocks is called an intact DNA segment, in
which, however, the forces that hold the double
helices are no longer uniform because of the effect
of the open base-pairs close to its two ends (fig.
9a). Consequently, for any of these intact DNA
segments, the vibration amplitude between a pair
of bases along the hydrogen bond direction will
depend on its location: the nearer the base-pair to
an end of the segment, the larger its amplitude
will be, and vice versa (fig. 9b). Furthermore,
although eq. 24 represents a dynamic equilibrium,
the conversion period between a closed base-pair
and open base-pair is much longer [38] than that
of the low-frequency vibration observed for DNA
molecule, In fact the former is associated with a
‘break of spring,” which is already beyond the
elastic limit of a spring and hence no longer
belongs to any kind of elastic movement. There-
fore, within a certain interval of time that is much
longer than the period of the low-frequency vibra-
tion but shorter than the conversion period of the
closed-open motion, only the coupled effect of the
low-frequency vibration with a- particular closed-
open state, but not with the closed-open motion
itself, needs to be considered for the present calcu-
lation, at least as a first-order approximation. In
other words, the low-frequency vibration of inter-
est is presented as involving hydrogen-bond
fluctuations within a particular conformation of a
DNA molecule. Besides, for a given closed-open
state, the number of closed base-pairs as a con-
secutive run in a block of intact DNA segment is
generally quite large, as shown by eq. 25 (ie.,
{n...» = 1). This means that there is no broken
spring within quite long double intertwining rib-
bons. In this case, according to the above analysis
on the forces, the amplitude at the middle of an
intact DNA segment (corresponding to point C of
fig. 9b) must be much smaller than those at its two
ends (corresponding to points A and B of fig. 9b,
respectively), and can be virtually neglected. Con-
sequently, within each of these segments along a
DNA molecule, there actually exists a fundamen-
tal vibration that has the feature of a standing
wave, as illustrated in fig. 9c, where Z=L/2
(corresponding to C of fig. 9b) is the node, and
the antinodes are at Z =0 and L (corresponding
to A and B in fig. 9b, respectively). The continu-

Fig. 9. Illustration to show (a) a piece of intact DNA segment,
(b) how the amplitude of a complementary base-pair depends
on its location in this segment, and (¢) the feature of a
standing wave of such a collective motion. In (a), right beyond
the two ends of the segment are the open base-pairs which
separate 1t from the other intact segments along a DNA
molecule. In (b), the amplitude at A and B is the largest
because they are, respectively, the closest to an open base-pair;
and the amplitude at C, the middle point of the segment, is the
smallest. In (c), the node is at Z = L /2, corresponding to C of
(b), and the antinodes are at £ =0 and L, corresponding to A
and B of (b), respectively. The continuous curve represents the
picture of the standing wave at one instant, the broken curves
depicting it at other instants,

ous curve represents the picture of the standing
wave at one instant, the broken curves depicting it
at other instants. Based on such a physical picture
of a standing wave, for any given intact segment
in a homo-DNA double-helix molecule, the fol-
lowing formula has been derived [21] to calculate
its fundamental frequency:

1 (nbasc+1)kbasc

§=—
2e P el M)

(26)
where n,,,. is the number of the total closed
base-pairs in the intact DNA segment, k.. is the
resultant stretching force constant of the intact
Watson-Crick hydrogen bonds holding a pair of
complementary bases, and

(my= .

_ total mass of the homo-DNA molecule
total number of its base-pairs

total mass of the intact DNA segment

27
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Now let us use eq. 26 to calculate the low-
frequency modes in DNA molecules. As is well
known, a novel feature of the complementary hy-
drogen bonds in a DNA molecule is that base A
(adenine) is always bound to base T (thymine)
with two hydrogen bonds, and base G (guanine)
always bound to base C (cytosine) with three
hydrogen bonds, as may be expressed by A::: T
and G ::'C. Therefore, we have [24]

2k} =0.26 X 10 dyn/cm
for poly(A::: T) DNA

= 28
P2 ) 3k = 0.39 X 10° dyn/em (28)
for poly(G:::C) DNA
and
615g/N for poly(A::: T) DNA
(m) = o (29)
616 g/N for poly(G :::C) DNA

Substituting eqs. 28-29 as well as ny,. = (M)
= 38 into eq. 26, we obtain

for poly(A ::: T) DNA

-1
- 271 cm 5 (30)
for poly(G ::: C) DNA

V =
332 cm™!

However, for a general DNA molecule, the ratio
of (A+T):(G + C) is within the range
0.98-1.12:1 [39]; i.e., the ratio is very close to
1:1. Accordingly, for an intact segment in a gen-
eral DNA molecule, we can instead approximately
use the following data:

Kpase = 2.5k3;=3.25X 103 dyn /om (31)
{m)=615.5g/N, n,,.. =38

Substitution of eq. 31 into eq. 26 will yield
7=303cm™ ! (32)

which is in very good agreement with the maxi-
mum low-frequency peak of 30 cm ™! as observed
by Painter et al. [5] for DNA molecules.

One question might be raised: The value of
{ny,.> just represents a statistical average under
thermodynamic equilibrium, as implied in egs. 24
and 25. Therefore, different intact segments along
a DNA molecule will generally have different
numbers of closed base-pairs. If so, will we also

obtain very different low-frequency wave numbers
if the calculations are based on different intact
segments? The answer is no. This is because in eq.
26 the factor n,, .. appears in both numerator and
denominator, although in the numerator it has the
form of (#n,,,. + 1). Simple calculations show that
when n,,,. > 10 the relative change of 7 for differ-
ent ny . will always be less than 0.05. For exam-
ple, if ny, . in eq. 31 is taken between 20 and 50
[40], eq. 26 will give wave numbers within the
range of 30.6 and 30.2 cm™?!, both of which are
very close to the observed peak of 30 ecm™! [5].
This is a very good elucidation of why the ob-
served low-frequency peak is so sharp and stable
at approx. 30 cm™! in spite of the difference in
M. the number of consecutive closed base-pairs,
for a different intact segment in a DNA molecule
and its constant change with time as a conse-
quence of the so-called closed-open breathing mo-
tion, as described by eq. 24. In other words, the
low-frequency standing-wave motions occurring in
different intact segments of a DNA molecule will
generate almost the same wave number, 30 cm™ 1.

The physical feature just described concerning
the low-frequency internal motions in a DNA
molecule is very useful for understanding the dy-
namic mechanism of DNA ‘breathing’ and drug
intercalation, as described by Zhou [41]. This sub-
ject will be studied further in another report.

6. Conclusion

One of the frontiers today in molecular biology
is the study of low-frequency internal motions in
biological macromolecules and the relevant bio-
logical functions [13-19,41]. Consequently, it is
crucially important to reveal the origin of this
kind of interesting internal motion. It is reasoned
that the origin is due to the existence of a series of
weak bonds and a large number of atoms distrib-
uted around those weak bonds. The calculated
results based on such a conception and the corre-
sponding models are listed in table 1, where, in
addition to the three concrete examples illustrated,
some more examples are also incorporated. From
table 1 we can see that almost all the calculated
results are quite close to their corresponding ob-
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served values. The reason why the results thus
obtained are so good is that the adopted physical
models, although quite simple, contain the essence
of the matter, i.e., they reflect the real origin of
low-frequency internal motion in a biological mac-
romolecule. Consequently, although some very
complicated but unessential factors were neglected
during the current approximate treatment, the fi-
nal results thus obtained are still very close to the
observations. Apparently, this is because these
kinds of unessential factors are either cancelled
out by each other or reach an internal mutual
equilibrium in a much shorter time in comparison
with the period of the low-frequency motion con-
sidered here, as tacitly implied in the quasi-con-
tinuity model itself [13]. Especially, as an ad-
ditional remarkable merit, the calculation model
derived from such an origin provides us with a
clear and intuitive physical picture of low-
frequency internal motion for each of the three
most fundamental structures in biological macro-
molecules, which is very useful for the study of
biological functions [13-19,41].
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