


PROTEIN STRUCTURAL ANALYSIS,
FOLDING AND DESIGN

Edited by
Masahiro Hatano

Chemical Research Institute of Non-agueous Solutions
Tohoku University, Sendai 980. Japan

JAPAN SCIENTIFIC SOCIETIES PRESS Tokyo
ELSEVIER amsterdam Oxtord-New York-Tokyo
1990




Copublished by

JAPAN SCIENTIHIC SOCIETIES PRLESS. Tokyo
nd

1 SEVIER SCIENCE PUBLISHERS, Amsterdam

exclusive sales right in Japan
JAPAN SCIENTIFIC SOCIETIES PRESS
6-2-10 Hongo, Bunkyo-ku, Fokyo 113

Jor the U.S.A and Canada
ELSEVIER SCIENCE PUBLISHINT TOMPANY ., INC.
655 Avenue of the Americas. New “ork, NY 10010

for the rest of the world
ELSEVIER SCIENCE PUBLISHERS
Molenwerf |, 1014 AG Amsterdam

ISBN 0-444-81323-3
ISBN 4-7622-3620-9 (Japan)
Copyright ) 1990 by Japan Scienific Societies Press

All rights reserved.

No part of this book may be reproduced in any form, by photostat. microfilm,
retrieval system, or any other meins, without the written permission of JSSP (except
in the case of briet quotation for criticism oF review).

No responsibility is assumed by the Publisher for any injury and/or damage to .
persons or property as a matter of products liability. negligence or otherwise, or from
any use or operation of any methods. products, instructions or ideas contained in the
material herein. Because of the raptd advances in the medical sciences, the Publisher
recommends that independent verification of diagnoses and drug dosages should be
made.

Special regulations for readers in the USA - This publication has been registered with
the Copyright Clearance Center Inc. (CCC), Salem, Massachuseus. information can
be obtained from the CCC about conditions under which photocopies of parts of this
publication may be made in the USA. All other copyright questions, including
photocopying outside the USA, should be referred to the copyright owner, unless
otherwise specified. o

Supported in part by The Ministry of Education, Science and Culture under Grant-
in-Aid for Publication of Scientific Research Result.

Printed in Japan



Preface

Our understanding of the structure-function relationship in proteins was
revolutionized in the 1980s by the use of site-directed mutagenesis coupled
with X.ray crystallography, which reveals the story of protein functions in
their atomic resolution. This was still limited, however, to the hydrolytic
enzymes such as lysozymes of smaller molecular weight or to well-
recognized hemoproteins such as myoglobin and hemoglobin. Our knowl-
edge of protein-functions is also being increased through such computer-
aided approaches as graphic design and molecular mechanies, although
these approaches too are currently applicable for smaller proteins

From 1986 to 1988 a group of Japanese scientists pursued research on
the siructural analyses, folding and design of various types of proteins
including cytochrome P-450, ferredoxins, hemoglobin, erabutoxin, neu-
rotoxins, tryptophan synthase, thermophile isopropylmaleate dehydro-
genase, fatty acid synthetase, ion-channel proteins and abnormal hemoglo-
bins.

Their findings summarized here provide data on the capability and
potential of site-directed mutagenesis, mutations in nature, and computer-
aided predictions for more complicated proteins. Our insight into protein
structure-function relations is now sufficient to enable us to refine the design
of proteins, with the aim of eventually creating protein molecules with
specific properties. Publication was supported in part a grant from the
Ministry of Education, Science and Culture of Japanese Government, whose
valuable support is appreciated.

February 1990 Masahire HATANO
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PROTEIN CONFORMATION IN TERMS OF
CONFORMATIONAL ENERGY ANALYSIS

H. Wako

School of Social Sciences
Waseda University
Shinjuku-ku, Tokyo 169, Japan

I. INTRODUCTION

Numerous studies on the anatomy and taxonomy of protein conformations,
based on their three-dimensional structures obtained by X-ray crystallography,
have been carried out (1). In these studies the three-dimensional structures
have been analyzed through visual inspection of the stereoscopic figures,
molecular models on a graphic display and so on. In other words, these struc-
tures have been inspected mainly from a geometrical point of view. As a
result, a static picture of protein conformations has been fixed in the minds of
some protein researchers.

Recent computer simulation studies of molecular dynamics and the Monte
Carlo method have provided dynamical aspects of protein conformations and
have revealed that protein structures fluctuate at room temperature much more
than expected (2). However, it is not always easy to obtain such dynamical in-
formation, because simulation requires a great deal of computation time, even
if supercomputers are used. Since it is importaat to take account of these
dynamical aspects in the anatomy and taxonomy of protein conformations, a
convenient method for providing this information is required.

For this purpose, the use of normal mode analysis (NMA) in dihedral angle
space has been proposed (3-7). In this report we will discuss what kinds of
dynamical information can be derived from a given three-dimensional structure
by X-ray crystallography, i.e., from the cartesian coordinate data in the Protein
Data Bank (PDB) of Brookhaven National Laboratory through NMA.

A. FEDER System

To analyze three-dimensional structures of proteins in terms of conforma-
tional energy function we earlier developed the FEDER program (8). This is
based on the ECEPP program developed by the Scheraga group (9), but con-
tains functions for rapidly calculating the first and second derivatives of the
conformational energy function. With these derivatives, (a) the conformational
energy minimization by the Newton method to obtain the minimum point at
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which the second derivative matrix is strictly positive definite, (b) the NMA,
and (c) an efficient Monte Carlo simulation (10) can be carried out.

In addition, the FEDER system has the following characters (8): (a) in-
dependent variables are dihedral angles. In other words, a molecular model
with fixed bond lengths and bond angles is considered. The number of
dihedral angles required to describe a given protein conformation (i.e., the
number of independent variables) is about one eighth the number of atomic
coordinates (i.e., three times the number of atoms). (b) All atoms including
hydrogen atoms are taken mto account. (¢) For rapid computation, an algo-
rithm for computing the first and second derivatives and a program code are
produced for a supercomputer.

B. Regularization of Data from the Protein Data Bank

The first step in carrying out the NMA is the regularization of the X-ray
crystallographical data. Since X-ray data have slightly different bond lengths
and bond angles from the standard values used in the FEDER, conformational
energy minimization starting from the X-ray data sometimes leads a calculated
conformation to a three-dimensional structure slightly deviating from the X-ray
conformation. To obtain the energy minimum conformation very similar to the
X-ray conformation, we must perform restrained energy minimization by
mininizing the following objective function (3).

Fe=wpZ(ry- ;P + (Ip)E M

where 7, and rj are the distances between atoms i and j in the calculated con-
formation and in the X-ray conformation, respectively; E is conformational en-
ergy of the calculated conformation (9); and wp and (1-p) (0sp=1) are the
weighting factors for the geometrical constraint and conformational energy
terms, respectively (w is in units of kcal/mol/A? and p is a dimensionless
perameter).

The minimization of the objective function (1) is carried out in several
stages as follows: p is initially set at one. After reaching the optimum confor-
mation for this objective function, p is decreased by a certain amount and then

Fig. 1. Results for RNase A from normal mode analysis (NMA). In b-d
dynamical information obtained from NMA can be added to the structural
information obtained directly from the X-ray crystallography in a. (a) Stereos-
copic view of minimum energy conformation. (b) Lowest frequency mode.
The arrows show the atomic displacement vectors, but their lengths are 7 times
longer than those at 300 K. (c) Same as b, but the lowest six modes are also
superimposed. (d) The C*-atom pairs with correlation coefficients larger than
0.25 are connected with thin lines (see also Fig. 3a).
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the minimization of the objective function is resumed. This procedure is re-
peated step by step until p=0. Consequently, a conformation located at a local
energy minimum and very similar to the X-ray conformation is obtained.

Using the above procedure, minimum energy conformations were obtained
for several proteins, for example, bovine pancreatic trypsin inhibitor (BPTD),
flavodoxin, ribonuclease A (RNase A), lysozyme, myoglobin and Bence-Jones
protein. The NMA was then applied to these proteins in minimum energy con-
formations. These calculations can be carried out routinely at present with the
FEDER system.

In the following section the results discussed mainly refer to RNase A in II
and BPT] in ITl. Only a portion of the results on myoglobin and lysozyme are
discussed in IT.B.3. The results for other proteins are given elsewhere (3,4).

C. Normal Modes

All the normal modes were calculated for the regularized protein conforma-
tions. For an illustration of the results the lowest frequency mode of RNase A
is shown by arrows in Fig. 1b (coordinate data of entry code 1RN3 in PDB (11)
is used). Since it is known that lower frequency modes are dominant in the
global motion of the molecule (5-7), the lowest six frequency modes are super-
imposed on the same figure (Fig. 1c). Though details are not clear in Fig. Ic,
such representation can emphasize the regions with larger fluctuation.

Once we have the normal modes, any time-averaged properties can be easily
calculated. For example, the root-mean-square (r.m.s.) atomic displacements,
the r.m.s. fluctuation of dihedral angles, the correlation coefficients of the
movement of the pair of atoms and so on (5-7). It is not enough to describe
the dynamical structures of proteins by only one of these time-averaged proper-
ties; we should rather describe them from an overall viewpoint. To examine
which kinds of dynamical features of proteins can be elucidated by a set of pro-
perties calculated in the NMA, two properties are discussed below as examples.

0. DYNAMICAL ASPECTS OF RNASE A

A. Breakdown of the Motions of Segments into Internal and External Motions

Figure 2a shows the r.m.s. displacements of the main-chain atoms (including
CP) of RNase A averaged over all the normal modes. The r.m.s. displace-
ments of a-helices and B-structures (the residues indicated by broad and fine
stripes, respectively, in Fig. 2) are relatively small, while those of the loops
(residues without stripes in Fig. 2) are relatively large (the term "loop" is used
to refer to the region not assigned to the secondary structure elements, a-helix
or p-strand). This is generally true for other proteins according to our calcula-
tions (3,4).
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Fig. 2. Root-mean-square atomic displacements for RNase A. Stripes with
thick and thin lines indicate the o-helix and B-strand regions, respectively.
Other regions are referred to as loops in this report. (a) Values averaged over
the main-chain atoms for each residue are plotted against residue number. (b)
Displacement for external motion. (c) Displacement for internal motion.

This observation gives rise to the following questions. Does fluctuation of
loops come from its internal flexibility, or are the loops rigid with the mobility
being due to, for example, the flexibility of the connection region of the loop
with the secondary structure element? To answer these questions it is useful to
break down the motion of the segment into two types of motions, internal and
external. These are defined as follows (7): internal motion is the deformation
of a structural element, and external motion is translational and rotational mo-
tion, in other words, the fluctuation as a rigid body.



In the NMA the translational and rotational motion of the whole protein
molecule is excluded: the external motion of the whole molecule vanishes.
However, if we divide the molecule into several segments, the motion of each
segment can be broken down into internal and external motions for each nor-
mal mode. The division of the polypeptide chain is arbitrary. In this study a
molecule is divided according to types of secondary structures, i.e., a-helix, B-
strand and loop. In each normal mode displacement vectors of atoms are bro-
ken down into external and internal displacement vectors (7) and then r.m.s.
displacements are calculated for these respective vectors.

Figure 2b and 2c show the results for RNase A. On the whole, the external
motions are Jarger than the internal ones (compare Fig. 2b, ¢). This is because
the NMA treats the dynamics centered around a local minimum and does not
take into account the drastic conformational changes.

As expected, the a-helix and B-strand segments appear rigid, because the
internal motion is much smaller than the external motion. According to the
results including those of other proteins (3,4), we can say that a-hclices are
more rigid than B-strands. This statement is also confirmed by examination of
the r.m.s. fluctuation of main-chain dihedral angles ¢ and , calculated in the
NMA.

As far as the large fluctuations of loops are concerned, it is found that there
are several types. For example, in some loops the external motion is dominant
(e.g., loops 67-69, 88-97, and 112-117 in Fig. 2), revealing that these loops are
rigid but mobile. In other loops the internal motion is relatively large (loops
13-24 and 34-43 in Fig. 2), indicating that they themselves are flexible. In oth-
er loops both motions are responsible for their large r.m.s. displacements.

In general, according to our results for several proteins, B-turns connecting
the B-strands to form B-structures are rigid, while the loops connecting a-helix
and B-strand or the loops in irregular conformations are relatively flexible.

B. Correlation Map of Atomic Movements

1. Correlation Map. Next, we consider dividing a polypeptide chain into
several regions such as domains or modules, or detecting core regions defined
below from the dynamical point of view rather than from the geometrical one.
For this purpose the correlation coefficients v, of the atomic motions averaged
over all the normal modes were calculated as follows (6):

Yy = <Br - Br>/ <Brp>1 <ri>1 )

where br, and 8r, are displacement vectors of the atoms i and j f{rom the
minimum-energy conformation for a given normal mode and <---> means
average over all the normal modes and time, If v, is positive, it indicates that
the pair of atoms i and j has a tendency to move in the same direction as an
average over all the normal modes. If v, is negative, the two atoms have a
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Fig. 3. Positive (a) and negative (b) correlation maps for RNase A. The atom
pairs with positive and negative v, are marked in a and b, respectively. Atom
pairs with |y,] greater than 0.25 are indicated by squares.

tendency to move in opposite directions, also as an average. However, if the
absolute value of the coefficient is nearly zero, there is little correlation
between the movements.

In Fig. 3 the results for RNase A are represented in two triangular maps, in
which atomic pairs with positive v, and negative vy, are shown separately (re-
ferred to as positive and negative correlation maps, respectively). Since the
maps for all atoms would be too huge to present here, only the pairs of a-
carbon atoms are shown.

In Fig. 1d the positively correlated C* atom pairs with correlation
coefficients greater than 0.25 are connected by thin lines.” This figure elucidates
the clusters of such atomic pairs.

2. Dynamic Core Region. A protein molecule is a very complicated system
consisting of several thousands of atoms. Therefore, a polypeptide chain must
be divided into several regions or characteristic regions identified to derive in-
telligible information from the three-dimensional structure of the protein.

From a visual inspection of the correlation maps, we are aware of scveral
core regions, which are defined as high density regions of atomic pairs with
larger |y,| values, independent of secondary and tertiary structures.
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Fig. 4. P-cores and N-cores detected by the horizontal and vertical scanning of
Fig. 3a, b. The residues in the «a-helix and B-strands are indicated by the
Jetters H and E, respectively.

To objectively define such cores on the maps, the method recently developed
by Kikuchi er al. (12) for defining domains from the contact maps of proteins
is applied (4). By scanning the positive and the negative correlation maps hor-
izontally and vertically with respect to the vy, values, several core regions are
detected and the results are shown in Figs. 3 and 4. These cores detected in
the positive and the negative correlation maps are referred to as P-cores and
N-cores, respectively.

3. Module. Correspondence of the correlation maps with the modules pro-
posed by M. Go (13) is examined for lysozyme and myoglobin (3,4), and it is
found that the negative correlation map has good correspondence with the
module. Consequently, the modules can be characterized in terms of the corre-
lation coefficients of the movement of atoms as follows: (a) In a module there
exist clusters of atoms in which the movements are positively correlated with
each other. This fact corresponds to the compactness of the modules, which is
one of the characters originally proposed for a module from a geometrical
point of view (13). (b) The atoms in the clusters in a module have negative
correlation coefficients of their movements to the atoms in the clusters in other
modules. These facts indicate that modules are distinguishable conformational
units even from a dynamical point of view.

C. Description of RNase A from a Dynamical Point of View

RNase A is described as follows from a dynamical point of view, according
to the above results.
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From a visual inspection of the conformation of RNase A (Fig. 1a), two
domains linked together near residues 49-51, 76-79, and 102 are well defined.
From a dynamical point of view, these domains are also well characterized; for
example, they appear as two clusters of positively correlated atom pairs in Fig.
1d. Good correspondence of the domain with the N-cores detected in the nega-
tive correlation map (Figs. 3b, 4) reflects the hinge-bending movement of the
two domains. This motion is visualized in Fig. 1b,c, in which we observe large
displacement vectors at N-terminal and loops 34-40, 90-95 in one domain, and
at loops 67-69 and 112-117 in another domain, and very small vectors of this
type around the hinge regions.

The P-cores have good correspondence with the secondary structures in gen-
cral (3,4). For RNasc A, the P-core 1-18 contains a-helix 4-12 and the P-cores
56-88 and 71-110 are a part of the B-sheets extending to the two domains.

Fluctuations of the loops are usually large, and are characterized by rigid-
like motions for the B-turns 67-69, 88-97, and 112-117 forming the B-sheet,
and by the internal flexibility of the Joops 13-24 and 34-43 in irregular confor-
mations.

IIi. ROLE OF DISULFIDE BONDS IN BPTI

A. Perturbation of Protein

The perturbation method is one of the conventional approaches to study
very complicated systems such as protein molecules. As a perturbation for pro-
teins, for example, we can consider replacement of some amino acid residues
by other such residues, insertion of a small fragment into a certain part of the
chain, or deletion of a small fragment from the chain. By studying changes in
static and dynamcal conformational features caused by such perturbations we
will be able to explore the roles of the replaced, inserted, or deleted amino acid
residues in the native conformation.

In this context we studied BPTI. To apply the perturbation to the native
BPTI one or more of the three disulfide bonds formed in the native conforma-
tion will be unbonded and replaced by cystein residues. By this operation on
BPTI we intend to reveal the role of each of the three disulfide bonds in the
molecule. Speaking more concretely, if some parts of the chain become more
flexible with the unbonding of a certain disulfide bond, such an S-S bond will
be seen as having a role in suppressing the fluctuation of these parts in the na-
tive conformation.

B. Unbonding of Disulfide Bonds

First of all, the atomic coordinate data obtained from the X-ray crystallogra-
phy of BPTI (14) were regularized by the FEDER, as described above. The



