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ABSTRACT

This paper describes the development ¢f a new technique for the sclution of
crystal structures from packing considerations, using contact distance criteria, knowing
approximately the shape of the melecule. The methad is applied to u'complicuted
structure, namely, that of a cyclic hexapeptide, cyclo (GLy-L-Tyr-GLy),. 2H,Q,
which cry<talfizes in the trichinic space group P1. Althsugh this is a difficult space
group for solution by conventional method, it turns out tc be particularly facile for
the new method. The trial structure thus obtained could be refined by a series of
successive SFLS refinement, mcrcasnzg the number cf /eﬁectmns used fer the refine-
ment at each Stage.

Key Words: Molecular packing, contect criteriz, cyclic peptide, least-squares refincment.

INTRODUCTION

It has been well recognized that the three dimensional structure of bio-
logical macro-molecules plays a crucial role in their biochemical activity.
Undoubtedly x-ray crystallography is the most potent method to give the
complete three dimensional structure of these molecules in the solid state.
Hoewever, in recent years, with the advent of fast and big computers, the solu~
tion of crystal structures without x-ray intensity data has. become an infe-
1esting challenge. Towards this end, methods bave been reported..in the
literature concerned with the determination. of energetically. favoured. struc-
tures of biologically important molecules by cemputer calculations: . Typi-
cally, in these calculations, energies of interactions of: atoms:.ixfluenced
by the conformational changes of the molecule (non-bonded interactions,
forsional energies, etc.) are considered and structures are sought that would
optimize the total energy of these interactions in a crystal. By using the
semi-emperical potential functions dés¢iibing Van der Waals and electro-
static interagtions between non-bonded atoms and ions and the formation
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92 N. Suamara

of hydrogen bonds, some successful attempts to solve the phase problem
in crystals of unknown structures have been made by Williams 1
Kitaigorodsky and Mirasakaya [2], and Coiro, Giacamello and Gi dio [3],

Extensive work has been carried out in this laboratory to predict the
conformation of jsolated biological macromolecules by theoretical calcy-
lations using potential functions. As early as 1969, Ramachandran [4]
pointed out the interrelation between the theoiy of biopolymer confor-
mation and the stability of a crystal structure and that it is not difficult io
use the potential functions which have been successfully zpplied in this
laboratory to predict the protein conformation, for the purpose of studying
crystal structures. In fact such calculations have been done here for two
simple examples of benzene and sulfurdioxide [5]. The results show that
the potential functions adopted for biopolymer conformations in our labo-
ratory can predict the crystal structures with reasonable accuracy. However,
since the energy of a2 macromolecule in its crystal lattice will be influenced
by the interactions of the molecule with the neighbouring molecules, such
a calculation will present seemingly unsuromountable computational prob-
lems because of the large size of these molecules. Hence an alternative
idea of using the contact distance criteria of Ramachandran, Ramakrishnan
and Sasisekheran [6] for predicting the best packing of the molecules in
their crystal lattice was employed. This technique of using contact criteria
has been well developed in our laboratory [7] end particuler reference may be
made to the recent analysis of poly (Gly-Pro-HyP) [8]. Hence an attempt
was made to employ this method of packirg the molecules to solve the
crystal structure of 2 hexapeptide cyclo (Gly-L-Tyr-Gly),-2H,0.

In this paper we shall discuss the method adopted for fixing the mole-
cules and analysing their contacts, leading up to the revelation of a satis-
factory pack ing arrangement which is probably accurate to about 1A in the
location of the outermost atoms in the molecule. The advantage of using
low resolution data at the initial stages and how these could be improved as
the refinement continued are also pointed out. A brief analysis of the
power and the limits of the method on the basis of our experience is dealt
with. . A préliminary report of this woik has appeared recently [9].

METHOD

> In this section we describe the principle of the method and how various
steps are programmed for a computer.
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Principle of the Method

It is well known that the normal interatomic contact distances in a
crystal are always larger than certain minimum values and that information
regarding the magnitudes of these minimum values can be used tc predict
the conformation of various biomolecules. Such an analysis of the minimum
contect distance criteria was made by Ramachandran and coworkers [10]
for predicting the allowed and disallowed ranges of dihedral angles (¢, )
for 2 pair of peptide units. It is reasonable to assume that the criteria thus
worked for a dipeptide unit can work equally well for the packing of larger
peptides in their crystal structures.

If the stereochemistry of the molecule is known, or can be postulated
from known bond lengths, bord angles and dihedral angles, its crystal stric-
ture can be defined by six parameters: three rotational parameters, which
define the orientation of the molecule and three translational parameters to
represent its position within the unit cell. The rotational parameters can be
conveniently defined by means of the three Eulerian angles ¢, 8, 4. The
translational parameters are taken to be the fractional coordinates X, Y, 2Z
of the origin used for defining the rotations. By stepwise variation of these
six parameters and by applying the symmetry operations of the space group
on the rotated and translated unit, we can derive a set of trial structures.
Not all of them can exist in reality due to steric overlaps between some of
the constituent atoms in neighbouring molecules. An acceptable solu-
tion is one that involves no predominant short-contacts between the neigh-
bouring molecules and for which the condition for the formation of hydrogen
bonds, if any, are also satisfied.

General Considerations

The prerequisites for applying this method are (@) The geomeny of the
asymmetric unit. The knowledge of molecular conformation is often
necessary. In fact, bond lengths and angles are available in the literature
with accuracy adequate for this purpose. The conformation of a molecule
is established either from NMR study or intramolecular potential energy
celenlations. (b)) The unit cell parameters and the space group. This is a
matter of standard routine and is easily determined from preliminary studies
of x-ray diffraciion.

Calculational Procedure Employed

The details of the procedure followed in carrying out the packing ana-
lysis is explained in this section by describing a standard computer program.
Since the main objective of this paper is to bring out the success of this
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method in solvirg the crystal structure of cyclo (Gly—L-Tyr.Gly)2 by using
only contact criteria, we restrict our discussion on the progiam only to the
particular space group P1. However, the framework of the program is
such that it can be easily modified to suit other space groups as well. The
flow chart of the program used in our study of the cyclic hexapeptide mole.
cule is given in Fig. 2.

The main input data required to carry out the calculations are:
(i) The unit cell parameters of the crystal.

(ii) The argular parameters ¢, 9, ¢ defining the regions to be scanned
in the unit cell and their relative increments.

(iii) Atomic coordinates of the first asymmetric unit as obtained from
conformational study.

(iv) Elements of the rotation matnx and components of unit cell trans
lational vectors for generating the neighbouring molecules.

(v) The table of normal and extreme contact limits for every pair
of atoms of known chemical species (Teble 1).

r

TasLe I

Values of limiting distances in Angstrom units for various interatomic contacts

.

Type of Extreme Normal
contact limit limit Coin
(Column A) (Column B)

H...H 1-9 2:0
H...O 2-2 2-4
H...N 2-2 2-4

H...C 2-2 24 .
. 0...0 2-6 27
. 0.. N 26 27
0...C 2-7 2-8
N...N 26 2-7
. N...C 2-8 2-9
e Cc...C 2-9 3-¢
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(viy The number of bad contacts which will classify a particular region
as being disallowed.

The major steps involved in this program can be summarised as follows :

(@) Establishment of the cartesian coordinates of the atoms of the
asymmetric unit.

(by Generation of the neighbouring molecules as required by the space
group symmetry.

(&) Determination of the sterically allowed orientations and positions
of the molecule in the unit cell by systematic variation of the
angular parameters ¢, 8, ¢ and the translational parameters
& ¥, 2.

Since the space group Pl has full translational degree of freedom within
the unit cell, all the translational parameters can be taken to be zero.

(d) Elimination of the regions that contain steric overlaps between some
of the constituent atoms, found using the contact distance
criteria.

(o) Ranking of all these allowed regions according to number of bad
contacts.

The details of the procedural steps employed for the cyclic hexapeptide
molecnle are discussed in the following sections.

APPLICATION OF THE METHOD TO THE STRUCTURE OF A CYCLIC HEXAPEPTIDE

In this section we explain how the method was applied to work ont the
preliminary structure of cyclo (Gly-L-Tyr-Gly),.2H,0 in the space group
P1, which could be subsequently refined by employing the usual techniques
normally adopted in x-ray crystallography. The space group Pl js the most
difficult one for the solution of the structure by the standard methods used
for solving the phase problem. It is worth mentioning here that there was
only one equal atom structure in Pl teported in the *Iitérature[ 11} when
this work was started. ' o

For two reasons the crystal structure sought to be:solved was an ideal

example for us to start our werk. Firstly, in the space group P1, the mole-
aule does not have any symmetry-related molecule in its unit cell.  Secondlys
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the solution conformation of this melecule has been determined by Kopple
and coworkers [12], so thet this is a fine example to verify if the solution
and solid state conformatiors are the same.

X-ray Data and Processing

Crysttls of the chosen compound, Cy;HyNgOg 2H,0Q are colourless
and needle-shaped, crysiwcllising in the triclinic system. Cell constant
and other pertirent physical daia are listed in Table II.

TaBLe I]

Molecular formula
Molecular weight
Space group

a

b

k4

Vv
Radjation

. Number of independent
reflections

.. Number of molezules per
unit cell VA

CaoHyy NeOg . 2H,0
583
P1
6-27040-002 A
8-808:1-0 002
13-350 £0-002
104-18°0-01
97-19-40-01
98-46.-0-01
6981

Cuk,

2176

1
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The diffracted intensities of 2176 reflections were measured on a CAD-4
diffractometer, of which 204 reflections were considered 1o be unobserved,
since their intensity was less than 3 o. Three standard reflections were
measured after every 50 reflections and there were no significant changes in
their intensities during the period of data collections. Intensities were then
corrected for Lorentz and Polarization factors, but not for absorption
(R =0-2). An overall temperature factor of 2:2 A? and the scale factor
were evaluated. The chemical structure of the molecule is given in Fig. 1
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Fic. 1. Structural formula of the molecule cyclo (Gly-L-Tyr-Gly)..

Generation of the Theoretical Model

The theoretical model was constructed on the basis of the conformation
of the backbone given by NMR studies. The solution conformation of this
molecule has been studied by Kopple and coworkers [12] from the proton
magnetic resonance spectra. They noticed that the molecule has C, symmetry
atleastin the NMR time average. The side chains, namely the tyrosine rings,
occur at the second and the fifth position. The dibedral angles for the
three peptide units and the side chain conformational angles obtained from
NMR are given in Table III (a). These values of dihedral angles were used
for the construction of the computer model used for packing calculation.
The method adopted is same as that used by Ramakrishnan and Sarathy
[13] for their study of cyclic hexapeptides with two fold symmetry. The
bond lengths and angles used are the standard values for the planar and
trans peptide units [10]. The method can be summarised as follows.
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T TABLE [TI
Chosen parawmeters for the cyclic Texapeptide molecule

(ay Corformntion angles obtaired from NMR data

Conformational angles*

Residue Natg re I
i of residuc Backbone Side-chain
angles angles
b4 Py X %
1,4 Gly —}50 —170
2,5 Tyr —380 120 180 90
3,6 Gly 70 0

* All angles ~ie in degrees.

(b) Hydrogen bond data and conformational parameters of the model

chosen
Number of Backbone parameters® Hydrogen bonds
residue * 7 i i
i
L4 111-0 —132:0 —162-0 Nature
NH, .. 04(1'”‘{)‘ .
‘ ‘ NH, .. 0, @] ;
' 2,5 “112-0 —75.0 125-0

} Parameters for both’

70+ 0. 1-00 Length 2-97°A -
R Angle 18

T4+ samé as ih Fable HI (a).
- * Kiliatlles ate in deprees. Side chein dihedral angles are os in Teble TH (a). -
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Assuming the peptide units to be planar and zrams, given the value of
7, ¢, % at two C® atoms (Cy* and Cy®), three peptide units starting from Cy2,
and ending with. C,%, can be generated. The two-fold axis is taken to pass
through the centre of line joining C,® and C,* and perpendiculat to the plane
formed by C*, Co® and C2. Two similar sets of such three units (namely
C-Cr-Cy*—-C® and C/-Cy*~Cg*-C,*) can then be linked 1o each other at
the two terminal alpha carbon atoms C,* and C,*. They are then tilted about
the line joining these two linking alpha carbon atoms such that the = values
at these carbon atoms He close to the tetrahedral values. The resulting
structore will be a hexapeptide with two-fold symmetry This procedum
was used in getting a cyclised 5tmcmre

In generating the three peptide units, six cenformational parameters
namely 7y, o, P, Ty, g, ¥y were varied. 7, and 7; were varied in the range
108° to 112°, at intervals of 2°, while (¢, 4;) @nd (¢4, #b,) were varied in the
range (—90° to —70°, 110° to 1307 and (607 to 80%.— 10° to 10°) respec-
tively, at intervals of 10°, and the tilt was given in the range from 0° to 180°.
Only those values of (¢, ¥;) for. which 7y lies in the range of 108° to 112°
and occurs in the range (—160° to — 140°, = 180° fo — 160°) were printed.
A large number of possibilities were Lhus obtained. However and impor-
tant feature, which is found to occur in cyclic hexapeptlde structures, is the
existence of a 4 —1 type of ‘nternal Hydrogen bond- which brings about
a reversal in the direction of progress of the polypeptide chain and thus
leading to- the closure of thering [13;i14]: When this additional criterion
was introduced for the formation of gdod cyclic structuses, the number of
possibilities were reduced appreciably.. ©ut of :these, the one which had
good hydrogen bond parameters aind for which the conformational angles
were close to the ones reported from NMR studies was choser. The data
for this trial stsucture are shown in Table III (b).

Having obtained the ba.ckbone w1th 1wo-fold symmetry, the tyrosine
sule chains were fixed at C,* and Cy*' using the valies of x*==180° and
=90° the same as those given by NMR studies. The dverage bond
length for C—C in the phenyl ring was taken to be 1-40 A and the bond
angles were taken to be 120°. The C—O bond length was given a vélue of
1-45 A, These data were taken frem the. paper by -Pomnuswamy and
Sasisekharan [I5]. For one of the tyrosine side chains; namely the one
at Ci%, a positive rotation of 155° was made about C%; —Cyf, increasing
x'by this valye, in order to break the 1wo—fold symmetry of the molecule,
since the molecule asa who[e is expected to be 9symmetr1c in 1ts triclinic
unit cefl.
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In the computer model of the molecule, the hydrogen atoms H7 of the
tyrosine rings were not included. Due to the flexibility of these two hydso-
gens it would have been unrealistic to assign precise coordinates to thes
atoms. Also if rigid coordinates had been assigned to them, some legitimate
orientations might have been eliminated during the screening for sterically
allowed orientations.

Packing of the Model in the Unit Cell

Although this molecule is fairly large and has several degrees of free-
dom ir terms of dihedral angles of rotation in its internal molecular struc-
ture, this space group Plis particularly favourable for the packing analysis
method. The molecule in the unit cell has full translational degree of
freedom and any atom on point in the molecule car be taken as the origin
of the unit cell. There aie only three rotational degrees of freedom. Hence
the problem reduces to a three parameter case and it is sufficient if on'ly an
orientation search is made and the translational parameters will all be zero,
and need not be varied.

The calculational steps which are explained in this section are all pro-
grammed for an IBM 360/44 computer for the space gtoup Pl. The flow
chart of this program is given in Fig. 2.

The certesian coordinates of the atoms of the generated model in the
so-called starting orientation were calculated. In this orientation the centre
of the hexapeptide ring, O, which is the intersection of the lines C;*C*and
C,8C® is taken to be the origin of a right handed coordinate system with
the Z-axis, perpendicular to the plane of these four atoms and coinciding
with the two-fold axis. The X-axis is taken along OC,® and the Y-axis per-
pendicular to it in the above plane.

Using the coordinates of all the atoms in this initial frame, corres-
ponding to ¢ =0, § =0, and = 0, the coordinates of the atoms, for any
set of values for ¢, 8,4, are calculated using the transformation matrix R
as given below:

/cos $cosd — cos 6 sin ¢ sing cos¥ sing - cos 6 cosg Siﬂil’\

sing sin 6
—singcosd — cos O sing cos — sin g sind -+ cos 8 cos ¢ cost
\cos Psin @ /

sin 8 sin ¢ — sin 6 cos¢ cos §

The number of neighbouring molecules that have to be considered
for the packing analysis were precalculated using a simple program. The
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FiG. 2, Flow chart of the packing program,

interactions of only those molecules with their centres at a distance of less
than 15 A from the first molecule were found to be significant. This amounted
to taking seven translated neighbours, the positions of which are given in
Table IV. Due to the uncertainty in the measured density, the presence or
otherwise of the water molecules could not be concluded ; hence only the
hexapeptide molecule with 80 atoms was taken for the packing atnalysis.

Tn the beginning, we tried to eliminate the obviously disallowed regions
by packing the molecules by trial and error in the unit cell constructed for
this purpose. But our attempts were not successful due to the large size
of the molecule. Furthermore, the formation of hydrogen bonds were
also not very clear.

Starting from the arrangement of atoms characterized by ¢ = 6 = ¢ =0,
and systematically varying the three Eulerian angles ¢, 6,  at 20° intervals,
all the conceiveble orientations of the molecule were generated on the
computer one by one. The range of angles covered was 0° to 180° in 4,
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TABLE IV

Equivalent points of the hexapeptide molecules whick are taken
info account in the packing calewlations

Molecule Coordinates
number
1 X, Vs Z
2 l4x, 7.2
3 x, 14+ yz
4 X914z
5 1+ %142
6 14+% 5 14z
7 x 14+ 14+z
8 T4x, 14y, 142

0°to 180°in # and 0° to 360° in . However, many of the orientations could
be eliminated on steric grounds. The sterically zltowed orientations were
selected as follows.

After performing each rotation (¢, 8, ¥), the seven neighbouring mole-
cules were gemerated. The intermoleclar contacts between the first asym-
metric unjt and its neighbours were calculated one by one and compared
with the contacts, given for every pair of atoms in Table I, by comparing
with the “extreme limits ” for the corresponding pair of atoms. The
“extreme ” contact limits are somewhat shorter than the normal contact
distances between various atoms, which are shown in column B of
Table I. This conservative choice of contact limit values allowed the reten-
tion of those orientations which represented only marginal overlaps, bet-
ween some of the atoms. In the beginning, we had some difficulty in fixing
the number of bad contacts which will designate a particular orientation as
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peing disallowed. When this was taken to be ten contacts, we found that
a large number of regions could be categorized as being allowed. The
number was then reduced (o seven, and the permissible orientations were
then reduced to a much smaller number. Thus, if in a certzin generated
orientation there are more than seven intermolecular bad contacts between
the molecule at the origin and its neighbours, the orientation was rejected
as being sterically impossible.

All the allowed orientations which were obtained in this way could
be grouped into six independent regions which were relatively free of short
contacts. These are shown in Table V. The time taken for these calcu-
Jations on an IBM 360 /44, with a memory of 32K words, was about
6 hours, for the triclinic unit cell, with one molecule in the unit cell, If the
symmetry is higher, much larger time would be reguired.

Having obtained these approximate regions, using a large increment
of 20°, a further scan was made, in these six regions using a smaller scan
of 5% in order to locate the nearly correct allowed regions. This did not
lead to any appreciable reduction in the number of contacts in each region,
and, therefore, the six cases A to F given in Table V were used for further

TABLE V

The six allowed regions

No. of bad
Case ¢ 4 o contacts
A 40 (4] 120 3
B 40 140 20 3
C 80 40 120 4
D 140 120 100 5
E 120 20 220 6
F 180 20 20 6
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studies. The details of these contacts are presented in Table VI, From
an analysis of these results, it was not immediately obvious which of these
regions represented the correct model. It was at this stage that x-ray data
were utilised to pick out the most probable model.

Selection of the Trial Model

The selection of the refinable wrial model was accomplished using the
observed x-ray diffraction data. The atomic coordinates corresponding to
all local minima A to F were used for structure factor calculation and com-
pared with the observed x-ray data. Using all the observed reflections, the
R-values were computed for the six allowed regions. As can be seen from
Table VIL, four of these orientations gave a high R-value in the region of
0-85, while the other two regions A and B gave it in the neighbourhood of
0-60, which. is not far from the theoretical value of 0-59 for R-index given
by Wilson [16] for non-centric and randomly distributed atoms. Since
this did not give any indication as to the correctness or otherwise of the
structure, it was decided to carry out the least squares refinement on the
structures A and B, since both of them showed only a small difference in
in the R-value. In anticipation of what follows, we may say that one of
the two choices turned out to be a good trial model.

Verification of the Correctness of the structure

The refinement was cerried out using the block diagonal least-squares
refinement progiam of Shiono [17]. The quantity minimized is
Zo (Fo — S Fc?) where 1/S is the scale factor obtained from the Wilson
plot and w =1 initially. Two cycles of least-squares refinement was carried
out on both the structures A and B, using all the 2,176 observed reflections.
At the end of the second cycle, there was no mnoticeable change in the
R-value, which oscillated in the region of 0-60. We then decided to carry
out the refinement, using initially a few low angle reflections ard then using
this refined model for further refinement with all the reflections. Hence,
about 300 reflections, with sin < 0-3, were used to refine both structures
A and B and the final coordinates after two cycles were the input for
refinement in the next stage with all the reflections. This did not
improve the situation any better. Therefore, we continued our attempts
and proceeded in the following manner.

The refinement was cartied out injtially using only a few low angle
reflections and adding extra number of reflections in steps in the subseque.nt
stages. This procedure resulted in the establishment of the correct trial
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TABLE VI
Details of bad contacts

Structures Nature of Contact
bad contact distance*
A 02...04 2-47 (2-6) )
05...N2 243 (2-6)
O35 ... H2 1-94 (2-2)
B 05...C3 2-63(2:7)
06 ... H2 2-07 2-2)
C5...H3 2-04(2:2)
C 02...01 2-56 (2-6)
H4 ... H3 1-89 (1-9)
05... N2 223 (2-26)
Cs5...H2 2:07 (2-2)
D 04...02 2.30 (2/6)
05...C3 2:64(2-7)
05...C4 2:06 (2:7)
06 ...H2 1-90 (2-2)
C5...H3 1-92 (2:2)
E N5 ... N2 2-30 (2-6)
04...05 2-01(2:6)
N5...02 2:11 (2-6)
H5...N2 1-93(2-2)
C3...N5 2:33(2-8)
C6...02 2-43 (2:7)
F N2...Cl 2:40 (2-8)
N4 ... O6 2-53(2-6)
03...C2 2:42Q2-7)
03...Cl 2:27 (2-7)
H2...H1 1-81(1-9)
C3... N4 2-10(2-8)

*The distances are in A and the numbers in brackets are the extreme limit values.
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TABLE VII

R-values for the six probable orientations

Structures ¢ [ Wb (2,1 761:eﬂec-

tions)
A 40 0 120 0-394
B 40 140 20 0-614
C 80 40 120 0-885
D 140 120 100 0750
E 120 20 220 0-921
F 130 20 20 0-830

model which was progressively refined by adding about three hundred reflec-
tions at each stage. By making o series of five steps, a structure with accu-
racy of 0-01 A and with R = 0-30 was obtained. The details of the indi-
vidual steps are given below.

Step 1: The first step of the calculation weas done using about 300 reflec-
tions with sin §<0-3. An average temperature factor of 2:2 A® was
assumed. The coordinates of C,& wes held fixed to prevent a singular matrix,
Only the positional perameters and the scale fector were refined. At the
end of two cycles of refinen ent the R-value for structure A was 0-40 and
for B, it was 0-45. The shifts in the coordinates were of the order of 0-54
on the average. The bond length snalysis for both the structures showed
a better distribution of values for A which ranged from 0-9 A to 1-754

{)han for B, which recorded velues as low as 0-6 A for N—C® and C*—C
onds,

Step 2 : The second step of the caleulation was done for both the
models using the final coordinates of Step 1 2s the input coordinates. Three
hundred more reflections were added with sin 6 going up to 0-45. Refinement
of both the temperature factors and positional parameters showed that the
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stucture A is more favourable than B. There were significant changes in
the coordinates of certain atoms in the structure A, in the direction which
will improve the bond lengths closer to the correct value, The R-value was
0-40 and the temperature factor ranged from 1:2 A2 to 4.0 A2

The details of these two steps of refinement for both the structures are
given in Table VIII.

TABLE VIII

Analysis of the refinement at the Jirst two stages for structures A and B

No. of Average Bond Temperature
reflections shifts length factor R
(A) range (A)

Structure A

300 05 A 0:9~1-8 22 0-402
600 0.2 A 1-1-1-7 1:5-3-5 0-400
Structure B
300 06 A 0-9-1-9 2.2 0-472
600 0-5A 0-6-1-9 Temp. factor of  0:452

five atoms not
positive definite

Step 3: Further refinements were carried out only with structure.
About 900 reflections were taken in the range of 0:0 to 0-55 for sin 8. The
B factors of all the atoms were initialised to 2-2 A2 Convergence was
obtained after two cycles of refinement and temperature factors ranged from
135 A? to 3-8 A2 The R-factor dropped to 0-394.

Step 4: 1In the subsequent step, in which about 1,200 reflections were
used, the R-value dropped down to 0-36 and the accuracy of the structure
also increased. The bond lengths between the atoms were very close to
their respective normal values.

LISc—3
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Srep5: Finally a structure with. an accuracy of 001 A in the
coordinates and R-factor of 0-30 was obtained including all the obseyved
reflections.

Table IX gives the analysis of the refinerent at these various stages,

TABLE TX

Summary of the different stages of refinement of structure A,
which led to the correct structure

No. of reflec-
tions 1300 592 942 1216 All

Total shiftin
each step 05 A 0T A 01 A 0024  00LA

Bond lengths 0-9-1-8 1-1-1-7 1-2-1-6 1-2-1-56 1:2-1-56

Temperature
factor 22 1-5-3-5 1-5-3-2 1-7-3-2 1-7-3-1
/Tnitial 0-540 0-441 0-484 0-504 0-440
R
after 2
cycles 0402 Q- 400 0-394 0-360 0-300

Refinement of the structure

Further refinement on this structure did not bring down the R-value
below 0-30. Hence the possibility of the presence of water molecules was
thought of and the d1ﬁ‘erence——Founer map was calculated.  There were
two major peaks of strength about - 6e/A3 and six peaks of compar?tlvely
low strength distributed very close to both the tyrosire ring atoms. Consider-
ing the two major peaks as water molecules gave 2 very satisfactory hydrogen
bonding scheme. Incorporation of these two major peaks as water OXygens
readily led to a refined structure with an R-yalue of 0-131 at the end of three
cycles.
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The hydrogen atoms in the molecule were fixed theoretically and were
all found to appear. at 1easonable positions on peaks of election densities
between 0:35 to 0-66 eA~% in the difference-Fouiier calculated at an R-
value of 0-131. The positions of water hydrcgens and that of H? of tyrc-
sine rings were also fixed from the directions of the hydrogen bonds they
are involved in. Further refinement of the structure was carried out using
the full matrix refinement program [18]. Employing Hughes weighting
scheme [19] and including all the hydrogens at theoretical positions brought
the R-factor down to 0-081. The hydrogens were used only in the struc-
ture factor calculations and weie assigred the temperature factors of the
heavy atoms to which they are bonded.” Refinement with arisotropic tempe-
rature factors for the non-hydrogen atoms brought down the R-factor to
the final value of 0-051. The shifts in the coordirates of the atoms in the
last cycle of refinement were less than 1/20th of their estimated standard
deviation, The goodnress of fit, Sw(F® — F)¥(n~—p), for n=2176
reflections and p = 376 parameters, was 1-02 [20].

The final fractioral coordinates of the structure will be given in a
succeeding paper, in which the corformational aspects are discussed. The
average shifts in the coordinates of the atoms between the starting structure
ard the final one was about 0-8 A. The movements of the atoms from the
trial structure to the final structure is shown in Fig. 3, in which both the
structures are superposed on each other with their centres superposed.

1t is interesting to note that, although a stiucture with the symmetiy of
a 2-fold axis was assumed, to start with, for the hexapeptide molecule, the

Fia. 3, Movement of the atom from (a) the trial structure (thin lines) fo (&) the final

tructure (thick lines).
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refined structure does not have this approximate symmetry. Instead, the
backbone has an approximate inversion symmeiry and the two tyrosine side-
groups also have entirely different dihedral angles, namely y!= 80°,
v=—72° and 32 = —80°, x,%=—80°, at residues 2 and respectively,
This shows that the refinement, using successively larger number of reflec-
tions, has succeeded, even though the trial molecule had quite a different
conformation from the correct one.

After completing this study we were interested to know how the struc-
ture, C, D, E, F would behave if refined by the same process using a step-
wise addition of reflections. We carried out the same procedure as wag
done for A and B. The results obtained are shown in Table X. Al these
structures behaved erratically at the stage of even 600 reflections and ¢id
not indicate that they would converge to the correct structure. The bond
lengths and temperature factor distribution also were not satisfactory.

TABLE X
Refinement details of the first two stages for the four structures C, D, E, F

Structure No. of Average Bond length Temperature R
reflections  shifts (A)  range (R) factor -
C 300 0-11 0-7-1-90 2:2 0-589
600 0-07 0-5-1-8 —ve for 0-562
4 atoms
D 300 018 0-8-1-9 22 0532
600 0-07 0-6-1-8 —ve for 0-494
8 atoms
E 300 013 0-6-1-7 22 0- 601
600 0-05 0-5-1-8 —ve for 0- 564
5 atoms
F 300 0-10 0-7-1-8 22 0-653
600 a-02 0-5-1-8 —ve for 0-641

6 atoms
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CONCLUSION

The packing mesthod, described in this paper, could be applied with
reasonable success for molecules which are fairly rigid and have only small
regions which have freedom of motion in their structure. The advantage
of employing 2 stepwise addition of reflections in the least squares refinement
procedure is to be particularly noted. This procedure will be useful in
cases wherein the trial structure is accurate only to about 0-5 A to 1-0 A
in the location of the atoms in the molecule, Attempts are being made in
this laboratory for solving structures with space groups of higher symmetry
using this packing analysis method.
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