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ABSTRACT Low-frequency internal motions in protein molecules play a key role in biological functions. Based on
previous work with a-helical structure, the quasi-continuum model is extended to the 8-structure, another fundamental
element in protein molecules. In terms of the equations derived here, one can easily calculate the low-frequency wave
number of a B-sheet in an accordionlike motion, and the low-frequency wave number of a 8-barrel in a breathing
motion. The calculated results for immunoglobulin G and concanavalin A agree well with the observations. These
findings further verify that the observed low-frequency motion (or the so-called dominant low-frequency mode) in a
protein molecule is essentially governed by the collective fluctuations of its weak bonds, especially hydrogen bonds, and
the internal displacement of the massive atoms therein, as described by the quasi-continuum model.

INTRODUCTION

According to both experimental (Brown et al., 1972;
Fanconi and Finegold, 1975; Genzel et al., 1976; Painter et
al.,, 1981, 1982; Evans et al, 1982; Pohl 1983) and
theoretical progress in protein dynamics (Chou and Chen,
1977, 1978; Peticolas, 1979; Karplus and McCammon,
1981; Chou, 19834, b; GO et al., 1983; Chou, 19844, c.
Levy et al., 1984), it is clear that low-frequency internal
motions do exist in protein and DN A molecules and indeed
play a significant role in biological functions (Chou et al.,
1981; Zhou, 1981; Chou, 1984b; Chou and Kiang, 1985);
However, to fully understand the dynamic mechanism of
those biological functions involved in the internal move-
ments of protein, it is important to identify (Chou, 19835)
and furthermore predict (Chou, 1985) the dominant low-
frequency mode (Chou, 1984a) for a given protein mole-
cule with a known three-dimensional structure. The so-
called dominant low-frequency mode corresponds to the
maximum low-frequency peak observed for the protein
molecule. If the final calculated result is just a frequency
spectrum (G0 et al., 1983; Levy et al., 1984), then one still
could not predict which was the dominant low-frequency
mode. In other words, further physical treatments are
needed in order to find the dominant low-frequency mode.
It is also necessary to construct a physical model that
describes the dominant low-frequency motion, which is
actually the collective movement involving massive atoms
in a protein molecule. In fact, we know that the dominant
low-frequency mode possesses the largest amplitude and
that the number of phonons (Chou and Chen, 1977; Chou,
1984b) excited at this frequency is overwhelming, and
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therefore its contribution to free energy from phonon
entropy is the greatest. That is why the dominant low-
frequency motion is so important in biological functions,
from the viewpoints of both thermodynamics (Chou and
Chen, 1977, 1978) and molecular dynamics (Chou,
1984b). The study of low-frequency collective motion is
also significant in revealing the essence of the activating
low-frequency mode (Chou et al., 1981; Chou, 1983a;
Chou, 1984a), an intriguing concept that associates the
dominant low-frequency mode of a protein molecule with
its internal conformation, and hence its biological activity.

Recently a set of physically intuitive and easily manipu-
lated mathematical formulae were derived (Chou, 1983aq,
b; Chou, 19844, b), by which the fundamental (lowest)
frequency of an a-helix in a protein molecule in different
microenvironments can be calculated. The calculated
results for a-chymotrypsin, pepsin, insulin, and lysozyme
are in very good agreement with the observations, as shown
in Table I. This implies that the dominant low-frequency
mode for each of these protein molecules actually origi-
nates from the accordionlike motion of the a-helix (helices)
described in column 2 of Table I. Despite the difference in
the microenvironments of different protein molecules,
these a-helices have a common feature in length, i.e.
usually consist of more than ten residues. This type of -
a-helix is termed the principal helix (Chou, 1983b) so as to
differentiate it from the other helices in a same protein
molecule, which are either too short or in an unfavorable
microenvironment (Chou, 1983b), and hence do not gener-
ate the dominant low-frequency motions. Moreover, this
method was also used to predict (Chou, 1985) the domi-
nant low-frequency mode for the bovine pancreatic trypsin
inhibitor (BPTI) molecule although its observed result is :
not yet available.

In addition to agreeing well with the observations, the
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TABLE 1
A COMPARISON BETWEEN THE OBSERVED LOW-FREQUENCY MODES FOR SOME PROTEINS AND THE
CALCULATED RESULTS ACCORDING TO THE QUASI-CONTINUUM MODEL

. Calculated Observed
. Principal Form of
Proteins . . wave wave
structure involved motion
number number

cm™! cm™!

a-Chymotrypsin Helix (residues 235-245) Accordionlike motion 30* 29%
Pepsin Helix (residues 225-235) Accordionlike motion 33* 32%
Insulin Helix (residues B9-B19) Accordionlike motion 23§ 22|

Lysozyme Helix (residues 5-15) S . 2718
{Helix (residues 25-35) Accordionlike motion 2 251
Immunoglobulin-G The B-barrel consisting of nine strands in Breathing motion 28** 28]
Vy domain

Concanavalin A The B-barrel consisting of 14 strands Breathing motion 19** 20|

*Chou, 1984a.

{Brown et al., 1972.

§Chou, 1983b.

[ Painter et al., 1982.

1Genzel et al., 1976.

**Examples illustrated in this paper.

calculation method has the following merits: (a) an intui-
tive and clear physical model, i.e., the accordionlike motion
of a helix under different microenvironments in a protein
molecule is explicitly depicted by the model itself as well as
the process of deriving formulae. (b) The calculation is
much easier and simpler in comparison with other methods
(Karplus and McCammon, 1981; Go et al., 1983; Levy et
al., 1984). and can even be carried out without using a
computer. The former is very important for the study of
biological functions from dynamic point of view, while the
latter makes the relevant quantitative calculation or esti-
mation feasible even for a very complicated protein mole-
cule. The reason such simplified calculations can yield such
good results is that the physical model, although simple,
reflects the essence of low-frequency motions in protein
molecules, which is actually the existence of a series of
weak bonds and a relatively large effective mass (Chou and
Chen, 1977). Consequently, although some complex but
inessential factors were neglected during the approximate
treatment, the final results still were very close to the
experimental observations. Apparently, this is because the
inessential factors either cancelled each other or reached
an internal mutual equilibrium in a shorter period of time
in comparison with the period of the low-frequency motion,
as implied in the continuity model (Chou, 1983a, b).
Nevertheless, besides the accordionlike motion of helical
structures which is used to interpret some low-frequency
internal motions in protein molecules, other types of low-
frequency modes might also exist in protein molecules,
depending on their individual internal structures. It is well
known that the a-helix and the 8-sheet are two fundamen-
tal structures in protein molecules. Furthermore, the
B-structure also contains a series of hydrogen bonds, and
hence is likely to assume low-frequency motion. For exam-
ple, an outstanding low-frequency peak was also observed
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for immunoglobulin G and concanavalin A (Painter et al.,
1982), respectively, neither of which, however, contained
an a-helix but only extensive S-structure regions. There-
fore, as a further step, an investigation into the fundamen-
tal vibrations of the f-structures is necessary and the
present study attempts to do just that.

B-SHEET

As mentioned above and supported by previous calcula-
tions (Chou, 19834, b; Chou, 19844, b, c), one reason for
low-frequency motions, which occur in protein and DNA
molecules, is the existence of a series of weak bonds, such
as hydrogen bonds. Consequently, while establishing a
model to deal with this kind of internal movement, we must
focus our attention on the essential aspects of the matter
and neglect the inessential aspects. Whether we can cor-
rectly realize this is the key to the problem.

First we consider a vibration system consisting of rods
and springs as illustrated in Fig. 1. Suppose m is the mass
of each rod, and k the force constant of each spring whose
mass is negligible. When such a system is in accordionlike
motion, the fundamental (lowest) frequency can be derived
as follows. Suppose 2{ is the maximum stretch between two
adjacent rods. Thus, the vibrational displacements of rods
1,2, 3,4,5, 6 (Fig. 1) can be described by

u (1) = —S¢sinwt
u,(t) = —3¢sinwt
u;(t) = —{sinwt
. e))
u(t) =  $sinwt
us(t) = 3¢sinwt
ug(t) = S&sinwt )
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FIGURE 1 Vibration system with six rods and five springs between any

two adjacent rods. The so-called rods and springs sheet.

respectively, where w is the circular frequency of the
accordionlike vibration. The total maximum kinetic energy
of the vibration system is then

On the other hand, the total maximum potential energy is
(Chou, 1984a):

max U = 2 (29 + (2

+ () + (207 + (2071 = 50k (3)

According to energy conservation, namely, max T = max
U, we obtain the following expression for calculating the
low-frequency mode of the system in Fig. 1:

.V 1 10k
I R 4
YT 2me 2me m @

where v and 7 are the corresponding frequency and wave
number, respectively, and ¢ the speed of light in vacuum.

A general derivation by means of induction for this kind
of systems will give
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where p is the number of rods, and A the number of springs
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FIGURE 2 Schematic drawing for (A4) an antiparallel 8-sheet as symbolized by 8,{COCH;—(R)—NHCH,}, and (B) a parallel 8-sheet
symbolized by 8,{COCH;—(R),—NHCH,};. Note that in both cases the hydrogens bound to the a-carbon atoms are omitted.
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between two adjacent rods, which, e.g., are 6 and 5,
respectively, for the case illustrated in Fig. 1. According to
the following formulae

PP+ +QI-1)=J@I-1)/3 ©
) 6
224484+ Q=2+ DI+ 1)/3
Eq. 5 can be further reduced to

1 3Nk
7 N p(u + )m

)

Now let us consider the 8-sheet structures. For brevity,
an antiparallel and parallel 3-sheet is represented by

BelX — (R)y — Yk, (8)

respectively, where X and Y denote the end groups, R
represents any amino-acid residue, n is the number of
residues in each chain, and u is the number of the
constituent chains. The illustrations for 8, {COCH;—
(R),—NHCH;}; and 8, {COCH;—(R),—NHCH;; are
given in Fig. 2 4 and B, respectively. By comparing Figs. 1
and 2, we obtain the following three points. (a) The chains
in Fig. 2 can be compared with the rods in Fig. 1. (b) The
springs in Fig. 1 correspond to the hydrogen bonds in Fig.
2 A. Hence when Eq. 7 is applied to deal with an antiparal-
lel B-sheet, we should substitute the force constant k with
the stretching force constant of a hydrogen bond &§; (Itoh
and Shimanouchi, 1970); i.e.,

BalX — (R),— Y], and

k = kS = 0.13 x 10° dyn/cm. )

But the hydrogen bonds in Fig. 2 B tilt with an angle of
~20° (Hol et al., 1981) with the direction of the accordion-
like vibration, and hence for the parallel 3-sheet we should
instead have

k = (k3 cos 20°)? + (kB sin 20°)?
=0.12 x 10°dyn/cm, (10)

where kfj = 0.03 x 10° dyn/cm (Itoh and Shimanouchi,
1970) is the bending force constant of a hydrogen bond. (c)
The number of hydrogen bonds in Fig. 2 is equal ton + 1,
and therefore

A=n+1. (11)

Now we use the equations derived here to calculate a
typical representative of the B-sheets in proteins. The
frequencies of 20 amino acids in the known S-structures
are given in Table II (Lifson and Sander, 1979) from
which the average mass per amino-acid residue can be
obtained as follows:

20
2_Smz,
(mg) = ‘:IzT'_

2/

i=1

= 111g/N, (12)
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TABLE II
THE FREQUENCIES OF 20 AMINO ACIDS IN THE
KNOWN B-SHEETS

Amino acid residue Frequency (%)  Mass (amu)
l{i f; mRi
i= 1 Val 14.1 99
2 Leu 9.2 113
3 Ile 8.3 113
4 Ala 7.8 71
5 Thr 7.6 101
6 Ser 7.4 87
7 Gly 5.7 57
8 Tyr 5.7 163
9 Lys 5.0 129
10 Phe 44 147
11 Gin 3.2 128
12 Glu 29 129
13 Cys 2.7 103
14 Arg 2.6 157
15 Trp 2.6 186
16 Asp 2.5 115
17 Asn 2.5 114
18 His 2.3 138
19 Pro 1.8 98
20 Met 1.7 131

where my is the mass of the amino-acid residue R;, and N
the Avogadro constant. The statistical analysis for the
known S-sheets indicates (Sternberg and Thornton, 1977)
that the average number of chains per sheet is 4.7, and the
observed distribution has a peak at 5-7 residues per chain.
Therefore, as a representative for the 8-sheets, we use the
following parameters to calculate its fundamental fre-
quency

m=6(mg) = 666 g/N ]
) (13)

p=5 A=n+1=17

Substituting Eq. 13, as well as Egs. 9 and 10, respectively,
into Eq. 7, we obtain

,7=___1____\/3><7><kx6.02x 102
7x3x10° V75 (5 + 1) x 666

(14)
[30.4 cm™! (for the antiparallel case)

29.2 cm™! (for the parallel case),

which means that a 3-sheet with a certain size, such as the
one given above, can also generate a low-frequency mode
of ~30 cm™'. This is an instructive and enlightening
finding. The slight difference between the two results in
Eq. 14 also tells us that the effect due to a tilted angle of
~20° in hydrogen bonds is trivial in affecting the calcu-
lated low-frequency mode. Consequently, it will be unnec-
essary later to differentiate between the hydrogen bond in
an antiparallel sheet and that in a parallel sheet when using
Eq. 7. This also justifies the approximate validity of the
present model even for a twist 8-sheet (Chou and Schera-
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ga, 1982). Furthermore, Eq. 7 can be approximately
extended to deal with a nonregular 3-sheet if the nonregu-
larity does not cause great relative variance in (m), the
average mass of a strand, and in () ),, the average number
of hydrogen bonds between two adjacent strands in a
nonregular S-sheet. In this case, we extend Eq. 7 to
1 3Ak

Vo —

I 15
me N (' - )M >

where A, = (u — 1)(A), is the number of the total
hydrogen bonds of a nonregular 3-sheet, and M = u(m) is
the total mass. Actually for many (3-sheets in proteins, the
above condition holds.

B-BARREL

Imagine that the rods and springs sheet in Fig. 1 is rolled
up to form a barrel, which is then fixed by five additional
springs between the first and last rods, as illustrated in Fig.
3. When such a barrel moves in a breathing motion its
fundamental frequency can be derived as follows.

Fig. 4 is a schematic drawing describing the breathing
motion of the barrel of Fig. 3 when viewed from its top.
Assuming £ is the maximum deviation of each rod from its
own equilibrium position during the breating motion, then

P [

"y

: Ty,

3
R L N

[F
o~

FIGURE 3 The rods and springs barrel formed by rolling up the rods and
springs sheet of Fig. 1 and fixed by five additional springs between the
first and last rods.
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/ \

FIGURE 4 Schematic drawing for the breathing motion of the barrel in
Fig. 3 when viewed from its top to bottom.

the displacement of the ith (i = 1, 2, ..., 6) rod along the
direction as shown in Fig. 4 at any time can be described
by

u(t) = £ sin wt (i=12,...,6), (16)

which, however, will bring about a change in the distance
between two adjacent rods, as given by

Ajey(2) = |, (O)ui 1 (1) | = |“l(0)“1+1(0)|
= 2{sin (w/6) sin wt

((=1,2,...,6; i+1=1 wheni=6), (17)

where | u;u,,, | represents the distance between the ith and
(i + 1th rods. Thus, the total maximum kinetic energy of
the system in such a breathing motion is

s ik
max T = ; > max [duégt)] = 3me’g? (18)
i=1

and the total maximum potential energy, however, is
Sk 6 2
max U = > > max [Agy ()] = 60k(sin %) & (19)
i=1

According to energy conservation, i.e., max T = max U, it
follows

;=i=i(sin5) Sk . (20)

The above derivation can be easily extended to a general
case; i.e., for a rods and springs barrel in which there are u
rods and A springs between any two adjacent rods, we
generally have

wc 14 m

;=—1-(sinf) Ak @1

On the other hand, a 3-barrel can also be formed by
rolling up the B-sheet in Fig. 2. Accordingly, Eq. 21 can
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also be used to calculate the breathing frequency of a
regular (-barrel in which there are p strands and A
hydrogen bonds between any two adjacent strands. How-
ever, the m in Eq. 21 should be substituted by the mass of a
strand, and k by the stretching force constant of a hydro-
gen bond.

However, when a (-barrel is nonregular, a similar
extension as given above for a nonregular -sheet will give

azi(sinf) Ak 22)
AN

where A, is the number of the total hydrogen bonds in a
B-barrel, and M its total mass. Also Eq. 22 is valid if there
is no great relative variance in those two quantities as
mentioned above; i.e., although the constituent amino-acid
residues for each strand of a nonregular 3-barrel might be
much different, the mutual fluctuations thus caused in the
mass of each strand and in the number of hydrogen bonds
between any two adjacent strands are not too large. In fact,
such a condition can also be satisfied for many $-barrels in
proteins. Now let us employ Eq. 22 to treat some concrete
protein molecules.

Immunoglobulin G

It is well known that the antibody molecule IgG contains
no a-helix but does contain extensive S-structures. One
striking feature of this molecule is that it is made up of 12
distinct domains (Beale and Feinstein, 1976; Padlan,
1977), each of which contains a B-barrel (Saul et al.,
1978). For example, a stereo drawing of the a-carbon
backbone of its ¥ domain (Saul et al., 1978) is given in
Fig. 5, from which we can see the 3-barrel therein consists
of 9 strands. Therefore, we can substitute u = 9, M ~
6, 440 g/N, the mass of the B-barrel (Saul et al., 1978),
A, = 50, the number of the total hydrogen bonds in the
B-barrel (Saul et al., 1978), and k = 0.13 x 10° dyn/cm,
the stretching force constant of a hydrogen bond (Itoch
and Shimanouchi, 1970) into Eq. 22, and immediately

FIGURES Stereo drawing of the a-carbon backbone of the ¥y domain in
immunoglobulin G.
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FIGURE 6 Schematic drawing of concanavalin A.

obtain

. 1 s'nw
=~ — mn —
eI x3x10090 9

. \/50 x 0.13 x 10° x 6.02 x 107
6,440

=283cm™, (23)

which is in an excellent agreement with the experimental
observation of 28 cm™' (Painter et al., 1982) for this
proteim molecule.

Concanavalin A

The molecule has been widely used as a molecular probe in
studies of cell membrane dynamics and cell division.
Because of its arrangement of 8-structures and distribution
of hydrogen bonds, concanavalin A is classified as Greek
key B8-barrel (Richardson, 1981), whose schematic draw-
ing is given in Fig. 6. For such a 3-barrel, we have u = 14,
M =~ 13,320 g/ N as obtained from the Brookhaven Protein
Data Bank (Bernstein et al., 1977) in April 1981, and A, =
110 (Reeke et al., 1975). Then using Eq. 22, we have

17 ! sinw
Y rx3x10°\" " 14

) \/110 x 0.13 x 10° x 6.02 x 10®
13,320

=19.0cm™, (24)

which is close to the corresponding experimental observa-
tion of 20 cm™' (Painter et al., 1982). For a simple and
complete summary, all the above results are included in
Table 1.
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LOW-FREQUENCY AMPLITUDE

It is well known that an oscillator with frequency » will
excite phonons each having energy of hv. Since phonons are
bosons (Chou and Chen, 1977), under thermal equilibrium
the mean number of phonons thus excited is, according to
Bose-Einstein statistics, given by

1

( Mphonon ) = oxp fkaT) — 1 (25)

where kg is the Boltzmann constant, 4 the Planck constant,
and T the absolute temperature. Thus, the average vibra-
tion energy of the oscillator is

hv

exp (hv/kgT) — 1’ (26)

(E) = (Myponon Y v =

which should equal to max U according to energy conserva-
tion. Consequently, we obtain

Ag= (= 1) =2 - 1) 2(“(f“ i)}\k

_ \/ 2 — Vv
Mk[exp (hv/ksT) — 1)] | < kuT

e DkT _ oy [2keT .
—x r—-1) Ak (27)
App=2-2 [_(E)
2unk sin? =
u

_ 1 2hy
sin(m/u) Y unk[exp (hw/kpT) — 1] |h « koT

I 2keT 1 [2ksT
sin (w/u) N puhk  sin(x/w) ¥ Ak

» (28)

where A_; is the amplitude of a B-sheet in accordionlike
motion, and Ag_j, the amplitude of a B-barrel in breathing
motion. Note that for low-frequency phonons whose wave
numbers are <50 cm™', we generally have hr « kyT at
room temperature. For example, for the representive anti-
parallel and parallel B-sheets as discussed above, when T =
300°K, Eq. 27 will yield 4;_, = 0.19 and 0.20 A, respec-
tively, which are the amplitudes of the corresponding
B-sheets in the accordion like motions. In using Eq. 28, we
derive the amplitudes of the breathing motions occurring
at the same temperature in the B-barrels in IgG and
conczi.ar‘lavalin A, respectively; they are 45_, = 0.10 and
0.11 A.

DISCUSSION

Comparison of the Existing Models

Since low-frequency internal motions were observed for
some protein molecules (Brown et al., 1972), various

CHOU Low-Frequency Motions in Protein Molecules

models have been proposed that attempt to reveal the
possible mechanisms. They are roughly classified as fol-
lows. :

(a) The Elastic Global Model (Suezaki and Go,
1975). In this model a protein molecule was compared
with a continuous elastic sphere imitating heartbeat
breathing motion, and the following formula from earth
dynamics was used to calculate the low-frequency wave
number for a globular protein

(29)

where E, p, and r are the Young’s modulus, mass density,
and radius of the protein molecule, respectively. This is a
model full of imagination and has stimulated other devel-
opments in this field, both theoretical and experimental.
However, since this model does not deal with internal
conformation, the sensitive variation (Brown et al., 1972)
of the observed low-frequency peak for a protein with
conformational change cannot be seen, nor can the differ-
ence in the observed low-frequency wave numbers for
different proteins be interpreted by Eq. 29. A detailed
discussion of this model was given by Painter et al. (1982)
and Chou (1983b), respectively.

(b) The Normal Mode Model (Karplus and
McCammon, 1981; Go et al., 1983; Levy et al.,
1984). This model is actually a combination of the classic
normal mode theory with the modern computer technique.
In principle it reaches the level of the constituent atoms in a
protein molecule, and hence much more detailed informa-
tion can be provided. But the application is much more
complicated. The results thus obtained are very sensitive to
the choice or assumption of the atomically potential func-
tions, which, however, were based on semi-empirical prin-
ciples. Consequently, in the long term, much work can be
done following such a procedure, especially in improving
the potential functions as well as the computation tech-
nique. Probably because of the technique’s formidable
complexity, no reports as yet have dealt with the 3-barrel.
Besides, this approach does not directly give the dominant
low-frequency mode (i.e., the mode corresponding to the
outstanding low-frequency peak observed) but a frequency
spectrum. Therefore, further treatments are needed to find
out the dominant low-frequency motion crucial in the
study of biological functions.

(c) The Quasi-Continuum Model (Chou, 1983a,
b; 1984a). This model is situated between the elastic
model and the normal mode model and hence can serve as
a vehicle for the middle-range goal. Unlike the elastic
global model, this model can, to some extent, reflect the
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internal conformation and the microenvironment of a
protein molecule. On the other hand, based on the physical
character of low-frequency motion (Chou, 1984a4), the
constituent atoms are treated as continuous mass distrib-
uted according to geometric shape (conformation), thus
greatly simplifying the problem in comparison with the
discrete normal mode model. Consequently, a set of physi-
cally intuitive formulae have been derived to estimate the
possible dominant low-frequency motions in a protein
molecule and analyze their biological functions (Chou,
1984aq, b).

+ (d) The Amorphous Model (Painter et al.,
1982). This model illustrates that the broad low-
frequency Raman scattering reflects the density of vibra-
tional states of amorphous polymers. This is an attractive
model, very useful in understanding the broadening of the
observed low-frequency peak, and thus appropriately
describing the relevant background. However, as pointed
out by Painter et al. (1982), “such as interpretation does
not rule out, and may be complementary with, other
explanations.”

In general, the four models presented above have stimu-
lated, although at different levels, developments in this
field. Because each model has its own criteria, perhaps a
combination of characteristics from each model, success-
fully brought together to complement each other, could
further our understanding of this kind of internal motion
and its biological functions.

CONCLUSION

We demonstrated that the accordionlike motion of a
B-sheet and the breathing motion of a (-barrel can also
generate the low-frequency modes of 20-30 cm™'. Good
agreement between the observed and the calculated results
indicates that a series of weak bonds, such as hydrogen
bonds, and a substantial molecular mass distributed over
the region of those weak bonds (Chou and Chen, 1977) are
the two most essential factors for the low-frequency inter-
nal motions observed recently in more and more protein
molecules. The physical model used here, although quite
simple, does illustrate this kind of low-frequency internal
motion. These findings are important in understanding the
biological functions.
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