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The occurrence of low-frequency motion in biomacromolecules, which had long been speculated upon with a great deal of skepticism,
is now a clearly established phenomenon and has been convincingly demonstrated. The next stage in the process of its elucidation
appropriately concerns the determination of its origin, the development of a feasible and effective model for the calculations involved
and, more importantly, the extending of investigations on its biological roles in order to gain insights into the various interesting
mechanisms underlying the dynamic processes occurring in biomacromolecules. Confronted with such a task, this review has been
written with the aim of stimulating further, through a systematic and comprehensive description, developments to open up this
exciting frontier of molecular biology, especially from the viewpoaint of biological functions.

1. Low-frequency internal motion
1.1. An interesting “deficit’ in free energy

At the outset, it is instructive to consider the thermodynamic relation for the following reaction
I+R=IR 1)

where I denotes insulin, R the insulin receptor and IR the associated complex. According to experiments
[1], the free energy for the above reaction is AG= —12 kcal /mol. However, it is well known that, when
two such molecules bind together, there is a loss of three translational degrees of freedom and of three
rotational degrees of freedom, resulting in a loss of translational entropy (45,.,,) and of rotational entropy
(AS,,,). Therefore, the free energy for eq. 1 can be written as

AG = —T(AS,,, +AS,y) + AG* 2)

where AG* is the contribution of all other factors to the free energy of association. The quantities AS,,,
and AS,, can be calculated, yielding T(AS,,,, + 4S,,,) = — 30 kcal/mol at T = 300 K [2]. Substituting this
quantity as well as G= —12 kcal/mol [1] into eq. 2, we obtain AG* = —42 kcal /mol, which is quite a
large negative quantity. The problem which is thus presented concerns how such a large value of the free.
energy can be attained, or the establishing of the source from which AG* originates. It is well known that
when insulin and insulin receptor become associated with each other, no covalent bond is formed, only
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weak bonds such as hydrogen bonds and van der Waals bonds being involved. However, the weak bonds
here do not make significant contribution to the free energy [3]. As a matter of fact, the experimental value
of the enthalpy for association between insulin and insulin receptor is AH = —2 kcal/mol [1], clearly
indicating that intermolecular bonds contribute only very slightly to AG*. Fortunately, there is a speical
interaction, the so-called hydrophobic interaction, which has played an important role in the understand-
ing of many phenomena concerning the-interactions of biological thacromolecules. Let us now consider the
consequences of taking the hydrophobic interaction into account. It is known that 1 A2 of a protein-acces-
sible hydrophobic surface [3] contributes —25 cal of free energy when such an area is buried within a
protein after being originally exposed to water molecules [3]. On this basis, it was found that the
hydrophobic interaction would contribute a free energy of AGyy,, = —32 kcal/mol [2] to the binding
reaction between insulin and insulin acceptor. Nevertheless, as shown in the following equation

AG* = AH + AGyyy + ? 3)
(-4) (-2) (-32) (-9)
there still remains a free energy of about —8 kcal/mol that cannot be balanced. We term such an
unbalanced quantity a ‘deficit’.

A similar deficit also occurs for the binding reaction between insulin and insulin antibody [2].

This at first appears to be very puzzling. However, on checking the above thermodynamic analysis
carefully, a mistake resulting from negligence becomes evident. The pitfall is that although three
translational and three rotational degrees of freedom are lost after binding of the two molecules, it may be
forgotten that six vibrational degrees of freedom are generated simultaneously. This type of contribution is
easily overlooked, unless the frequencies of these vibrational degrees of freedom are very low, since the
entropy effects resulting thereby are extremely small and can be safely omitted. Only when the frequencies
are at least two orders of magnitude lower than those found in ordinary molecules, do the vibrational
entropy effects become conspicuous. This point will be further illustrated in section 1.2.

1.2. Entropy effects of low-frequency phonons

As is well known, an oscillator with frequency » will excite phonons, each of energy hw, where A is
Planck’s constant. Since phonons fall within the category of bosons [4], at thermal equilibrium, the mean
number {n) of phonons thus excited can be described by Bose-Einstein statistics; i.e.

1 1
<n> = othr—n)/keT _ 1 =0 - " /KT _ | (4)
where k, is Boltzmann’s constant, T the absolute temperature, and g the chemical potential which is
equal to zero in this case because the number of phonons is not conserved [4]. The energy of phonons
created by 1 mol of such oscillators should be

Epon = N(n)hv . (5)
where N is Avogadro’s number. The specific heat of the phonon system is
‘ oE h 2 ehr/keT
phon _ ‘phon - X [ 4 6
o), =27 ©

(ehv/ka 1)

Thus, the phonon entropy is

T
phon = /

CP'“’“ hv/kyT

ehv/kBT__ 1

dT=R[ —In(1 — e~ */%s7) (7
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Table 1
\
Relation between phonon entropy and frequency at 7= 300 K

i

# = /c, where ¢ is the speed of light in a vacuum.

Frequency Wave number Phonon entropy
QI ) (em™) - (Sphon) (e:00)
o0 00 0
1.2x10™ 4000 ~1077
9.0x10%? 3000 ~10-°
6.0x10%? 2000 ~1072
3.0x10%3 1000 0.1
2.4x10" 800 0.2
1.2x10% 400 10
6.0x10" 200 22
3.0x10% 100 34
1.5x10" | 50 48
3.0x10" | 10 8.2
3.0x10%° 1 12.7
3.0x10° \ 0.1 17.3
3.0x108 | 0.01 219

b 0 )

where R is the gas constant. Table 1 lists the values of the phonon entropy calculated according to eq. 7 at
T =300 K for various frequencies. The vibrational wave numbers found in ordinary small molecules are
# = 1000-4000 cm ™~ and the corresponding phonon entropies are in the range 10 '-10"" e.u,, i.e., far too
small to make any significant contribution to the free energy. Actually, this can also be understood directly
from eq. 4, which can be approximately expressed as

if hy > kyT .
(M) =\kyT/ho  if hy < kyT (8)

The above indicates that a high-frequency phonon has much greater energy than kg7, and hence is
scarcely excited by thermal motion. This is why the number of high-frequency phonons at room
temperature is almost zero, their contribution to the entropy being of course negligible. In contrast,
low-frequency phonons are much easier to excite at room temperature, therefore, one cannot ignore their
entropy effects.

We now return to the deficit problem in eq. 3. If each of the six vibrational degrees of freedom
generated after the binding reaction between insulin and insulin acceptor has a frequency of 10-50 cm ™!,
then they will contribute an entropy of AS,,, =49-29 e.u., which corresponds to a free energy of
AG,. = —TAS,, = —14.7 to —8.7 kcal/mol. This amount of energy is sufficient for being used to
compensate for the unbalanced deficit as occurs in eq. 3.

The above analysis provides us with an interesting clue in that internal motion with very low
frequencies (# = 10-50 cm ™) might exist in biomacromolecules and their complexes. We designate such a
region of frequencies the low-frequency region in order to distinguish it from those usually found in
ordinary molecules. This kind of internal motion, which exists uniquely in biomacromolecules, must be
some kind of collective motion involving many atoms. More important is that, in addition to the
explanation of the above thermodynamic deficit, it might possess some significant biological functions as
will be discussed later.
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1.3, Observed low-frequency motion

Recently, a growing body of evidence [5-9] has indicated that low-frequency internal motion of
# = 10-50 cm ™! clearly exists in biological macromolecules as shown in table 2, which lists the low-frequency
modes observed in the Raman spectra for some proteins and DNA. From table 2 we also note the
interesting phenomenon that for some proteins, such as insulin and S-lactoglobulin, both monomer and
dimer have the same low-frequency peak.

1.4. The existing theoretical models

With low-frequency motions being observed in more and more bioclogical macromolecules, various
models have been proposed, attempting to reveal the mechanisms of such interesting internal motions, and
they may be classified as follows:

1.4.1. The elastic global model [10]

In this model a protein molecule was likened to a continuous elastic sphere imitating heart ‘ breathing’
or ‘pulsation’ movement. The following formula in earth dynamics was adopted to calculate the
low-frequency wave number of a globular protein:

1 7E
2me por2

(%)

fj’=

where E, p, and r are the Young’s modulus, mass density and radius of the globular protein, respectively.
This is a model full of imagination and, at one time, did stimulate other developments in this area, both
theoretical and experimental. However, this model does not consider any internal conformation, and hence
cannot reflect the sensitivity of the observed low-frequency mode of a protein molecule to a conforma-
tional change, as observed by Brown et al. [5]. Besides, contradictory to eq. 9, it was sometimes found (see
table 2) that the observed low-frequency wave number for a larger protein molecule was higher than that

Table 2
Observed low-frequency modes in the Raman spectra of biomacromolecules

Biomacromolecules Molecular mass Observed Raman line

(Da) (cm™1)
a-Chymotrypsin * 22600 29
Pepsin * 35000 32
Lysozyme ® 14000 25
Insulin © { monomer 5 800 } »

dimer 11600
B-Lactoglobulin © { monomer 18000 } 25

dimer 36000
Concanavalin A © 55000 20
Ovalbumin © 44000 22
Bovine serum albumin © 67000 14
Adolase © 158000 32
Thyroglobulin © 669000 17
Bovine immunoglobulin G ¢ 150000 28

36 (shoulder)

DNA*® 30

® Ref. 5. P Ref. 6. © Ref. 9. 9 Ref. 7. © Ref. 8.
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for a smaller one. In particular, it is difficult to explain according to this model why, for insulin and
B-lactoglobulin, the monomer and dimer have the same observed low-frequency peak. All these problems
actually arise from the fact that the elastic global model treats the entire internal structure of a protein
molecule as a ‘black box” without considering its conformation.

1.4.2. The normal mode model [11-14]

This model is actually a combination of the classical normal mode theory with modern computer
techniques. In principle, it can reach the level of the constituent atoms of a protein molecule, and hence
much more detailed information can_be obtained. However, in order to realize this degree of detail, the
approach is much more computationally demanding. The results thus obtained are very sensitive to the
choice or assumption of the potential functions between atoms, which, however, are based on semi-em-
pirical principles. Consequently, for a long time to come, much work can be carried out in following such a
line, especially in continuously improving the potentials as well as the computation technique. Moreover,
using this model, one usually obtains a frequency spectrum rather than the dominant low-frequency mode,
the mode directly corresponding to. the observed outstanding low-frequency peak being listed in table 2.
Physically speaking, the so-called dominant low-frequency mode is actually that mode whose phonons
excited are overwhelming in number. and hence whose amplitude is the greatest in the frequency spectrum
owing to various favorable factors such as the microenvironment and the distribution of weak bonds
[15,16]. In other words, the current normal mode model does not directly present an intuitive physical
picture of the dominant low-frequency motion, which, as will be shown later, is a kind of collective
internal motion involving a substantial number of atoms in a biomacromolecule and hence is of primary
significance in biological functions.

1.4.3. The amorphous model [9]

It is presumed in this model that the vibrations represented by the density of states can be coupled in
such a fashion as to produce accordion-like motions [17], breathing motions [18], or any similar kind of
collective motion. Therefore, such an interpretation does not rule out the possibility of other explanations
and is actually complementary with them. This is an attractive model, especially in helping to gain an
understanding of why low-frequency Raman lines of proteins were always broadened.

1.4.4. The quasi-continuity model [17-19]

This model was proposed in an attempt to simplify calculation of the dominant low-frequency motion
by identifying the most essential factors and ignoring those that are insignificant. Insofar as the depth of
the description is concerned, this model is intermediate between the elastic global and normal mode
models, and hence can serve as a means of achieving the best compromise between the two extremes.
Unlike the elastic global model, this model can to some extent reflect the internal conformation and
microenvironment of a biomacromolecule, however, it treats the constituent atoms as a continuous mass
distribution, thus greatly simplifying the calculation in comparison with the discrete normal mode model.
An additional merit of the quasi-continuity model is that an intuitive physical picture is correspondingly
provided for each of the various types of dominant low-frequency motion in proteins and DNA, which is
very useful for investigating biological functions.

In fact, all four of the above models have stimulated developments in this area, albeit at different levels.
In addition, it is believed that a successful and complementary combination of those models will certainly
benefit studies in this field. However, here we shall focus our discussion on the quasi-continuity model, not
only because the formulae derived based on this model are very convenient and successful in calculating
the dominant low-frequency modes, but also because the explicit physical pictures described by the
quasi-continuity model are quite illuminating and effective in investigating the relevant biological
functions even for very complicated biological macromolecules.



8 K.-C. Chou / Low-frequency collective motion in biomacromolecules

2. Methods of calculation
2.1. The origin of low-frequency motion in biomacromolecules

In comparison with ordinary small molecules, a biomacromolecule generally possesses the following two
unique features: (1) a series of weak bonds, such as hydrogen bonds and salt bridges; whose, distri-
bution and arrangement play a very important role in dlctatmg the hlgher-order structue of the ;molecule;
(2) a large number of atoms distributed around those weak bonds. Both of these conspicuous features
provide an explanation not only for the ease with which a biomacromolecule undergoes conformatlonal
change, but also for the occurrence of low-frequency internal motion [20]. .

The above conception can serve as a criterion in helping one to grasp the essential factors and to ignore
the inessential features in order to establish a simple but accurate model for calculating the dominant
low-frequency motion. From the above analysis, it is clear that the factors essential to dominant
low-frequency interna! motion comprise the distribution of mass, the arrangement of weak bonds and the
geometry of the internal conformation. Details of how individual atoms fluctuate are not important, since
their effects either cancel out each other or reach an internal mutual equilibrium (corresponding: to a local
energy minimum) in a time much shorter than the period of the low-frequency motion [21]). The most
important effect related to the movements of individual atoms is that they might be coupled in such a
fashion as to generate a collective low-frequency motion. This kind of collective motion, however, can be
deduced directly from the continuity model without needing to consider the detailed behavior of individual
atoms. As regards high-frequency vibrations of a molecule, which involve very small relative displacements
and very strong chemical bonds, e.g., covalent bonds, between neighboring individual atoms, one must
investigate the details of the motions of individual atoms and resort to the discrete model. However, for
the low-frequency motion in a biomacromolecule, which involves a relatively much larger effective mass
and much weaker force constants (note that the force constant of a hydrogen bond is about two orders of
magnitude smaller than that of a covalent bond), and whose mode can be compared with an accordion-like
motion, breathing motion, or any kind of collective motion involving many atoms and spanning a much
greater distance than the length of a covalent bond, it is not only much more convenient but also
physically rational to treat the constituent atoms according to a continuous mass distribution as in the
quasi-continuity model. Such a treatment can also be rationalized by drawing a parallel between the
quasi-continuity model and Hooke’s law. The latter states that, within the elastic limit of any body, the
ratio of F, the stress, to x, the strain produced, is constant. As is well known, when a body experiences a
strain, all of its constituent atoms must undergo very complicated internal movements. However, it is not
necessary for one to follow the scholasticism of worrying about this kind of hair-splitting description. To
define uniquely the mechanical state concerned, it suffices for our purposes to use a continuous parameter
x as done by Hooke. Therefore, the validity of simplification as carried out in the quasi-continuity model
is now readily understood. In fact, the quasi-continuity model and Hooke’s law are quite similar as far as
-the rationality in simplifying the description is concerned. Below, we shall apply the quasi-continuity
model to derivation of the equations for calculating the dominant low-frequency motions in a-helix
structure, S-structure (including B-sheets and S-barrels) and DNA double-helix structure, the three most
fundamental component elements existing in biological macromolecules.

2.2. a-Helix

As is well known, an a-helix has 3.6 residues per turn. An a-helix of » amino acid residues generally has
n — 4 hydrogen bonds, with the i-th one spanning the CO of the i-th residue and the NH of the (i + 4)-th
residue (fig. 1). Therefore, a collective fluctuation of these hydrogen bonds along the axis of the a-helix,
coupled with its constituent atoms, will naturally give rise to an accordion-like motion, one of the typical
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Fig. 1. The a-helix in which the zigzag line denotes the hydrogen bond between the CO of the i-th residue and NH of the (i +4)-th
residue.

low-frequency modes in biomacromolecules. Based on such a physical picture, an a-helix can be likened to
a spring whose mass, however, is not negligible, viz., to a spring with distributed mass (fig. 2). This model
characterizes the origin of the low-frequency motion via (1) a series of hydrogen bonds that stabilize the
framework of a helical structure, and (2) a continuous mass distribution that further substantiates such a
spring-like entity.

However, an a-helix in a protein molecule may be subject to various conditions with respect to its
terminal ends, depending on its microenvironment and location. For example, in proteins the following
terminal conditions are often found to apply to an a-helix:

(1) One end of the a-helix is linked via a chemical bond to a part of the protein which is very compact
and of much greater mass than that of the helix, its other end being attached to a peptide fragment whose
environment allows it to move freely together with the accordion-like motion of the a-helix. Under such
circumstances, the very compact part of the protein can be treated as a ‘hard wall’ and the chemical bond
as a spring of negligible mass so that the entire system can be simplified to the one illustrated in fig. 3a,
where & is the stretching force constant of the a-helix, K the stretching force constant of the chemical
bond, and M the mass of the attached peptide fragment.
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Fig, 2. The a-helix viewed according to the quasi-continuity model. The corresponding hydrogen bonds are represented by the
vertical zigzag lines.
Suppose ¢ is the maximum extent of stretching of the entire spring system, then we have
c=o0, + o0y (10)

where ¢, and o, denote the maximum extents of stretching of the spring k (i.e., the a-helix) and spring X
(i.e., the chemical bond between the a-helix and the hard wall), respectively (fig. 3a). According to the
condition of force equilibrium

ko, =Koy (11)

as well as eq. 10, we also have

o,=(1-7v)o

Ox = YO } (12)
where

vy=k/(k+K) (13)

Suppose the length [22] of the helix axis is L, then when the spring system is in accordion-like motion, the
displacement of any point on the helix at any moment can be expressed, without loss of generality, by

u(x,2) = (x0,/L+oy)sinwt (0<x<L) , (14)

where  is the circular frequency. Furthermore, if p is the mass per unit length along the axis of the helix,
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Fig. 3. The three different terminal conditions often found for an a-helix in protein molecules: (a) one end of the a-helix is linked via

a chemical bond to a very compact portion of a protein, its other end being attached to a peptide fragment whose environment allows

it to move freely together with the accordion-like motion of the helix; (b) both ends of the a-helix are each linked via a chemical

bond to a very compact portion of a protein; and (c) the two ends of the a-helix are each attached to a peptide segment that can
move freely together with the accordion-like motion of the helix.

then the maximum kmeuc eﬁei'gy of a mass element pAx of the helix, at a distance x; from the connective
point of the helix with the spring K, is given by

[ox + (x,0,)/L] % (15)

maxA7}=—prm (ﬂ) —pr

2 dr
The total maximum kinetic energy of the spring system will be

du

max T= I;m [Zmax(AT)]+—max( T

) "%wz/LP(oK+xcl,(/L)2 dx + Muw?e?/2
0

To a fair approximation, p, the mass per unit length of the helix, can be treated as even. Thus, we have

max T = ngfL(aK +xa, /L) dx+ Mw?e?/2 = 3{ M+ My (1 +y+y2)/3} o%? (16)
0

where My is the mass of the a-helix. On the other hand, the maximum potential of the spring system is
max U=ko?/2 +Kol/2=K"%?/2 a7
where

K'=kK/(k+K)=yK (18)
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According to energy conservation, i.e., max 7 = max U, we immediately obtain the wave number of the
accordion-like motion:

Kt
2vrc M+(1+y+y2)My/3

(19)

~ 14
yV=- = —
4

The corresponding thermal amplitude of the a-helix can be determined as follows, According to eq. 4,
the average thermal vibrational energy of an oscillator with frequency » is (note for low-frequency modes
we generally have hy < kyT):

hy
<€>T= (n)hv=m = fkgT (20)

hy < kgT

However, according to egs. 12, 13 and 17, the maximum potential is

_KT g, 2__ k 2
max U= (1—7) T2 —y) % n (21)

Thus, the condition of energy conservation (¢), = max U will give

=\/ 20-vXe)r _ \/ 20— y)hv/k wEC "Z)knT (22)

k ehr/ksT _ 1

hykygT

(2) The two ends of the e-helix are both linked via a chemical bond to a highly compact segment with
relatively much larger mass than that of the helix. In this case, the a-helix can be considered as being
linked to two hard walls at both ends via two mass-negligible springs whose force constants are X, and
K,, respectively, as shown in fig. 3b. For such a spring system in accordion-like motion, the analogous
derivation yields

k+K*

2""‘ (a +a2)MH/3 (23)
where

=K,/(K,+K;), =K, /(K, + K,) (24)
K*=K1K2/(K1+K2) (25)

and the corresponding thermal amplitude of the a-helix is given by

[ 2e)s ~‘/ TkoT
°""\/k+K* “*Vi+k* (26)

(3) The two ends of the a-helix are both attached to a peptide segment that can move freely together
with the accordion-like motion of the helix, so that the whole system can be compared with the one
depicted in fig. 3c, where M, and M, are the respective masses of the two attached peptide segments. The
accordion-like motion of this system can also be derived similarly, its wave number being given by

oL k
y_2ﬂC\/M*+(ﬁf+ﬁ;)MH/3 (27)
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i3
Fig. 4. Blpsiration obiained by cutting and flattening the flank of the o-helix in ﬁg,.z.
where N
By =M/ (M, + M}, By =M, /{ M, +M,) » ¢ . (28)
M* = MM, /( M, + M,) o (29)
while the corresponding thermal amplitude is expressed by ’ L. '
p) 2knl : '

NNE o

The problem now remaining concerns the determination of the stretching force constant & for an
a-helix, since all other parameters in eqs. 19, 23 and 27 are known or can be easily obtained for any such
given system. According to fig. 1 and the relevant analysis in section 2.1, it is clear that the stretching force
constant & of an o-helix is essentially related to its constituent hydrogen bonds. In order to determine such
& relation, jet us first imagine that the flank of the a-helix in fig. 2 is cut off along a straight line paraliel to

its axis, and then flattened as illustrated in fig. 4. Thus, according 1o the combination relation of force
constants {16}, the resultant stretching force constant k for the

spring system as shown in fig. 4 can be
expressed as )
. 1 _ 4
"“1+1+1+1$} (31)
aky ~ Aky | 3k aky | kG
where

K=V (ki cos 8 + (&Y sin 8) =012 mdyn/A (32).
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where k= 0.13 mdyn/A and kP, = 0.03 mdyn/A [23] are the stretching and bending force constants of
the hydrogen bond, respectively, and § =26° is the angle between the helix axis (i.e., the direction of the
accordion-like motion) and the individual constituent hydrogen bonds [17]. By using induction, it can be
derived that, for an a-helix with n residues, the stretching force constant can be generally expressed as [15]

6k% |
5i for =0
12k5, , .
le/j fOI‘Alb S_] <4 |
k= o ‘ . (33)
12k5 for5<j<8 '
T =
10i+3+12/(; - 4) J=8
12k5 .
0it6+12/(j—8)  ords/=10 (
where
=(n- 4) — 11 ' , (34)

where the truncation operator INT represents taking the integral part for the number following it; i.c.,
INT(9/2)=4, INT(14/4) = INT(12/4) = 3, INT(2/3) = 0, et¢. Note that n in eq. 34 must be greater than
4 according to the definition of an a-helix. In terms of eqs. 3234, the stretching force constant for any
given a-helix can be easily determined.

Let us now take the insulin molecule as an example, through which the calculation model can be fully
illustrated. As shown in table 2, the Raman spectra indicate that a dominant low-frequency peak with a
wave number of 22 cm™~! has been observed for both insulin monomer and dimer. Such a phenomenon
cannot be explained in terms of the elastic global model as formulated in eq. 9, according to which it is
obvious that the larger the protein molecule is, the smaller the cotresponding low-frequéncy wave number
should be. Therefore, it is clear that the observed dominant low-frequency motion must originate from
some special internal structure that exists in both insulin monomer and dimer. It is well known that insulin
consists of an A chain and a B chain. The A chain contains two helical regions (residues A2-A8 and
A13-A20), the B chain containing one rather longer helix (residues B9-B19). Among these helices, only
the B9-B19 helix is most likely responsible for the observed low-frequency peak of 22.cm ™! [9], since the
other two -helices (residues A2-A8 and A13-A20) seem to be too short.to generate any low-frequency
modes-around this range [16]. Besides, they are also rather distorted and actually belong to structures of
the irregular helix type [24]. Therefore, our attention should first. be focused on.the B9-B19 helix, which is
indicated by the black shading in fig. 5 and is termed the pnnmpal helix, Its amino acid sequence is [24]:

Ser-His-Leu-Val-Glu-Ala-Lé Leu-Tyr-Leu-Val- Cys '
(B9) (B19)

whith consists of 11 amino acid residues, 1.e., n = 11, Thus, according to eq. 34, we- have i=0and j=17.
Substitution of these data as well as eq. 32 into eq. 33 gives : .

k=12kg/7 =020 x 10° dyn/cm ' - (3%)
On the other hand, we have
M;;= total mass of the B9—B19 helix = 1228 g/N Lo - ‘ (36)
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Fig. 5. Schematic drawing of an insulin molecule (with permission from J.S. Richardson), in which the helix (residues B9-B19) is
indicated by the black shading. : .

Residues B1-B8 and B20—-B30 that are attached to the two ends of the principal helix are Phe-Val-Asn-
Gin-His-Leu-Cys-Gly and Gly-Glu-Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-Ala, respectively {24], having re-
spective values of M; =901 g/N and M, = 1346 g/N. Therefore, according to eqs. 28 and 29, we have
B, =0.60, 8, =0.40 and M * = 540 g/N. Substituting these data as well as eqs. 35 and 36 into eq. 27, we
obtain ‘

~
y=

s 23 C
1 \/ 0.20 X 10° X 6.023 X 10 —27em L (37)

2rx 3% 10° |/ 540 + [(0.60)° + (0.40)°] x 12283

which is in excellent agreement with the observed low-frequency Raman peak of 22 cm ™! [9]. This is alsoa
Table 3 ' '

A comparison between the observed low-frequency wave numbers for some bipfdgica.l macromolecules and the results calculated in
terms of our models ’ :

Biological Principal Form_of s Wave number # (cm ')
macromolecule structure involved motinfm Calculated ‘ '_Ob served
a-Chymotrypsin helix accordion- * a 29.7°% 29°¢
(residués 235-245) like motion- -
Pepsin helix o 3300 32°
(residues 225-235) : '
Lvsozvme {helix 1 (residues 5-15) 270 d} 25
ysozym helix 2 (residues 25-35) 262
Insulin helix n7* 2f
(residues B9-B19) .
Immunoglobulin G B-barrel in V;; domain - breathing 283 3} 281
B-barrel in Cyy; domain motion / 286%f - - -
B-barrel in V; domain H . 358" 36
Concanavalin A the -barrel with. . 5. < &0 5 R 7 190* ., 20f
14 sttands . - Ao ) . .
DNA various individual e ‘s_thanding‘ S 303" 0°
intact DNA segments . wave .

* Examples given in the present paper. ® Ref. 15. ® Ref. 5. 9 Ref. 17.¢ Ref. 6. ¥ Ref. 9. & Ref. 18. » Ref. 8.
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very good explanation for the observation of the same maximum low-frequency peak for both insulin
monomer and dimer. This is apparently because they both contain the B9~B19 helix, which is the principal
structure involved in the accordion-like motion of generating such a dominant low-frequency mode.
Furthermore, when T = 300 K, substituting eq. 35 into eq. 30, we obtain o, = 0.2 A, the amplitude of the
thermal accordion-like motion of the a-helix.

For an a-helix with a microenvironment different from that above, different equations should be used
for calculating # (cf. eqs. 19, 23 and 27) and o, (cf. eqgs. 22, 26 and 30). Nevertheless, the essence of the
accordion-like motion originating from the collective fluctuation of the constituent hydrogen bonds is
equally valid. In Table 3 are listed more calculated results for the accordion-like motions of the principal
a-helices in other proteins, all indicating a good agreement with observations.

2.3. B-Sheet and B-barrel

The model presented above for the accordion-like motion of an a-helix is very successful in elucidating
the observed maximum low-frequency peaks for many protein molecules, however, outstanding low-
frequency peaks have also been observed for some proteins which contain no a-helical structure but
extensive B-structures, the so-called major-8 proteins. Therefore, it is necessary to extend the quasi-con-
tinuity model to 8-structures. '

2.3.1. B-sheet .

It is well known that in a B-sheet there are a series of hydrogen bonds between its two adjacent strands.
The hydrogen bonds are formed between every other backbone CO group of each strand and every other
backbone NH group of the adjacent strand (fig. 6), and vice versa [25]. Thus, if an a-helix can be
compared to a mass-distributed spring, a B-sheet can of course be compared with a ‘rod and spring’
mattress as illustrated in fig. 7, where each rod represents a strand, and each spring denotes a hydrogen
bond. When carrying out accordion-like motion (fig. 7), such a system will generate the following
low-frequency mode * (see the appendix)

'7=—\/[1 —COS(W/#)] ; ' (38)

where p is the number of the strands of the B-sheet, A the number of hydrogen bonds between any two
neighboring strands, k£ the force constant for each hydrogen bond of such type along the direction of the
accordion-like motion, and m the mass of each strand. Moreovcr, ed. 38 can be approximately extended
for calculation of the dominant low-frequency mode of a nonregula: B-sheet if the nonregularity does not
incur a large relative variance in (m}), the average mass of a. strand and in (A), the average number of
hydrogen bonds between two nelghbonng strands. Under such a cxrcumstance eq- 38 can be extended to

5= —\/[1 —cos('rr/u)] 2M (39)

where A, =(p ~ 1)(A) is the total number of hydrogen, bcmds of a nonregular B-sheet, and M = p(m) its
total mass. In fact, the above approximate conditions hold true quite widely for 8-sheet in proteins.

Let us now apply eq. 39 to a typical representauve of B-sheets in proteins. The statistical analysis of
Sternberg and Thornton [26] md1cates that the average number of strands per sheet is 4.7, and that most

* Note that eq. 38 is different from eq. 7 of ref. 18. The résult calculated in the latter does not generally represent a stable
low-frequency mode, whereas that in the former does, as pointed out by E.C. Wong (personal communication).
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Fig. 6. Antiparallel 8-pleated sheet: Hydrogen bonds, shown by zigzag lines, between the NH and CO groups of adjacent strands
stabilize the structure. Side chains, represented by R, lie above and below the plane of the sheet.

strands have five to seven residues. Accordingly, as a representative, we can consider a B-sheet with u=5
strands, each having six residues plus CH,CO- and -NHCH, end groups. The total number of hydrogen
bonds {27] for such a B-sheet is (6+1)X(5—1); ie., A =28 However, the hydrogen bonds in an

L J J J L

Fig. 7. A ‘rods and springs’ mattress used to imitate the accordion-like motion of a B-sheet in which there are four strands and five
hydrogen bonds between any two adjacent strands.
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antiparallel B-sheet are along the direction of its accordion-like motion, while those in a parallel B-sheet
are tilted up or down at an angle of ~ 20° [28] from that direction. Therefore, we have

k§; =0.13x10°dyn/cm for an antiparallel sheet
kf{ = 2 b - 2 5 (40)
\/( % cos 20°)" + (kg sin 20°)" =0.12 x 10° dyn/cm for a parallel sheet

where k§; and k}; have the same definitions as in eq. 32. The mass of each residue in such a representative
B-sheet is 111 a.m.u., obtained by taking a weighted average according to the frequencies of various
residues in the known pS-sheets [29]. Therefore, we have M, =6 X 5 X 111 = 3330 a.m.u. = 3330 g/N.
Substituting all of these data into eq. 39, we obtain

1 \/[14 (3) 6.023x10%x28
Y axX3x 10" ©o8ts 2% 3330 H

_ [26.6cm™! for the antiparallel sheet
25.6 cm™! for the parallel sheet

(41)

The above calculation illustrates that a 8-sheet with five strands each having six residues can also generate
a low-frequency wave number of 26 cm™!. Moreover, the trivial difference between the two values in eq.
41 indicates that the effect due to a tilt angle of ~ 20° in hydrogen bonds is insignificant with respect to
the result of a calculated low-frequency mode. Consequently, it is not necessary in subsequent calculations
to distinguish k§ as belonging to two classes as done in eq. 40. This also justifies the approximate validity
of the present model evén for a twisted B-sheet [25,30]. Further discussion and a comparison with
observations will be given below. :

2.3.2. B-Barrel

According to the same conceptlon low-frequency motion must also exist in a B-barrel (fig. 8). Actually,
in this sense, a B-barrel can be compared to a rods and springs cylinder (fig. 9a). When such a cylinder is
carrying out a breathing motion (fig. 9b), its frequency can be derived as follows. Assuming £ is the
maximum deviation of each rod from its own equilibrium position during the breathing motion, then the
displacement of the 4-th rod along the direction as shown in fig. 9b at any time can be described by

u(t)=¢sinor (i=1,2,...,6) ' (42)

o ey e

PERSS 89 8

Fig. 8. A stercoscopic drawing depicting a regular B-barrel composed of eight CH;CO-(L-Val);-NHCH; chains, obtained by
geometrically fitting the hydrogen bonds between all adjacent chains and as viewed along the axis of the barrel.
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1l
.;u‘l—"'"'—'
“\\"
/
a A i
f.
L7
N

Fig. 9. Schematic representation of (a) a ‘rods and springs’ cylinder used to imitate the breathing motion of a A-barrel it which ttiere
are six strands and five hydrogen bonds between any two adjaccnt strands, and (b) an illustration of such breathmg motion whcn
viewed along the axis of the cylinder. . v

where o is the circular frequency of the breathing motion, which, however, will bring about a change in
the distance between two adjacent rods, as giVen by

l(l+1)(t) = 'ul(t)ur+1(t)| Iu (0)u1+1(0)| —2£ sm(‘”/6) sin wt . i ‘ ) - . (43)
(l--—l 2,. 6,1+1--1when1——6) “‘"‘ L C ’ '

where |u,u, +1| reépresents the distance bctWecn the z-th and (t +1)-th rods. Thus, the total maximum
kinetic energy of the system carrying out such a breatlung motion is

6 _ o
max T = %’— Y max[dué—fr) = 3mw?§? Lo (44)

i=1

while the total maximum potential energy is
. 5 kﬂ 6 ey } ) 2 ) ) , -
max U= 8 ¥ max[ 4.1 (1)]" = 60kﬁ(sm%) £ ; (45)
i1
According to energy conservation, i.e., max U= max T, it follows that

R L e N )
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Fig. 10. Schematic drawing of concanavalin A (with permission from J.S. Richardson).

The above dérivation can be easily extended to a general case; i.c., for a S-barrel in which there are p
strands and A hydrogen bonds between any two adjacent strands, we generally have

B
p= Wic(sin%)v l\% (47)

Likewise, under the same conditions as in the case of B-sheets, eq. 47 can be approximately extended to
deal with a nonregular 8-barrel, as given by the following equation

™, (48)

1 ( ) w) Agkh,
where Aj is the total number of hydrogen bonds in the B-barrel, and My its total mass.

Let us now take concanavalin A as an example. This molecule has been widely used as a molecular
probe in studying cell membrane dynamics and cell division. A conspicuous feature of the molecule is that
it contains a large B-barrel with 14 strands [31] but no a-helix at all, as shown by the schematic drawing in
fig. 10. For such a B-barrel, we have p =14, My =13320 g/N [32], and Ay = 110 [33). Substituting these
values as well as k8 = k%, = 0.13 X 10> dyn/cm [23] into eq. 48, we obtain '

sin_w_)\/uo X 0.13 x 10° x 6.023 x 10%
14 13320

=

=19.0cm™? (49)

7rX3)<1010(

which is quite close to 20 cm™!, the maximum low-frequency peak observed by Painter et al. [9] for
concanavalin A. Therefore it is very likely that the dominant low-frequency motion observed in con-
canavalin A originates from the breathing motion of the B-barrel therein. The calculated results for
B-barrels in some other proteins and the corresponding observed values are listed in table 3.

2.4. DNA double-helix structure

If low-frequency internal motion exists in protein molecules, then this kind of motion must also take
place in a DNA molecule. This is because a DNA molecule also possesses the following two features
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Fig. 11. A ‘ribbons and springs’ double twiner system used to imitate the collective fluctuations of the complementary hydrogen

bonds in 4 DNA moleenle, whose two polynueleotide 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, bolding the double ribbons together and consecutively rotating around the Z-axis by about 36°.

deemed as prerequisites for the generation of low-frequency internal motion by a molecule: (1) a series of
weak bonds such as the complementary hydrogen bonds between its two polynucleotide chains, and (2) a
substantial number of atoms distributed around these weak bonds. Let us now consider the low-frequency
motion in DNA, the most important genetic molecule in molecular biology.

According to the quasi-continuity model as illustrated earlier for the fundamental structures in proteins,
the DNA double helix structure can be likened to a ‘ribbons and springs’ duplex twiner [19], as shown in
fig. 11, where the two DNA polynucleotide chains are schematically expressed by two right-handed helical
ribbons intertwining around the same axis Z, while the hydrogen bonds between a pair of complementary
bases are expressed by a mass-negligible spring, holding the double ribbons together and consecutively
rotating around the Z-axis by about 36°. However, at thermal equilibrium, not all of these base-pairs are
closed as held by the intact Watson-Crick hydrogen bonds. Some will be open, corresponding to the
rupture of the complementary hydrogen bonds. The closed-open motion is familiarly known as ‘breathing’;
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location in this segment, and (c) 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 it from the other intact segment along a DNA molecule. In (b), the amplitude at A

and B is the greatest, since they are, respectively, the closest to an open base-pair; and the amplitude at C, the center 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 Z = 0 and L, corresponding to A

and B of (b), respectively. The continuous curve represents the picture of the standing wave at a given moment, the broken curves
depicting it at other instants.

as governed by the following thermodynamic relation
Kopen ‘
closed base-pair = open base-pair (50)

with, under the general condition [34],

1
K = <nbase> =38 (51)
open

which means that, on average, for every 38 closed base-pairs there is an open base-pair. Therefore, along a
DNA molecule there are actually many “blocks’, each having a consecutive run of closed base-pairs and
these blocks are consecutively demarcated by the open base-pairs. Each of these blocks is called an intact
DNA segment, whose length may be expressed in terms of ny,., the total number of closed base-pairs
therein. Although there are many intact segments in a DNA molecule and their n,,,, values are, generally
speaking, different and actually fall within the range 20—50 [35], without loss of generality we can take one
of them as a representative and investigate its low-frequency internal motion. Suppose the intact segment
considered is that with n,;, = 21, which means the corresponding double helices are held by 21 springs.
Because of the effect of the open base-pairs near its two ends (fig. 12a), the forces that hold the double
helices are no longer evenly distributed along the segment but depend on the location: the closer it is to the
center of the segment, the stronger the force will be. Consequently, the vibrational amplitude between a
pair of bases along the direction of a hydrogen bond will also depend on its location: the nearer the
base-pair to the center of the intact segment, the smaller its amplitude will be, and vice versa (fig. 12b).
Furthermore, although eq. 50 represents a dynamic equilibrium, the base-pair lifetime (~ 1072 s) [36] is
much longer than the period (~ 10™!? s) of low-frequency vibration observed in DNA. Therefore, within a
certain interval of time that is much longer than the period of low-frequency vibration but shorter than the
conversion period of closed-open motion, only the combined effect of the low-frequency vibration coupled
with a particular closed-open state, but not with the closed-open motion itself, needs to be considered for
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the present calculation, at least as a first-order approximation. In addition, for an intact segment with
Pyae = 21 > 1, the amplitude at its center (corresponding to point C in fig. 12b) must be much smaller
than those at its two ends (corresponding to points A and B in fig. 12b), and can be virtually neglected.
Obviously, this kind of collective motion possesses the features of a standing wave, as shown in fig. 12c,
where Z = L/2 (corresponding to C in fig. 12b) is the node, and the antinodes are at Z=0 and L
(corresponding to A and B in fig. 12b, respectively). The continuous curve represents the picture of the
standing wave at a given instant, the broken lines illustrating it at other instants. The vibrational
displacement for such a standing wave can be formulated as:

u(z,t)={ cos(nz/L) sin wt (52)

where Z is the axis of the intact DNA segment, L its length which is actually the distance between two
antinodes of the standing wave, w the circular frequency and { the maximum amplitude. Recalling that the
number of base-pairs in this segment is n,, ., the spring that holds the i-th base-pair can be assigned on
the Z-axis as: :

z=(=1)L/(nps—1)

(i=1,2,...,n,.) ' (53)
Let the force constant of each such spring be k, .., the maximum vibrational potential is thus:
'/
k Poase 2 k ase 2 Npase i—1\r
max U= == % {7 cos )] = 22 Yoo ( {iol ) = (e + Dt /4 (54)
R i=1 Poase—1

On the other hand, the maximum kinetic energy of the standing wave in this segment is:

max T= ) (pAz/2) max( ) f (p$3?/2) cos?*(wz/L) dz = pL§*w?/4 (55)

where p is the mass per unit length of the DNA segment along the Z-axis. According to energy
conservation, for each of such intact segments in-a DNA molecule, we have max T = max U (note that the
potential energy corresponding to each open base-pair portion is assumed to be zero and its kinetic energy
is relatively much smaller when (n,,..> > 1 and hence can be neglected); it follows that:

= i (nbase+ l)kb*ase — L (nbase+ l)kbm (56)
2me pL pL Ry {m)

where

(m) =

total mass of the intact DNA segment _ total mass of the DNA molecule
Mpaee " total number of its base-pairs

(57)

We shall now use eq. 56 to calculate the low-frequency modes in DNA molecules. It is well known that
a novel feature of the complementary hydrogen bonds in a DNA molecule is that base A (adenine) is
always bound to base T (thymine) via two hydrogen bonds, and that base G (guanine) is always bound to
base C (cytosine) through three hydrogen bonds, as expressed by A:::T and G:::C, respectively. Owing to
these constraints, a homo-DNA double-helix structure must be either poly(A:::T) or poly(G:::C).
Therefore, we have [23]

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

k
3k% = 0.39 x 10° dyn/cm for poly(G:::C) DNA

(58)

base
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and

615 g/N for poly(A:::T) DNA N
(m) = “2{(59)

616g/N for poly(G:::C) DNA | 2
Substituting egs. 58 and 59 as well as n,, = (nmé}; = 38 [34] into eq. 56, we obtain
. ({2711 em™? for poly(A:::T) DNA . } (60)
Y=

332cm™! for poly(G:::C) DNA

However, for a general DNA molecule, the ratio of (A + T) to (G + C) falls within the range of 1 + 0.5
[38]. Accordingly, for an intact segment in a general DNA molecule, we should instead use the following
approximate data:

Kpaee = 2.5k} = 0.325 X 10° dyn/cm (61)
(m)=6155g/N, n,.. =38

Substitution of eq. 61 into eq. 56 yields

. 1 (38 +1) x 0.325 X 10° X 6.023 X 10** o

P X 3% 10° ‘/ 38X 615.5 =30.3 cm (62)

which is in very good agreement with the maximum low-frequency Raman peak of 30 cm ™! as observed
for DNA molecules [8]. It should be noted that an exceptional feature of eq. 56 is that the factor ny,,,
appears in both the numerator and denominator, although in the former it assumes the form of (n,,,. + 1).
Simple calculations indicate that the relative change of # for different values of n,,,, will always be less
than 5% if ny,. > 10. Such a condition can always be valid because the values measured for n,,. are
generally between 20 and 50 [35], with an average value of {(n.,. ) = 38 [34]. If n,,, is taken between 20
and 50, the wave number calculated in terms of eq. 56 will fall within the range of 30.6 and 30.2 cm™?,
both of which are very close to the observed low-frequency peak of 30 cm™! [8]. This is a very good
interpretation of why the observed low-frequency peak for DNA is so sharp and stable at 30 cm™! despite
the fact that the values of n,,, vary appreciably for different intact segments, the individual units
generating the standing wave, in a DNA molecule, and that the value of 7, is subject to change with
time as a consequence of the so-called close-open breathing motion. In other words, almost all the intact
segments in a DNA molecule will generate about the same low-frequency wave number. This point shoutd
be borne in mind, since it also has a particular significance in biological function as will be discussed later.

3. Biological functions

Our interest in low-frequency internal motion is more concerned with its biological functions. We shall
now investigate whether this kind of interesting internal motion plays a role in understanding the following
important phenomena in molecular biology.

3.1. What is the dynamic mechanism of the cooperativity in hemoglobin?

A basic and intriguing subject in current molecular biology is the elucidation of the allosterism of
oligomeric proteins from a dynamic point of view.

Usually the cooperative effects in an oligoprotein are roughly attributed to the interaction between its
subunits. However, through what kind of dynamic channel do the subunits interact with each other,
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especially if the binding sites in different subunits are separated by a large distance? Is there any intrinsical
relation between the dynamic process and the internal structures of the subunits? If these points are not
clear, many cooperative phenomena cannot be interpreted. Let us now take hemoglobin as an example,
which consists of two_a-subunits and two B-subunits, each having a binding site separated by 25-40 A
from the others! Accordmg to the general theory of positive cooperativity, a subunit, after binding to a
ligand, will exert, via the interaction of subunits, an influence on the active site of the next subunit so as to
increase its binding ctmstant with the next ligand. However, for the following positive cooperative
reactions ,

K
K,
HbO, + 0, = Hb(Oz )2

. (63)
Hb(0,), + 0, = Hb(0,),

K, .
Hb(0,), + O, = Hb(0,),

where Hb denotes hemoglobin, O, the oxygen molecule and K, (i = 1-4) the equilibrium constants, the
experiments indicate that, rather than X, > K, > K, > K, as expected according to the general theory of
positive cooperativity, we have instead

K,>K,>K;>K, (64)

Why is this so? Obviously this cannot be simply attributed to the general favorable interaction between
subunits, especially as here K, is actually one order of magnitude less than K,. However, as shown below,
such a phenomenon can be elucidated most naturally from the viewpoint of low-frequency collective
motion.

Firstly, let us recall a basic natural phenomenon as can be depicted in fig. 13, where four pendulums are
suspended from a wire, Two of the pendulums have the same period and hence form a pair, and so do the
other two. Thus, on displacing any one pendulum, the second member of its pair will start to swing, but
the others remain almost undisturbed. This is a simple example of resonance, from which we see that a
vibrating body can cause a second one to move in sympathy if they have the same intrinsic frequency and
are somehow coupled with each other. When two oscillators are in resonance, the energy transfer between
them takes place via feedback, and therefore has the following two exceptional characteristics: (1) high
efficiency, viz., nearly 100% of the energy can be transferred in such a way if there is no damping; and (2)
rapidity, meaning that the speed of resonant exchange in energy is much faster in comparison with that of
thermal exchange through collisions.

b E

Fig. 13. Two pairs of pendulums suspended from a wire.
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o-subunit £ - subunit lobln «
with heme with heme tetrameric hemoglobin o585

Fig, 14, Illustration demonstrating the formation of hemoglobin from its two a-subunits and two 8-subunits. The four subunits are
clustered into a tetrahedral orientation, held together by noncovalent interactions (from R.C. Bonhinski {38}, with permission from
Allyn & Bacon, Inc.).

If we compare the two a-subunits and the two B-subunits of hemoglobin with the two pairs of
pendulums in fig. 13, then the energy transfer between two like subunits will be much more efficient than
that between two unlike subunits. Moreover, the allosteric transition generally involves substantial
intramolecular displacement. However, when a portion of a biomacromolecule is excited to vibrate with a
given energy, the low-frequency motions will possess much greater amplitudes and result in much larger
displacements of atoms than any high-frequency motions. Therefore, from both energy ‘transfer and
internal movement, it can be anticipated that the low-frequency resonance is very likely to play a key role
during the allosteric process for hemoglobin.

To make this point more convincing, let us consider fig. 14 where the formation of hemoglobin from its
two a-subunits and two B-subunits is illustrated. Three-dimensionally, the four subunits are clustered in a
tetrahedral orientation maintained by noncovalent interaction. It is well known that each subunit contains
a bound heme group and eight helical segments labeled A-H as shown in fig. 15.

Fig, 15. The hemoglobin molecule: each subunit contains a bound heme group and eight helical segments labeled A-H.
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Suppose the eight helices in the a- and B-subunits are denoted by A, H,, and A g—Hg, respectively.
For horse hemoglobin their amino acid sequences are known as [39]:

A, Ser-Ala-Ala-Asp-Lys-Thr-Asn- Val Lys-Ala-Ala—Try-Ser-Lys-Val-Gly
(3) (18)
A, Ser-Gly-Glu-Glu-Lys-Ala-Ala- Val-Leu-Ala-Leu-Try-Asp-Lys-Val
(4) (18)
B,: His-Ala-Gly-Glu- Tyr-Gly-Ala-Glu-Ala-Leu-Glu-Arg-Met-Phe-Leu-Gly
(20) (35)
Bs:  Asn-Glu-Glu-Glu- Val-Gly-Gly-Glu-Ala-Leu-Gly-Arg-Leu-Leu-Val-Val
(19) (34)
C,: Phe-Pro-Thr- Thr-Lys-Thr-Thr
(36) (42)
Cg:  Tyr-Pro- Try-Thr-Gln-Arg-Phe
(35) : (41)
D,: His-Phe-Asp- Leu-Ser-His-Gly
- (45) . (51)
Dy:  Asp-Pro-Gly-Ala- Val-Met-Gly
(50) (56)
E_,: Ser-Ala-Gln-Val-Lys-Ala-His-Gly-Lys-Lys- Val-Ala-Asp-Gly-Leu-Thr-Leu-Ala-Val-Gly
(52) (11)
Eg: Asn-Pro-Lys- Val-Lys-Ala-Hls-Gly-Lys-Lys-Val-Leu-Hls -Ser-Phe-Gly-Glu-Gly-Val-His
(57) | - (19
F,: Leu-Ser-Asp- Leu-Ser-Asn-Leu-His-Ala
(80) (88)
Fg:  Phe-Ala-Ala- Leu-Ser-Glu-Leu-His-Cys
T (89) (93)
G,: Asp-Pro- Val-Asn-Phe-Lys-Leu-Leu-Ser-His-Cys-Leu-Leu-Ser-Thr-Leu-Ala-Val-His
(94) (112)
Gy: Asp-Pro-Glu-Asn-Phe-Arg-Leu-Leu-Gly-Asn- Val-Leu-Ala-Leu-Val-Val-Ala-Arg-His
(99) (117)
H,: Thr-Pro-Ala- Val-His—Ala—Ser-Leu-Asp-Lys-Phe-Leu-Ser-Ser-Val-Ser-Thx-Val—Leu-Thr -Ser
(118) ' (138)
Hy: ’(I‘hr %’ro-Glu—Leu—Gln—Ala—Ser- Tyr-Gln-Lys-Val-Val—A]a-Gly—Val Ala—Asn—Ala-Leu-Ala—Hls
123) (143)

where the numbers in parentheses beneath the residues indicate the sequence orders of the correspondmg
amino acid residues, counting from the amino end (N-terminal).

From the above description, we see that helices C, D and F contain no more than nine residues. They
are too short and unlikely to generate any low-frequency modes of lower than 50 ¢cm ™! [15], and hence will
not be considered further, The low-frequency accordion-like motions of helices A and H, respectively
located near the initial and terminal ends of the polypeptide chain, should be calculated according to the
model of fig. 3a and the corresponding expressions, eqs. 13, 18 and 19, while those of helices B, E and G
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should be determined according to ‘the model of fig. 3b as well as the corresponding equations (egs.
23-25). In calculations, however, K, and K, in egs. 24 and 25 and X in eqs. 13 and 18 should be
substituted by HINC’C*) = 0.19 X 10° dyn/cm [23], the bending force constant at the folding point, since
all helices along the polypeptide chain are folded with each other (figs. 14 and 15). However, the mass M
in eq. 19 for the cases of A, A,, H, and H‘é should be substituted by the mass of the corresponding end
sequential fragment Val-Leu, Val-Gln-Leu, Lys-Tyr-Arg and Lys-Tyr-His, respectively; therefore, we have

K =0.19 X 10° dyn/cm for the cases of A,, Ag, H, and Hp (65)
K, =K,=0.19 X 10° dyn/cm for the cases of B, By, E,, E;, G, and G

for the cases of
Al= {213, 341, 466, 447} g/N Au’ Aﬂ’ Ha and Hp’ respectivcly (66)

The values of k, the stretching force constant of the helices, can be calculated via eqs. 33 and 34, and were
found to be

{6/11,6/11,12/25,12/13,12/19} k& for A,, B,,E,, G,, H,, respectively 67
1 {6/5,6/11,12/25,12/13,12/19} k§; for Ag, By, Bg, Gg, Hy, respectively (67)

where k§; is given in eq. 32. Furthermore, according to the amino acid residue sequences of the helices, we
have

{ {1616, 1733, 1934, 2091, 2143} g/N  for A, B, E, G, H, respectively
H 3

68
{1598, 1665, 2157, 2117, 2150} g/N for A,B,E,G, H, respectively (68)

Using eqs. 13, 18 and 19 as well as the corresponding data in egs 32 and 65-68 we can calculate 7 NIRRT
¥a,» Pu,, the wave numbers of accordion-like motions carried out by helices A and H in a- and B-subunits,
respectxvely However, using eqs. 23-25 as well as the corresponding data in eqs. 65 and 67-68, we can
calculate 7y , 75, 75, and ¥y, 7, ¥g,» respectively. The results constitute the low-frequency spectra of
the a- and B-subunits, as can be expressed by

T, =T, ={%_, s, s, P, Pu_ } = {9.4,43.4,40.2,44.7, 7.9} cm™* (69)
Iy, =Ty, = {3a,, P, P5,» ¥, Pu,} = (10.7,44.2,38.0, 444, 8.0} cm™* (70)

The dynamic data given above will make the elucidation of the aforementioned puzzling phenomena
become very natural. According to the general theory of positive cooperativity in oligoproteins, once a
subunits has bound to a ligand, the energy released will somehow be transferred to the next subunit,
resulting in a conformational change there from a ‘tense state’ {39] or ‘inactivated state’ [42,43] to a
‘relaxed state’ or ‘activated state’, so as to increase its binding constant with ligand. Now, if this kind of
energy is transmitted through a resonance-coupled channel, then the efficiency of energy transfer between
two a-subunits or between two S-subunits is much higher than that between an a-subunit and a S-subunit.
This is because the low-frequency spectra of the two a-subunits or the two B-subunits are the same (cf. egs.
69 and 70). In addition, as is well known, the relationship of the resonant amplitude with the difference in
frequency is generally described by a particular type of steep function, such as the so-called delta-type
function; i.e., a slight difference in intrinsic frequencies between two coupled vibrators will cause the
resonance amplitude to diminish remarkably. Therefore, although the differences in the corresponding
terms between I, and I}, the low-frequency spectrum of the a-subunit and that of the B-subunit,
respectively, fall within the range of only 2.2 cm ™, the efficiency of energy transfer via the resonance-cou-
pled channe] between these two subunits will be comparatively significantly weakened. Consequently, the
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induced activation process will proceed much more easily between two like subunits than between two
unlike subunits. This is the reason for the fact that X, > K, and K, > K, but K, < K,, as indicated in eq.
64.

According to such a conception, we can further predict the order in binding ligands by stating that an
a-subunit (or 8-subunit) is always followed by the other a-subunit (or S-subunit) until both are occupied
by ligands, as described by the following sequence

[*av ay, By, .32] > [*ay, *ay, By, By] 2 [*a,, *ag, "By B,]

- [*ay, *a,, *B,, *ﬁz] (M)
or
[, @y, *By, B2l = [y, g, *By, *B] = [Ty, a3, *B,, *B,]

= [*ay, *ay, *B;, *B,] (72)

where subunits denoted with a superior asterisk to the left represent those having bound a ligand. (Note
that the a,- and a,-subunits are identical, as are the 8,- and B,-subunits. Therefore, the sequence order
between a, and a,, or between B, and 8,, is indistinguishable.) In other words, binding sequences such as

[*al’ Ay, .317 BZ] d [*al’ a, *le BZ] o } (73)
[al’ a3z, *Bl’ BZ] - [*als sy, *Bly Bz] - ...

are very unlikely to occur. At present, none of the published observations [39-41] violate such a deduction.

Furthermore, let us now consider in greater detail the allosteric transition from the viewpoint of
low-frequency collective motion. It is well known that the key to the allosteric transition of hemoglobin lies
in the position of the iron atom relative to the porphyrin plane [44]. Since the porphyrin is in contact with
about 60 atoms of the globin chain, any change in such a relative position will act as a very effective
trigger to initiate a sequence of conformational changes [39]. Observations m detail indicate that after
:A,bmdmg a ligand 02, the iron atom will almost simultaneously move about 0.75 A into the porphyrin plane
[39]. Such a conspicuous internal displacement, which plays a key role in the allosteric transition, is
"Jo\bviously far beyond the reach of any high-frequency amplitudes incurred in a protein through the mere
binding of a ligand. We shall now determine what will be expected for the low-frequency amplitude. In
terms of eqs. 22 and 26, the low-frequency amplitudes calculated at T = 300 K for helices A, B, E, G and
H fall within the region of 0.2-0.4 A. Although these magnitudes are much closer to the value of 0.75, Ain
cqmparxson with the corresponding high-frequency amplitudes, they are still much lower than such a
crmcal value. This is rational since, as expected, mere thermal movement certainly cannot trigger the
allosterlc transition without some additional ‘igniting energy’. The igniting energy is none but E*, the
energy released on binding of an oxygen molecule. Since this kind of reaction does not involve covalent
binding but merely coordination binding, the energy £* thus released might be not very large but it is still
at least greater than 10k, T If we take this additional igniting energy into account, and replace the thermal
energy {(¢);=kgT in egs. 22 and 26 by kgT +ynE* where 0 <% <1, as only a fraction of the binding
energy can be used to excite the relevant low-frequency motion, the low-frequency amplitudes thus
obtained can certainly reach the critical magnitude of 0.75 A as required for triggering a successful
allosteric transition. o

3.2. How.can the ‘chelate effect] and ‘trigger effect’ occur in an antibody molecule?

It is well known that antibody molecules generally exhibit two sets of interlinked functioné: (a)
recognition of foreign cells and macromolecules, and (b) triggering of the events leading to their
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Fig. 16. Schematic representation of an IgG molecule. Divided according to its geometry, the antibody molecule can be considered to
consist of two F,,, arms and one F, region. The antigen-binding site is at the terminal of the F,;, arm. Divided according to topology,
however, the molecule actually consists of two heavy (H) chains and two light (L) chains, which are folded to form 12 domains. These
are labelled V, (variable domain of the light chain), Vi (variable domain of the heavy chain), C; (constant domain of the light
chain) and Cyxl, Cy2 and Cy3 (the three constant domains of the heavy chain). Here, ‘constant’ signifies that a sequence is
conserved from one IgG to another, ¢ variable’ denoting sequence variability. Each of the 12 distinct domains contains a S-barrel.

elimination. The former function is taken care of by the two F,, arms of an antibody molecule as reflected
by the specific antigen-binding site (fig. 16), while the latter is localized in the F, region and, under
physiological conditions, comes into effect only after antigen binding to both F,, arms [45]. However, the
question as to how this ‘signal’ is transmitted from the F,, to the F, region remains open to debate. In
particular, on going more deeply into the principles of molecular immunology, we are often challenged by
asking the following questions: How can antigen binding at one site of an antibody molecule exert an
influence upon the other part of the molécule, leading to a remarkable change in conformation of the
latter? What is the dynamic process underlying this phenomenon? Through what channel is the energy
transported during such an allosteric transition? Here we shall approach these problems from the
viewpoint of low-frequency collective motion.

As is known, all antibody molecules are oligomers of a basic four-chain structure, i.e., they consist of
two identical ‘heavy’ (H) and two identical ‘light’ (L) polypeptide chains, connected at several points by
disulfide bridges (fig. 16). The L chain is shorter, comprising about 220 amino acid residues, while the
longer H chain has approx. 450 or 475 residues [46-48). They provide a classic example of a multidomain
structure, with 12 independently folded domains making up the whole molecule. The most striking features
of the antibody molecule is that each of the 12 distinct domains contains a 8-barrel [31,37,49], as depicted
schematically in fig. 16. Such an exceptional feature of the conformation not only displays a pleasant
harmony in the aesthetic sense, but also gives rise to some special biological functions, as will be seen later.
In fig. 16 the domains labelled V;, V, and C, denote the variable domain of the L chain, the variable
domain of the H chain and the constant domain of the L chain, respectively. In addition, the three H chain
constant domains are designated Cyl, Cy2 and C;3, respectively. Here, ‘constant’ signifies that a
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Table 4

Physical parameters characterizing the 12 S-barrels of the IgG molecule with respect to the three categories and corresponding
low-frequency breathing modes calculated according to eq. 48

Type Number Number of Mass of Number of Breathing
of of strands B-barrel hydrogen mode
B-barrel B-barrels n) (My) (Da) bonds (Ag) (%) (em™ 1)
Vy-barrel 2 g2 6640 * 50 % 283
V-barrel 2 7% 5440 * 42°* 358
Cyy-barrel 8 72 7104 * 358 28.6

* Ref. 49.

® Although there are nine strands in the V; domain, only seven form a S-barrel [49].

particular sequence is conserved from one immunoglobulin to another, with ‘variable’ meaning that the
sequence exhibits variability.

Let us now apply eq. 48 to analysis of the possible low-frequency breathing modes generated
respectively by the 12 B-barrels in the IgG antibody molecule. Before proceeding, it should be borne in
mind that, within the limits of the accuracy as expressed in eq. 48, the 12 fS-barrels can actually be
classified into three types as shown in table 4. The B-barrel located in the V,; domain is termed the
Vy-barrel and there are two such B-barrels in an antibody molecule. The B-barrel located in the V, domain
is termed the V; -barrel of which there are also two. All B-barrels located in C;, Cl, Cy2 and Cy,3
domains, however, belong to the Cy, -barrel type. There are in total eight C,,; -barrels. The low-frequency
modes calculated in terms of eq. 48 for the B-barrels of these three types, as well as the corresponding
parameters in the calculation, are listed in table 4. As one can observe, the calculated results are in good
agreement with the two maximum low-frequency peaks of 28 and 36 cm~! as observed by Painter and
Mosher [7]. Moreover, our calculated results are also a convincing explanation for the fact that the
observed low-frequency peak at 28 cm™' is much stronger in intensity than that at 36 cm™'. Obviously,
this is because in an IgG antibody molecule there are 10 8-barrels (two in the V;; domains, and eight in the
C., Cyl, Cy42 and Cy3 domains) that can generate the low-frequency breathing mode of 28 cm ™,
however, only two B-barrels (in the V; domains) can generate the low-frequency breathing mode of 36
cm™!, as indicated in table 4.

We shall now use the above calculated result in the discussion of a number of particular functions
carried out by the antibody molecule.

Firstly, let us briefly address the key implications of the dominant low-frequency amplitude, which will
help in following the later discussion. As is well known, for a given dominant low-frequency mode, the
larger the amplitude is, the more the corresponding phonons will be excited and the greater will be the
energy of the relevant domain. Accordingly, the following two aspects are naturally reflected by the
amplitude and are both clearly related to biological functions. (a) Conformation: when the dominant
low-frequency amplitude of a domain reaches its maximum value, the domain can be considered as more
easily reaching (or being triggered to become) the ‘relaxed state’ [39] or ‘activated state’ [42]; when the
amplitude is at a minimum, however, a favorable conformational change in that domain is unlikely to be
triggered, and hence it is quite stable in the ‘tense state’ [39] or ‘inactivated state’ [42]. A domain in the
former state has a much greater probability of binding to an antigen (or exhibiting the other effector
functions) than one in the latter [50]. (b) Energetics: when the dominant low-frequency amplitude of a
domain is larger, the energy barrier which must be surmounted for a successful biochemical reaction is
more easily overcome. Therefore, the variation of the dominant low-frequency amplitudes of various
domains in an antibody molecule will reflect not only the effects of physical coupling but, more
importantly, their mutual influence in biological function as well. These two points should be borne in
mind while discussing the following effects. ‘
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3.2.1. The chelate effect

An antibody performs such a specialized function that once one of the two F,;, arms has bound to an
antigen, the second arm will also become attached [51], manifesting a temarkable positive cooperativity
termed the chelate effect. We would like to understand such a special function from the dynamic point of
view. It is well known that the two antigen-binding sites of an antibody molecule are located in the
(Vy + V) domains of the two F,;,, arms, respectively (fig. 16). The variable (Vi + V) domain is also called
the F, region, reflecting the variations for permitting antibodies to respond to different antigens. It is also
well known that the two binding sites, or the two Fy = (V; + V) regions, are coupled with each other
through the disulfide bridges (fig. 16). However, according to table 4, both interconnected F,, regions have
identical dominant low-frequency spectra [43]; i.e.

Ty =Tpz = {By,, v, } = {28.3,35.8) em™! (74)

where #, and- P, denote the low-frequency breathing modes generated by the V- and V;-barrels,
respectively. Consequently, the energy can be transferred between the two binding sites through the
channel of the following two resonant coupling pairs: the pair of Vy;-barrels and of the V; -barrels (fig. 16).
Without loss of generality, let us first consider only the V,;-barrel pair. Supposing that when ¢ < 0 there is
no coupling relation (constraint), e.g., when the disulfide bridges aré broken, the two Vy-barrels are
completely independent of each other. Assume, under conditions of random thermal collision, that the
breathing motions of two such identical but independent S-barrels are expressed by

Q) =4 cos wyt
Q, = A sin wyt

}(for t<0) (75)

where Q denotes the variation of a B-barrel’s radius from its equilibrium position due to the low-frequency
breathing motion, A4 is the amplitude and wy = 27c#y  designates the corresponding circular frequency.
However, at ¢ = 0 there is a coupling relation imposed between them, e.g., the broken disulfide bridges are
restored, and the picture of their motions will be very different. Suppose the coupling constant thus
introduced between these two B-barrels is x, then the corresponding low-frequency breathing motions w111
instead be described by [50]:

V2 7] A 1 |
QI—TA cos[wvt+z]+7 1+1—+—2';COS V1 +2xwyt+tan (ﬁ)
t ' '
=24 cos( x‘; Z) cos[(l + 2)wvt]

(for t < 0) (76)

o, = _fA cos[wVH- V cos[\/l + 2xwvt+ tan ( _;
~ . xw_vt v
=—y24 sm( > 4) sm[(l +3 )wvt]

A plot for eqs. 75 and 76 is given in fig. 17, from which one can observe: When t < 0, i.e,, no coupling
relation exists between the two 'B-qurﬁls; the maximum low-frequency displacement attainable by each
B-barrel as a result of the breathing motion is 4; however, when ¢ > 0, i.e., after the coupling relation has
been imposed, at a given moment the low-frequency displacement of one V-barrel reaches almost as
much as V/Z—I ‘and that of the other becomes zero, whereas as the other instant the situation is quite the
reverse, clearly exhibiting an alternate variation between these two oscillators. According to the viewpoint
of energetics, the above-mentioned physical picture can be described as follows. Due to the resonant
coupling effect the energy will be transferred between the two Vy-barrels such that at a given instant one is
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Fig. 17. Plot showing, under conditions of thermal collision, the breathing amplitude of the two 8-barrels in an IgG molecule for the
case in which no coupling exists between them, i.e., when 7 <0, and for the case where a coupling relation has been imposed, i.e.,
when ¢ > 0.

capable of possessing an energy amounting to almost double (note that vibrational energy is directly
proportional to the square of the amplitude) the maximum energy acquired from thermal collision alone,
the energy in the other Vj;-barrel decreasing to zero. Nevertheless, once the total energy of the pair has
been conferred entirely upon one, the direction of energy transfer will be automatically reversed. If there
were no damping effect, such a to-and-fro process of alternate concentration of energy would continue
endlessly. Even though there is a damping effect, the basic physical picture of energy transfer via such a
resonance-coupled channel would still remain approximately the same except for the intensity as will later
on be further discussed.

The above analysis indicates that, because of the coupling resonance, the effect of thermal collision on
one binding site can be amplified by almost 100% so as to favor the initial binding of antibody to antigen,
since the energy barrier required for such a binding reaction is now comparatively more easily overcome.
In particular, on binding of one of the two F,,, arms to an antigen, the energy released due to the binding
reaction at its Fy, = (Vy; + V) region can be transferred very efficiently to the other F,, arm through the
channels of both the V- and V| -barrel resonant coupling pairs. Note that the proportion of this energy is
much greater than that of the thermal collision energy, and hence the region of the second F,, arm will be
driven into undergoing a dramatic increase in low-frequency displacement. This process actually corre-
sponds to so-called induced activation [42], which markedly increases the binding ability of the second F,,
arm to an antigen, as is reflected by the chelate effect occurring in antibody molecules.

3.2.2. The trigger effect

As mentioned above, the effector functions localized in the F, region of an antibody molecule come into
effect only after antigen binding to its F,, arm. Therefore, the two F,, arms can be compared with a pair
of antennae (or feelers) of an insect, whose contact with an object promptly yields a signal, resulting in a
series of instinctive responses. Actually, the findings of Schlessinger et al. [52] indicate that the binding of
antigen to the F,; arm induces an allosteric transition in IgG and that this transition may be a key step in
the effector activation process. Let us now use the concept of low-frequency resonance to elucidate how
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this kind of signal can be transmitted from the F,, to the F. region, or the way in which the allosteric
transition in the F, region is triggered by antigen binding to the F,;, arm.

From fig. 16 as well as table 4 we can see that the dominant low-frequency spectra [43] for the two F,,
arms and the F, region of an IgG antibody molecule are given by:

I =Tex = {3y, by, ¥o,, 9y, ) = (28.3, 35.8, 28.6, 28.6) cm™! (77)
= (Bea,, Fer, P B3, ) = {286, 28.6, 28.6, 28.6) cm ™ (78)

Comparison of egs. 77 and 78 indicates.that there are three dominant low frequencies in the F,, region
which are equal or very close to those in the F, region. Consequently, very efficient energy transfer must
occur between the F. and F,, regions through the channel of the resonant coupling mechanism. In
particular, after both F » arms have bound to antigen, the energy thus transferred to the F, region will be
further increased in comparison with the binding of only one F,, arm to antigen. This can be demon-
strated as follows. Without loss of generality, we shall consider only the C;3-barrel in the F, region as an
example, investigating the amplitudes of its breathing motion for various cases. First, if there is no
resonant coupling effect at all, the breathing motion of the B-barrel results from thermal collision alone,
and can be expressed by

Q=A cos w,t (79)

where @, = 2aici; is the corresponding circular frequency, 4 being the amplitude for the case of thermal
motion alone Second if incorporating the effect of resonant coupling with the binding of one F,, arm to
antigen, the breathing motion of the 8-barrel is described by [50]

Q* = —A* sin( ) sin[(1 + x/2) w1 (80)

where x is the resonant coupling constant, and 4* the amplitude in the case of thermal motion plus the
energy released from binding of an antigen at the F,, arm. Third, when both F,, arms bind to antigen,
then instead of eq. 80 we have

4

Q#* ~

The plots for eqs. 79-81 are illustrated by fig. 18a~c, respectively. As shown by fig. 18a and b, the energy
released by binding of an antigen at the F,; arm is much greater than that of thermal collision and hence
drastically increases the amplitude at the F, region through the channel of resonant coupling. This is why
the effector functions at the F, region come into effect only after the occurrence of antigen binding.
Furthermore, due to the effects of both F,, arms, the maximum amplitude in the F. region (fig. 18c) is
4/3-times that driven by only one F,, arm (fig. 18b). In other words, the maximum energy transferred to
the F, region will be further increased up to (4 /3)* = 1.8-times compared with that in the case of only one
F,, arm. From the dynamic point of view, this provides a very good explanation for the finding by Pecht et
al. [53] that for complement fixation (one of the antibody effector functions) both F,, arms must bind
antigen. This also clarifies why, for a productive effect of ‘signal transfer’ from the F,, to F, regions, intact
disulfide bonds in the hinge region (fig. 16) of the antibody are required [52,54], since they somehow play a
bridging role so that the energy can be transferred between different regions and domains very efficiently
through the channel of resonant coupling.

In summary, the dynamic mechanism underlying the allosteric transition in an antibody molecule can
be illustrated by the following physical picture. Once one of the F,, arm has bound to an antigen, the
energy released due to the binding reaction will, via the channel of resonant coupling, be transferred to the
other F,, arm, thus triggering the latter into undergoing a favorable conformational change for antigen

A* si (916 )sm[(1+16x ) @,1] (81)
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Fig. 18. Plot demonstrating the variation in amplitude of the breathing motion of the 8-barrel in the F, region of an antibody

molecule in the cases where the breathing motion is driven by: (a) thermal collisions alone, without resonance coupling occurring; (b)

the resonance coupling effect resulting from the energy released through binding of one F,;, arm to antigen and (¢) resonance
coupling effect as a consequence of the energy released via binding of both F,, arms to antigen.

binding. This is the so-called chelate effect. During this process, part of the energy might also be
transferred to the F, region and induce a conformational change there, however, the energy released from
antigen binding to only one arm is generally not large enough to overcome the barrier to successful
triggering at the F, region. However, after binding of both F,, arms to antigen, the maximum energy
transferred to the F, region through the resonant coupling mechanism is increased up to almost 180% (fig.
18¢), and hence is capable of triggering a drastic, favorable conformational change in the F, region, which
is necessary for the antibody molecule to begin carrying out its effector functions.

Consequently, this kind of allosteric transition is actually ‘resonance-controlled’, and hence the trigger
here can be described as a ‘resonance-controlled trigger’ in contrast to the concept of a ‘diffusion-con-
trolled reaction’ in enzyme kinetics [55-57]. By introducing such a concept, one is able, in principle, to
calculate the lower time limit [50] for an allosteric transition, one of the most fundamental limiting scales
in molecular biology but also one of the most difficult quantities as regards accessibility to observation.
Moreover, the dynamic picture illustrated here provides us with a classic example, once again manifesting
the beautiful harmony in nature between structure and function.

3.3. How is DNA open enough for intercalation by large drugs?

From the dynamic point of view, how do drugs and dyes intercalate into DNA? Or, how do the ‘holes’
on DNA become sufficiently open for intercalators to gain entrance into (or exit from) DNA? Here, each
of the so-called holes is surrounded structurally by two nearest-neighbor base-pairs of a DNA molecule
and their complementary hydrogen bonds as well as the corresponding polynucleotide chains (fig. 11). As
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a b
Fig. 19. Structure.of the intercalators (a) ethidium and (b) meso-tetra(4-N-methylpyridyl)porphin tetraperchlorate.

is known, these holes are generally of about equal size to small intercalators, e.g., ethidium (fig. 19a), but
certainly much smaller than larger ones, such as meso-tetra(4-N-methylpyridyl)porphin - tetraperchlorate
(fig. 19b) (henceforth referred to as porphin). However, the elaborate calculations carried out by Zhou et
al. [58} indicate that, if the hole, or ‘sink’ [56), is of the same size as the intercalator, the probability of a
successful intercalation will be extremely low, far lower than the results of observations [59]. Needless to
say, the larger intercalators seem simply to be unable to penetrate the hole in order for successful
intercalation to result. Nevertheless; according to the experimental results of Fiel and Munson [60], even
the porphin, despite its great bulk (fig. 19b), is still capable of intercalating into DNA. This appears to be
a perplexing problem. Below, we shall attempt to gain an understanding of such a phenomenon from the
viewpoint of the low-frequency collective motion in DNA.
According to section 2.4, each of the intact segments in a DNA molecule can generate a low-frequency
standing wave, whose wave number can be calculated from eq. 56. It is also known from the foregoing that
the low-frequency standing waves generated by different intact segments of a DNA molecule have
approximately the same wave number of ~ 30 cm™?, which is well in agreement with observations [8]. In
other words, the various intact segments in a DNA molecule possess about the same intrinsic low
frequency. However, the intact segments are not isolated, but coupled together [61,62] along the DNA
molecule through the short open base-pair segments as illustrated in fig. 20a and b for linear and circular
DNA, respectively. In fact, from the viewpoint of resonance coupling, all DNA molecules whose two ends
are separated can be classified as a linear-type coupling system, all those in which both ends are linked
being ascribed to the circular type [61], as depicted schematically in fig. 21a and b, respectively.
Taking the coupling effect into account, the displacement of the i-th oscillator is generally expressed by
[62]:
np )

Q= X ci4, cos(wt +¢,), (82)
=1

(i= 1,2,..., np)
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Fig. 20. Ilustration depicting the features of the intact segments and their couplings through the short open segments in a DNA

molecule: (a) linear coupling, (b) circular coupling, Each spring represents a set of intact hydrogen bonds between a closed base-pair,

the broken lines denoting the lack of hydrogen bonds in the open base-pairs. For example, A;A; and BB, in (a) are two intact

segments, which are coupled together through the short open segment A , B, etc. For simplicity, the number of base-pairs drawn here
in an intact segment is much smaller than that in a real DNA molecule.

where n, is the number of coupled oscillators, w; and c! being given as follows [62]:
(1) For linear coupling

“’1=“’\/1_2A°°s(nl:1)’ (83)

P

=

Im
c§=200s(n+1) (84)
It

1 ! -
cj=csej1— ¢y, (j=3,...,n,)

(2) For circular coupling

w,=wo\/1 —2A cos(%{z) ,(n,23) (85)
f — h
cos[M], forl=1,2,...,[-—‘i]
n, 2
¢ = 2j-1)ln n,+2 (86)
—sin| —&—xur—|{, for [ = seeshy—1
n 2 p
1, fori/=n,

where « is the intrinsic frequency of each individual oscillator, A the coupling constant [62], and
[X]}=INT] X] represents the integral part of X. The coefficients A, and phases ¢, in eq. 82 are determined
according to the initial conditions, which can be formulated as follows. Suppose that, when ¢ < 0, coupling
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Fig. 21. Schematic drawing of (a) linear coupling and (b) cyclic coupling. Each circle represents an oscillator, with the existence of
coupling between two oscillators reflected by a solid line.

among the n, intact segments is absent, i.e., the individual intact segments are completely independent of
each other, carrying out low-frequency motion only under conditions of random thermal collisions with
solvent molecules. Then, the low-frequency displacements for the n, oscillators can be generally described
by the following equations:

Q,=Acos(wt+¢), fort<0 (87)
(i=1,2,...,n,),

where A4 is the maximum low-frequency amplitude that an oscillator can attain when driven by random
thermal collision, w is approximately equal to 5.65 X 10'2 s~! (corresponding to a wave number of 7 = 30
cm™! as observed for DNA [8]), and ¢ reflects the phase difference among the n,, independent oscillators.
Now suppose that coupling is imposed for 7 > 0, i.e., the intact segments are linked to each other through
the short open base-pair segments to form a linear or circular DNA molecule. Due to inter-segment
coupling effects, the corresponding low-frequency motions will no longer be described by eq. 87, but by eq.
82, in which w, and ¢! are given by egs. 83 and 84 or eqgs. 85 and 86 for linear or circular coupling,
respectively, with 4, and ¢, being determined by the initial conditions for the system concerned. When
t =0, according to eq. 87, we have

0, = A cos

Q,= —Aw, sin 0

(i=1,2,...,n,).
signifying that the initial conditions are actually reflected by ¢?, the values of the initial phases.

As an example, we shall discuss the case of cyclically coupled DNA with cight intact segments.
According to egs. 85 and 86, we have

} when t=0 (88)

Wy = Wg = @

0 =w,=w/l —AY2, AT a7
Wy =ws=wVl +AV2 f—— (89)
{w4=wV1+}\\/i, P “’8=‘°1—>“/§_
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and
1] [ 1] [ 1] [ 1]
0 -1 1 1
_2 0 V2 1
c=|_2 =l =2 =] ]
0 -1 0 1
[ 0 ] [ o] [ 0 ] [ 1]
12_2— 1 —"/2—5— 1
-1 0 1 1
2 _ V2 .
= 2 b=l o=l o be-| (90)
1 0 -1 1

When DNA molecules are in thermally governed environment, it is more appropriate to use random initial
conditions. For the following initial phases generated by a randpm number generator [63]
®=57°, K=317°, §£=352°, §2=46° o)
$0=1222°,  ¢0=1303°, ¢%=161°, ¢Q=42°/

we find, in terms of egs. 82, 85, 86 and 88, that
¢, =49.2° A4, =0.5624
¢, =2.4° A, = —0.5984
¢; =49.9° A;=04364

= -88° {]4,=—0.3624
¢4 R 4 . (92)
¢s= —174° () A; = —04824
¢ = 86.7° A= —0.7284
¢;= —94° | | 4, =0.5154
¢y =5.2° A; =0.3214

Substituting eq. 92 as well as eqs. 89 and 90 into eq. 82, we obtain Q,(¢) (i=1, 2,...,8), which is plotted
in fig. 22.
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Fig. 22. Plot of low-frequency amplitudes of eight cyclically coupled intact segments under the initial condition of eq. 91 as assigned

by a random number generator [63]. Under such a condition, the maximum amplitudes of the second, fourth, sixth and eight intact

segments can increase 2.5-fold and the corresponding energies 6.25-fold as compared to the case without coupling effects. Note that

the fourth and eighth intact segments require longer periods of time for significant increase in amplitude: this effect is therefore not

shown in this figure in which the latest time point is at 120 ps. The plot was derived for a coupling constant of 0.1 and a wave
number of 30 cm™? [8) which corresponds to a frequency of 5.65x 1012 571,
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As one can observe from fig. 22, when ¢ < 0, i.e., when no coupling effect is present, the amplitudes of
the eight intact segments are equal and remain invariant. This is because they each carry out independent
low-frequency motion under conditions of random thermal collisions with solvent molecules. However,
when ¢ >0, ie, with the presence of the coupling effect being taken into comsideration, the size of the
eight amplitudes alternates. This indicates that low-frequency vibrational energy can be transferred among
the eight intact segments through the channel of resonance coupling. As a consequence, at a given
moment, the energy relatively is concentrated upon one of the intact segments, but at another instant upon
one of the others. As a result of such a collective effect, the maximum displacement can be amplified up to
2.5-times in comparison to the case in which resonant coupling is absent (see O, and Q of fig. 22 as well
as the explanation in the figure legend), and the corresponding energies therefore increased 6.25-fold.
Similar results have also been obtained for the case of linear coupling [62]. Such a phenomenon, however,
does not violate the law of energy conservation, since a large increase of amplitude (energy) in one intact
segment occurs at the expense of a decrease of amplitudes (energies) in all others, with the total energy
remaining unchanged during the entire process. Furthermore, if the number of oscillators increases, the
resonant effect in magnifying the amplitude will increase accordingly, regardless of the type of coupling
[62]. However, according to the law of energy conservation, the increase in amplitude cannot be greater
than /n_p , where n, is the number of intact segments involved in the resonance coupling (B. Mao et al.,
manuscript in preparation).

As is well known, a realistic DNA molecule generally contains more than eight intact segments, and
hence the effect of increasing amplitude will be even greater than that shown in fig. 22. Consequently, the
following two situations emerge: (1) the hole in the DNA might be forced to open much more widely and
thereby to facilitate intercalation; (2) the hydrogen bonds, especially those close to the edges of the intact
segments, will be broken when the drastic increase in amplitude exceeds the strain limit of a hydrogen
bond, which is about 0.5 A. The latter" wﬂl lead to a local ‘quake-like’ motion.

The physical picture of quake-like motion can be described as follows: when the stress along the
hydrogen bonds of base-pairs is overly built up due to the resonant effect, the dynamic equilibrium
between the strain and stress will cease to exist, leading suddenly to a free jerk. The local quake-like
motion is therefore the result of an excessive concentration of energy, which is caused at times by the
low-frequency collective motion in DNA. After the sudden release of energy via the local quake motion,
the broken hydrogen bonds will be spontaneously restored if no intercalating agent is incorporated. Such a
drastic dynamic process, however short-lived it might be, will generate a zipper-gap-type hole (fig. 23),
which undoubtedly provides a good chance of intercalation occurring.

The difference between the breathing and local quake-like motions is that the former is caused by
random thermal collision and can only break a single base-pair within a given period of time, whereas the
latter is a result of collective effects with resonance coupling and can disrupt considerably more base-pairs
simultaneously.

The computer-modeling studies (fig. 24a) indicate that in order for insertion of a porphin into DNA to
occur, more than five consecutive base-pairs must be open at almost the same moment, which is far

Fig. 23. A large hole formed due to local quake-like motion in DNA.
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Fig. 24. Stereoscopic drawing of a segmental DNA and a drug, where DNA is represented by broken lines and the drug by
continuous lines: (a) representative geometry of B-form poly(A-T),, DNA and porphin before intercalation; (b) conformation of the
DNA-porphin complex obtained after intercalation and energy minimization. It is obvious from (a) that more than five base-pairs
must be broken before a porphin can be incorporated into the DNA. After insertion of the porphin and the subsequent energy
minimization (b), some of the ruptured hydrogen bonds can be reformed, however, two base-pairs remain broken (i.e., the seventh
and eighth) and another two are severely distorted (i.e., the sixth and ninth). One can also see from (b) that, after intercalation and
energy minimization, only the inner tetrapyrrole ring of the porphin interacts directly with the bases but that its outer pyridine rings
project away from the helix axis into the grooves, as described by Fiel and Munson [60}. The AMBER force field [64] and the steepest
algorithm were used for energy minimization, which was carried out after the drug molecule had been inserted into the space between
the seventh and eight base-pairs of the poly(A-T);; DNA.

beyond the reach of normal breathing motion and can only be produced by the local quake motion. Once
intercalated,the energy minimizations carried out for the DNA-porphin complex indicate that only the
inner tetrapyrrole ring interacts directly with the bases (fig. 24b), as suggested by Fiel and Munson [60].
However, in contrast to their model in which it is stated that, once intercalated, the broken hydrogen
bonds “can reform with only a minimal distortion of helix” [60], our energy-minimized conformation (fig.
24b) shows the disruption of two (the seventh and eighth) base-pairs, which are closest to the intercalated
drug, and severe distortion of the other two (the sixth and ninth) base-pairs, which are next closest to the
drug.



K.-C. Chou /Low-frequency collective motion in biomacromolecules 43

For smaller intercalating agents, this local quake-like motion can also provide a significant mode of
entry for intercalation. This is because the normal vertical separation between base-pairs is quite small and
the intercalation of even a small drug into the space between any two neighboring base-pairs will result in
an obvious distortion of two to four base-pairs, as demonstrated by computer-modeling studies [62].

Therefore, the low-frequency collective motion in a DNA molecule as reflected by the dynamic picture
of resonance coupling among its intact segments is the impetus for DNA molecules, irrespective of
whether they are linear or circular, to accommodate intercalators, especially the larger ones.

3.4. Damping effect

What happens to energy transfer via resonance coupling if the damping effect is taken into account?
Damping weakens the maximum amplitude somewhat and hence will, to a certain extent, influence the
efficiency of energy transfer. Nevertheless, this does not invalidate the basic physical picture of energy
transfer through the resonance-coupled channel, provided that the damping is not exceedingly large [50].
In other words, the dynamic mechanisms of energy transfer via the resonance-coupled channel remain
approximately valid at least for the initial few periods. Furthermore, damping of the amplitude can always
be compensated for by continuous thermal collision with solvent molecules. This is why a conspicuous
low-frequency peak (corresponding to the dominant low-frequency mode) can always be observed for
many protein and DNA molecules {5-9] although various extremely complicated dissipative effects
certainly do exist in these molecules. Consequently, even when there is damping effect in a real system,
under most circumstances both of the following basic physical features in a resonance-coupled system still
hold true: (1) a significant increase in the maximum amplitude, and (2) the alternate occurrence of the
maximum amplitude for each of the constituent oscillators, representing energy transfer through the
channel of resonant coupling. This is the explanation for the fact that, in real life, people often experience
various resonance effects in spite of the complicated nature of real environments. Therefore, the
quintessence of the proposed dynamic mechanisms in sections 3.1-3.3 remains valid even though a
number of complicated factors, such as the ‘frictional’ interaction inside a biomacromolecule [17] and the
solvent viscosity, are taken into account.

4. Conclusions

One of the present-day frontiers in molecular biology is the study of low-frequency collective motions in
biological macromolecules and the relevant biological functions.The origins of this kind of internal motion
are: (1) the presence of a series of weak bonds, such as hydrogen bonds and salt bridges, in biological
macromolecules, and (2) large numbers of atoms are distributed around those weak bonds.

Based on the conception of such an origin, the quasi-continuity model has been developed, by which we
can successfully calculate the dominant low-frequency motion in a biomacromolecule.

The so-called dominant low-frequency mode is that which corresponds-to the maximum low-frequency
peak observed for a biomacromolecule. In addition, such a low frequency can also be termed the activating
low-frequency mode, since it is closely related to the activation and deactivation of that biomolecule. From
a physical point of view, the dominant low-frequency mode represents a particular kind of internal
collective movement in a biomacromolecule and hence involves substantial numbers of atoms therein, as
described by the quasi-continuity model. Due to various favorable factors, the number of phonons excited
with this exceptional mode is overwhelmingly large in comparison with the other modes possible. From a
biological point of view, the dominant low-frequency motion plays a significantly greater role than other
modes because it spans a larger space and involves a greater displacement, especially with respect to signal
transmission, such as occurs for allosteric transitions and the cooperative effect.
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The biological functions of low-frequency motion can be classified into two categories as follows:

4.1, Thermodynamic aspect

Within the frequency spectrum of a biomacromolecule, only the low-frequency portion (of wave
numbers less than 50 cm™?) can contribute significant phonon entropy and hence plays an important role
in the association of biomacromolecules. As an example, it was demonstrated that associations between
insulin and the insulin receptor as well as insulin and insulin antibody would simultaneously excite
low-frequency phonons (of wave numbers in the range 10—50 cm™!), otherwise the free energy could not
be balanced and a thermodynamic ‘deficit’ would occur.

4.2. Dynamic aspect

The low-frequency internal motion of a biomacromolecule is closely related to its biological activity, as
reflected in the fact that, not only is the loss of its activity always accompanied by the disappearance of its
dominant low-frequency peak, but also that the low-frequency internal motion seems indispensable to our
understanding of the various marvellous biological functions manifested in many biomacromolecules. For
example, the cooperativity of hemoglobin, the chelate and trigger effects for antibodies, as well as the
intercalation between DNA and drugs, whose dynamic mechanisms.had long been too complicated and
difficult to elucidate, can be effectively approached by introducing the conception of low-frequency
resonant coupling.

Appendix A. Derivation of eq. 38

Suppose ¢, is the vibrational displacement of the i-th rod from its equilibrium position (fig. 7). We then
have .

mi, = —Akﬁ(ql - Qz)
mg,= _}‘kﬁ(ql— ‘11-1) - }‘kﬁ(‘h_ ‘11+1)
(I=2,3,...,p-1)

mq.p = —Akg(qu - qu—l)
where m, A, k& and p have already been defined in the text. Substituting
g;=C; cos(wt + ¢) (A2)

into eq. Al, we obtain

(A1)

The p-th
7 column
[x—1 -1 G
-1 x -1 : G,
-1 x -1 . C,
* . : . .. . . =0 . (A3)

The ~1 °x -1 G-

p-th row -1 x—-1}|C
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where

_2Ak/m - w?
x= Ak/m

The non-trivial solution of eq. A3 requires

(x—1 -1 O i
-1 x, -1,

G, (x) = R I =0 (A5)

i
O Teo1 Tx -1
| -1 x-—-1]

According to the operational regulation of a determinant, we have

(A4)

G (x) = (x—=1) g, ,(x) ~2(x—1)g,_5(x) +g,_4(x) (A6)
where
The m-th
column
[ x -1 O i
-1 x. -1., (A7)
gm(x)=

The O " ._i 'x ' '_1
m-th row
-1 x

We now observe that g, (x) possesses the following two exceptional properties (eqs. A8 and A10),
which are very useful:

g () = x5 1(x) = £ (%) O (ay)

the above recurrence formula can be easily proved by merely expanding the first row of the determinant in
eq. A7. ; ‘

If we put
x=2cos 6 (A9)
we then obtain ' ‘ '
(2 cos 0) = S2m+1)8 (A10)

The above equation can be proved as follows. When m = 1 and 2, it is very easy to confirm with ‘the use of
eq. A7 that eq. A10 is correct. Now suppose that when m =/ and /+ 1 eq. A10 holds, then according to
the recurrence formula, eq. A8, we have

2cos 0 sin(/+2)8 sin(/+1)§ _ sin(/+3)8
sin @ sinf  sinf

8,+2(2 cos 8) =2 cos 8g,, ,(2 cos 8) — g,(cos 8) = |
(A11)
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The above indicates that if, when m=/{ and [+ 1, eq. A8 holds, then it must also hold true when
m = |+ 2. Consequently, eq. A10 has been generally proved by induction.
By means of eq. A8, eq. A6 can be reduced to

Gp(x)':gp(x) +gp-2(x) ngp—l(x) ‘ (A13)
Then, using egs. A9 and Al0, the above can be further reduced to

2 sin pf{cos # —1)
sin 8

G,(2 cos ) = (A14)

From eq. A14 one can observe that G,(2 cos §) =0 when 8 =Iz/p (I=1,2,..., n— 1). Moreover, using
I'Hospital’s rule, we can find G, (2 cos #) =0 even when 8§ = 0. Therefore, the p roots of eq. A5 are

x,=2 cos 8,=2 cos(lm/p)

Al5
(1=0,1,2,...,p-1) (A15)
Substituting eq. Al5 into eq. A4, we obtain
AkE
W= \/2[1 — cos(lm/n)] —Tn_g (A16)

(1=0,1,2,...,p0—1)

When /=0 we always have w, =0, indicating that the corresponding motion is translational rather than
vibrational. When /=1, however, the normal mode has the nature of accordion-like motion as will be
shown later. In this case, we have

o =w, = y2[1 — cos(a/n)| (AKE,/m) (A17)
so that the lowest-frequency wave number should be

. [~ 1 ,
P ;J[l — cos(m/n)] (AkB/2m) « (A18)

Furthermore, according to eq. A3, the corresponding amplitude coefficients are

Cl=4

C; = [2 cos(im7n) = 1] ¢

(A19)
C/=2cos(lm/n)C_— C/,
(ij—*B,.‘.,n)
For example, when »n =6, for the lowest-frequency mode we have
a1l [+ ] [ 1 ]
(o4 V3 -1 V3 -1
N I ESCH P IR ) (A20)
cl V3 -2 -(2-v3)
ol |1-M3 ~-(y3-1)
<] 1 -1 ] B

The above indicates that the lowest-frequency mode carries out accordion-like motion.
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