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Universal behavior of localization of residue fluctuations in globular proteins
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Localization properties of residue fluctuations in globular proteins are studied theoretically by using a
Gaussian network model. Participation ratio for each residue fluctuation mode is calculated. It is found that the
relationship between participation ratio and frequency is similar for all globular proteins, indicating a universal
behavior in spite of their different size, shape, and architecture.
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Proteins are important biological macromolecules thatesidues are assumed to undergo Gaussian-distributed fluc-
control almost all functions of living organisms. It was once tuations about their native positions. No distinction is made
believed that proteins are rather amorphous and withoupetween different types of residues. A single generic har-
well-defined structures. After more and more structures haveonic force constant is used for the interresidue interaction
been determined by Crysta”ographic and nuclear magnetiﬁotentiaj within a cutoff range. We consider residues as the
resonance methods, it has revealed that protein structures drgnimal representative units and thecarbons are used as
far from random. They have well-defined secondary and tercorresponding sites for residues. Considering all contacting
tiary structures which comprise essential information relatingesidues, the internal Hamiltonian within the GNM is given
to their functions and mechanisms. by [8,9]

Proteins in the folded states are not static. Instead, the
_constituent_ r_esidues fluctuate near their native positions ow- H= l Y[ART(T®E)AR], 1)
ing to the finite temperature effedt$]. It has been now well 2
accepted that the fluctuations are crucial for enzyme catalysis ) .
and for biological activity[2,3]. Recently, there has been Wherey is the harmonic force constaftAR} represent the
considerable interest in the correlations between proteigN-dimensional ~ column  vectors  of fluctuations
functions and fluctuationf2]. Intensive theoretical studies AR1, ..., ARy of the C* atoms, whereN is the number of
on fluctuations of protein have been carried out based ofesiduesE is the third-order identity matrix; the superscript
either molecular dynamics simulations or normal mode! denotes the transpose; stands for the direct product, and
analysesNMAs) by using all-atom empirical potentialg].  I' is theNX N Kirchhoff matrix[16] with the elements given
It has been shown that the NMA is a very useful method td?Y
study protein fluctuationg5,6]. The use of atomic ap-

proaches becomes computational demanding when dealing —H(re=rij), 1#]
with large proteins. For proteins composed of more than r= N o 2)
thousand residues, it is difficult to investigate by using the -> Iy, =].

conventional atomic models and potentials. On the other 1)

hand, coarse-grained protein models and simplified forc
fields have revealed a great success in description of th'q(x) is the Heaviside step function: and is the cutoff
residue fluctuations of proteiig—10]. Although there have yigiance outside which there is no interresidue interaction.

been intensive studies on residue fluctuations, to our knOWITheith diagonal element dF characterizes the local packing
edge, there are few studies on localization properties of reslﬂensity or the coordination number of residu@he inverse

due fluptuatlons. . . of the Kirchhoff matrix can be decomposed as
In this paper, based on a coarse-grained protein model, we

show theoretically that there is a similar behavior in the lo- I 1=uA—1UT, 3
calization of residue fluctuations for globular proteins, even

though their architectures and sizes are rather different. IwhereU is an orthogonal matrix whose columns (1<i
our study of residue fluctuations, proteins are modeled asN) are the eigenvectors &f, andA is diagonal matrix of
elastic networks. The nodes are residues linked by interreseigenvalue\; of I'. Cross correlations of residue fluctuations
due potentials that stabilize the folded conformation. Thisbetween theéth andjth residues are found from

model has been usually referred to as the Gaussian network

model (GNM), which can give a satisfactory description of 3kgT
the fluctuation of folded proteins,9,11—-1%. In this model, [ARi-AR;]= y

‘F—Iere,rij is the separation between thté andjth C* atoms;

[T~ (4)
From Egs.(3) and (4), the mean-squaréms) fluctuations
* Author to whom all correspondence should be addressed. Eledalso called Debye-Waller oB factorg of the ith residue

tronic address: jzi@fudan.edu.cn associated with theth mode are given by
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FIG. 1. Calculated participation ratio of residue fluctuations for proteins listed in Table I.

3kgT . considerable fluctuations and the mode is a localized one. On
N Tualilugli- (5 the other hand, if the PR is large for a given mode, the mode
Y is delocalized.

It is known that at the physiological temperatures, protein

In our calculation, the cutoff distaneg=7 A is used, as fluctuates among different conformations around its native
adopted in previous studi¢8,9]. The harmonic force con- one. Therefore, in principle, all contributions from these con-
stanty is determined by fitting to the experimental ms fluc- formations should be considered in the calculation of PR.
tuations. From this model, one can obtain the fluctuatiorynfortunately, only one conformation could be obtained
mode frequencies and eigenvectors for a given protein. Thgom experiments. However, these conformations could be
GNM can, in general, give results in good agreement withobtained approximately in the following way. For each resi-
the observed factors[8,9]. due, it is assumed that it can stay at any position inside the

The spatial distribution of a given mode is characterizedsphere with a radius of half the magnitude of fluctuation
by its eigenvectors. To study the localization properties ofcentered at the position obtained from experiments. A con-
protein fluctuations, we have to compute the participatiorformation can be derived by a random choice of the position
ratio (PR) for each mode, defined HyL.7] for each residue, while the interdistance between two adja-
cent residues is kept unchanged within the framework of the
SHAKE algorithm[18].

The calculated PR for several proteins is shown in Fig. 1.
The Brookhaven Protein DatabailRDB) codes and refer-
ences of the proteins studied are listed in Table I. The modes
Values of PR range from l/to unity. PR takes the value of are numbered starting from the lowest frequency. In the cal-
unity when all residues have equal fluctuation. If only oneculations, about 100 conformations are adopted. It is found
residue fluctuates, PR is equal tdN1/From its definition, it  that if more conformations are used, the curves will become
is obvious that PR is a measure of the degree of localizatiorsmoother eventually.

If the PR is small for a given mode, only a few residues have Based on the Anderson localization the¢2,24], Bahar

[AR;-AR;],=

1 S [u gt o
Pa_ﬁ< : [ua]i> . (6)
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TABLE I. The PDB code and reference of proteins studied in
the present work.

Protein PDB code Reference loop
Myoglobin lbvc [19]
Lysozyme 166l [20]
Hydrolase lamp [21] 05

Thermolysin 5tin [22] (b) (©)

tio

10N ra

et al. [9] suggested that modes with larger fluctuation fre- |
quencies would be more localized, indicating a monotonousg
decrease in the PR with frequency. As suggested by Onuchif§
et al.[25], proteins are neither ordered nor random systems ™
the localization properties of protein fluctuations should
show some intrinsic features from those in ordered or ran-
dom systems.

It can be seen from Fig. 1 that starting from lowest fre- FIG. 3. (a) Lattice model protein consists of two helices, a loop
quency, the PR first decreases with frequency, then increaseafd a core region. The loop length can be changed by moving the
and finally decreases with frequency. A large number ofoop horizontally to the right(b) Participation ratio for model pro-
structure arrangement and size are calculated. This behavigfown in (@ with a loop length of 18, wherea is the lattice

of the PR seems to be universal, holding for all globularconstant. Dotted and dashed lines are for model proteins with loop
' lengths of 2& and 33, respectively(c) Projected residue ms fluc-

—_—— - - — tuations in arbitrary units for the modes with the smallest PR in the
RlegiOHIA (mIOdeS 1'_10) ! ! dip region(dashed lingand with largest frequencisolid line).

ms fluctuation
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0.02 |
proteins. Other molecular systems such as tRNA are also
calculated, but the behavior of the PR is qualitatively differ-
0.01 ent from proteins(data not shown So it is reasonable to
conjecture that the different behavior of the PR in globular
proteins from other systems reflects the intrinsic difference
of certain properties. Recently, Michelegt al. [27] studied
0.04-  Region B (modes 34-44) the localization properties of HIV-1 protease. A similar be-

ooob—m1 o 1 01111

0.03 havior of the PR in HIV-1 protease was found.

0.02 To study the origin of the behavior of the PR in globular
| proteins, the fluctuation patterns of the proteigoglobinat

0.01 different frequency regions are given in Fig. 2. The different

0.00 frequency regions in the figure are labeled by different alpra-

bets(see Fig. L In the low frequency regioi, the fluctua-
0.03|- Region C (modes 84-94) tions represent a collective motion, characterized by large
values of the PR. In regioB, the PR is small, implying

Mean-square fluctuation (AZ)

0.02 localized fluctuations. It is interesting to note that in this
region, the fluctuations occur dominantly at the loops. In the
0.01 highest frequency regioB, the fluctuations are found to be
0.00 confined to the second_ary structures, resulting in small PR.
) In region C, one can find that motions of both loops and
0.06 Region D (modes 142-152) secondary structures are involved. The degree of localization
s is, however, smaller than that in regioBsand D, but it is
0.04 |- larger than that in regioA. Therefore, it can be concluded
- from the fluctuation patterns that the dip of the PR occurred
0.02 - at lower frequency sid&egionB) originates from the local-
i ized fluctuations at loops that connect the secondary struc-
0.00k slacl 1 al " | . . . .
0 20 40 60 80 100 120 140 tures. For conventional disordered solids or random coils,

there are nearly no well-defined secondary structures and
consequently no loops. The resulting PR will show a differ-

FIG. 2. Calculated projected residue ms fluctuations in differentent behavior. It is obvious that the different behavior of the
frequency regions for myoglobin. The secondary structures of myoPR in globular proteins from that of conventional random
globin are represented by the horizontal segment heavy lines at ttgolids or coils originates from the different nature of struc-
top of the figure. The remaining are loops. tures.

Residue number
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To get a better insight into how the localization propertiestein shows a similar behavior to that of real globular pro-
are affected by the topology, a lattice mod@b] with a  teins. With an increase in the loop length, the PR values of
different length of the loop is adopted. In this model, a pro-both the dip(regionB in Fig. 1) and the peaKregionC in
tein is represented by a self-avoiding chain of beads placegig. 1) decrease. It can be seen from Fi¢c)3hat at the dip,
on a two-dimensional discrete lattice. In construction of thisthe fluctuations are dominant in the loop region. Again, the
model protein, one must consider the fact that the secondaiyigin of the dip is the cause of the loop. For the highest
structure has higher packing density, while the loop hagrequency mode, the fluctuations dominantly occur at the he-
lower packing density. A core region is introduced by makingjices, especially at the core region. The broad peak comprises
two helices in contact with each other, since cores, withyodes which are more delocalized and worse defined. These

higher packing density, are important to stabilize the wholgyeaks are relevant to the coupling motions among secondary
structure. Our model protein shown in FigaBconsists of ¢t ctures.

two helices, a connective loop, and a core. All residues |, symmary, localization properties of fluctuations in
(bead$ are treateq |dent|9ally. In our calculations, only the globular proteins were studied by using the Gaussian net-
nearest neighbor interaction is considered. work model. It was found that the participation ratio of fluc-
Advantages of the lattice model are that we can changg,agions in globular proteins shows a universal behavior, con-
the structure as desired to get insight into how the residugymeq py theoretical calculations in both real globular and

fluctuations are affected by the changes in structures, whichode| proteins. The loops connecting the secondary struc-
is difficult to do in real proteins. In Fig.(B), the calculated res are responsible for this feature.

PR by the GNM for the model protein with a different loop

length is shown. The loop length is changed by moving the This work was supported by the NSFC. Partial support
loop horizontally to the left or right. The curves are from Shanghai Science and Technology Commission, China
smoothed simply by adjacent averaging using ten points. It iss acknowledged. Interesting discussions with Dr. Y. Q.

obvious that the PR of fluctuations in the simple model pro-Zhou, Dr. C. Tang, and Dr. J. Z. Y. Chen are acknowledged.
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