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A testable, biphasic model for protein folding is formu-
lated. In this model, linearly short and medium range interactions
dominate early folding, causing the chain to assume independently
nucleated modules of persisting structure termed LINCs. In a
later stage of folding, the LINCs fold relative to each other,
and it is only at this time that the protein assumes its character-
istic interior and exterior and its overall globular structure.

In the perspective of the model, a computational approach is
outlined, requiring first a systematic examination of steric and
energetic constraints that can be calculated with some confidence
by accepted means. To this end, calculations were conducted to
determine the sterically allowed conformation for:

1) a post-helical residue situated at the carboxy-terminal
end of a backbone-only helix,

2) various side-chains of an intra-helical residue, and
3) the constraints imposed on lysyl and arginyl side-chains

if some accounting is made for hydration of the respective
cationic side-chain moieties.



It is found that substantial steric constraints are engendered
in all three cases.

In a second part of this thesis, the secondary structure
of nucleic acids is examined. The secondary structure of
ribonucleic acids and the genes from which they are transcribed
is likely to be a parameter in any recognition and control processes
involving these molecules. It is theoretically possible to enumerate
the set of all messages, M, consistent with the observed amino
acid sequence of a given protein. In practice, this set is
computationally too large, being on the order of Avogadro's
number for even a small protein. A method is developed to select
two distinguished members of M without explicit enumeration. These
members are:

m - the potential message with maximal secondary structure,
and m - the potential message with minimal secondary structure.

The distinguished members, m and m, are extrema that bracket
M. They are used to examine the properties of M relative to the
degree of secondary structure forced upon the actual biological
message and upon the structural gene from which it is transcribed.
Although this study leads to some general conclusions about
nucleic acid structure, the range between m and m is too large
to permit specific predictions except in a few singular cases
where further information is already available. With the exception
of these cases, it appears likely that the quest for structural
determination will be confined to thelaboratory until a larger

library of nucleic acid sequence data can be accumulated.
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CALCULATIONS RELATING TO THE STRUCTURE OF BIOPOLYMERS

1. Introduction

This thesis divides naturally into two distinct parts,
each relating to the structure of informational biopolymers. The
first part is concerned with the conformation problem for globular
proteins, that is, with the relationship between a protein's amino
acid sequence and its three dimensional configuration. The second
part is concerned with the secondary structure characteristics of
messenger ribonucleic acids and the structural genes from which
they are transcribed.

In both parts, proteins and nucleic acids, a cannonical set
of molecular structures is already inherent in the definition of
the problem, and, in each case, the set in question is too large
to be computationally useful. For example, it would be helpful to
compute the free energy of all reasonable configurations of a small
protein :nd display the result in some representation of protein
conformation space. The astronomical number of members in the
cannonical set precludes such an approach by exhaustion, not only
for the example, but for any interesting computation one cares to
make.

In both cases, proteins and nucleic acids, it is presumed that
‘the large cannonical sets each have a single member (or perhaps a

small equivalence class of members) that is the biologically active



representative of that set. In the case of proteins, this member
would be the native form of the protein molecule; in the case of
messenger—-RNA, it would be the actual biological message. In any
case, it is this distinguished member that is being sought.

In lieu of a method that permits exhaustive inspection,
alternative approaches must be invented. For the conformation
problem, the alternative depends upon a new, testable model for
protein folding which is presented at the beginning of the next
chapter. Using the model, the conformation problem can be
partitioned into the summation of several separable, smaller
problems, each of which is computationally feasible. In effect,
the model provides additional information that can be used to
eliminate uninteresting subsets of the cannonical set.

No model springs readily to mind for the messenger—RNA
problem, and a different approach was taken, requiring the selec-
tion of boundary elements from the cannonical set. These elements
bracket the remaining members of the set, and they can be discov-
ered without explicit enumeration. The selection and application
of boundary elements, called characteristic extrema, is discussed
in chapter three.

During the course of this work, many computer programs were
defined and written. Some of these, such as the computer graphics
routines, were of enough general interest to be included in the
0.S.U. Computer Center library and will not be further discussed

here. There remained, however, a large number of programs whose



interest is particular to this work. This latter category can,
in turn, be further divided into three libraries, known as:
a) PROTEINS - a library of programs used to manipulate
protein sequence data and coordinates, and
to compute and display molecular energies.
b) RNA - a library of programs used to manipulate
nucleic acid sequence data, and to compute
and display selected configurations satisfying

the Tinoco stability criteria.

c) PLIB —- a subroutine library containing support routines
used in conjunction with other programs.

A synopsis of the major programs in all three libraries is given

in the appendix.



II. Tertiary Structure of Globular Proteins

The transition of a denatured protein into its native

structure is defined to be a global folding process, whereas

any linearly piecewise folding that occurs in a nascent chain

is a local folding process. Convincing instances of local fold-

ing have been demonstrated in various contexts (1,2). In general,
the folded end product is expected to be process dependent because
conformational states adopted by partial chains will be deprived
of any information that accrues with additional chain growth.

That is, a nascent chain cannot forsee its future.

Cases are known, however, in which both local and global
folding processes yield the same final structure (3,4). One
conception of how qualitatively differing initial states converge
to the same final structure rests on the assumption that this
structure is necessarily synonymous with a global free energy
minimum for the molecule (3). Another conception will also
rationalize the directed emergence of a unique conformation from
differing initial states. In particular, a biphasic model for
folding is proposed here. In this model, linearly short and
medium range interactions dominate early folding from any state,
and order the polypeptide chain into independently nucleated,
persistent modular units of structure. Following this early
assembly, linearly long-range interactions are then responsible

for the further ordering of modular entities into the full



three~dimensional configuration of the protein.

The general notion of a biphasic model is no longer novel
inasmuch as elements thereof are to be found, either explicitly or
implicitly, in several recent publications (5,6), and the concept
of nucleation events proposed by Levinthal is, of course, well
known (7). The attempt here, however, has been to provide a highly
specific model that both takes into account the body of experimental
evidence and includes sufficient detail to allow a quantitative
examination of its consequences.

In detail, it is proposed that the polypeptide chain,
dominated by linearly short and medium range interactions, folds
initially into Local Independently Nucleated Continuous segments
(LINCs). The ordering of the chain into LINCs is promoted during
any local folding that takes place in a nascent chain, and LINC
formation is also favored in é global folding process because the
chain will fold into LINCs before it can fold into anything else.

LINCs are structurally persistent, separable, modular
entities that are precursors to their counterparts in a folded
protein. LINCs are usually, if not invariably, bounded by peptide
chain turns (8,9) which are construed to be the conformationally
permissive (10) hinges that allow an ensemble of LINCs to fold
relative to each other.

In this model, a protein is comprised entirely of LINCs and
interspersed hinges. Not until the occurrence of inter-LINCs folding

does the protein take on its characteristic interior and exterior



or its overall globular structure. It is at this latter stage
in the folding pathway that linearly long-range forces come into
play and the LINCs are disposed into their native conformation.

The LINCs and hinges model is consistent with the observation
that both local and global processes can yield the same final
configuration. The model is also consistent with the success of
recent empirical efforts (11) to predict secondary structure based
only upon correlations between local amino acid sequences. In the
present model, alpha helices and anti-parallel beta pleated sheet
are considered as particular instances of LINCs.

Viewed from a perspective prompted by this model, the
problem of structure formation can be divided into two parts:
prediction of LINCs conformation and prediction of inter-LINCs
conformation. Some of the factors limiting inter-LINCs folding
in the case of myoglobin suggest that packing constraints and
hydrophobic interactions place major restrictions on any possible
solution set (12,13).

Turning now to the question of LINC's conformation, a
study by Gelin and Karplus (14) finds side-chain torsional angles
in pancreatic trypsin inhibitor at or near their expected minima
in the free amino acid. Such a result is consistent with the
present model, for, within a LINC, short and medium range inter-
actions direct the folding process for side-chains as well. Thus,
when an independently nucleated oligopeptide 'jiggles' into a

persisting conformational minimum, the side-chains are expected to



populate their respective minima too, because the steric con-
straints at this stage in the folding process are not comparable
to those imposed on a side-chain at the interior of a protein.

It might be thought that when the LINCs subsequently fold relative
to each other, displacement of the side-chain from a rotational
minimum may find compensation in better inter-LINCs packing. In
practice, this trade-off becomes less feasible because a side-
chain displacement is no longer free to occur independently, but
only in cooperation with other structural determinants in the LINC.

In the general case, the problem of predicting the conformation
of only a single LINC by complete energy minimization (15) is still
too complex to solve»directly. In a recent attempt to reduce the
computational complexity, each amino acid residue in the protein is
represented by just two points (16). While this approximation is
presented as being highly successful, it is difficult to believe
that the information loss arising from a point representation of
the side-chain can yet be consistent with predictive results.

The approach adopted here is to compile a catalog of
constraints limiting the conformational freedom of a LINC. The
catalog can then be used to winnow conformation space to a limited
set of energetically favorable conformations for a given LINC. In
this manner, the computational complexity will be suitably reduced
without concomitant loss of information.

The remainder of this paper describes computations that

reflect the stringent limitations inherent in LINCs packing, based



primarily on steric restrictions.

2.1 Limitations affecting a post-helical residue

Upon termination of a right-handed alpha helix at its

C-terminus, the first residue no longer in a helical orientation

will be termed a post-helical residue. The subspace of conformation

space that can be occupied by selected post-helical residues is
now explored.

Figure 1 is a Ramachandran (phi,psi) plot with peptide
coordinates taken from Marsh and Donochue (17). This (360 x 360)
space was sampled every ten degrees and each 'x' marks a sample
point where the dipeptide gly-ala is found to be sterically allowed.
The contact distance criteria used to compute steric inhibition
were taken from Ramachandran and Sasisekharan (18). Superimposed
upon the 'hard-sphere' contact map in Figure 1 are energy contours
of a 'soft-sphere' function (19). The good agreement between hard
sphere and soft sphere functions is no longer surprising to us, as
repulsive forces are known to play a dominant role in such functions.
To facilitate discussion, dipeptide space is partitioned and named
as shown in Figure 1.

Inspection of Figure 1 shows a narrow energy well in the map
area corresponding to right-handed alpha helix. For helical
residues populating this region of the map, narrowing of the well

ought to be further enhanced by hydrogen bonding within the helix.
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This expectation appears to be borne out for the refined x-ray

structure of lysozyme (15,20) by the apparent clustering of

(,9 ) vaiues in the neighbbrhood of ¢ =120, Y=130. This is the

only high density cluster of points in the (¢, ¥) plot of lysozyme.
I first examine steric constraints resulting from backbone-

only interactions between a post-helical residue at the carboxyl

end of a right-handed alpha-helix and the four preceding residues;

all five residues are backbone-only residues. A backbone-only

residue is one without a side-chain; it can be viewed as a
des-methyl L-alanyl residue. Steric constraints imposed on a
backbone-only residue are the minimal constraints for any actual
residue, regardless of the nature of the side-chain.

With one turn of backbone-only helix preceding a backbone-
only post-helical residue,only the conformations shown in Figure 2(a)
are allowed. This restriction of conformation space is due to
steric interference between the backbone atoms in the post-helical
residue and the adjacent carbonyl oxygen from the preceding turn of
the helix. Since the restriction involves only backbone atoms,
every post-helical residue is at least this restricted.

When the side-chain in a post-helical residue is also taken
into consideration, further structural limitations are seen. While
a post-helical backbone-only residue is not distinguishable in this
analysis from a post-helical alanine, differences do begin to appear
with further increases in side-chain size. Corresponding diagrams

for the cases of histidine and tryptophan are shown in Figure 2(b)
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Sterically allowed positions for the first post-
helical residue adjoining the C-terminus of a backbone-
only o-helix.

(a) Allowed positions for a backbone-only residue.
Backbone-only residues are allowed only in the
area shaded by diagonal Tines.

(b) Allowed positions for Trp and His.

(c) Allowed positions for Trp only.
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and Figure 2(c). In this computation, side-chain configurations

arising from the domain X~ = 60°, 180°, 300° (210°) and

2 Oo, 900, 1800, 2700, were examined. It can be seen from the
figure that the side-chains can impose significant additional
constraints on the possible disposition of a post-helical residue.

The structural limitations shown>for post-helical residues
are based on the assumption of energetically well-formed helix (21).
When the helix used for these computations is appropriately distort-
ed at a constraining locus, there is an accompanying relaxation of
the observed constraints.

In addition, deviation from the ideal peptide geometry used
here may tend to reduce the limitations shown in Figure 2. However,
an attempt has been made to compensate for this possibility by a
conservative choice of contact distance criteria. Studies on
steric hindrance show a sensitive dependence upon the choice of

contact distance criteria (17), with the Ramachandran values being

the most conservative set proposed.
2.2 Limitations affecting an intra-helical residue

A second example of stringent packing constraints is seen
in the case of an intra-helical residue. The helix-breaking
tendency of proline due to steric effects was observed some time
ago (18,22). 1In this second example, attention is focused on the
converse steric effect, limitation of side-chain freedom by the

helical backbone.
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Each of the amino acids listed in Table 1 was included as
the middle residue between two turns of backbone helix ( i.e.
(gly)4~X~(gly)4 where X is the residue under in;pection). The
side~-chains were then examined at configurations where side-chain
groups are in one of the conventionally observed torsional minima.
Aliphatic groups were varied over the domain 600, 1800, and
300O (ilOO), while planar and aromatic groups were varied over

O, 1800, and 270°. Table 1 summarizes the

the domain 00, 90
positions found to be sterically allowed. Backbone helix is seen
to strongly limit the accessible side-chain structures of several
amino acid residues.

In the formation of a LINC, charged polar residues are
probably hydrated. The attachment of a hydration shell to the
terminal group of arginine or lysine, for example, will increase
the packing constraints. To approximate hydratidn effects, x-ray
data from salts of arginine and lysine (23, 24, 25) were examined
and water molecules were attached to the terminal groups at loci
where hydrogen bonding was observed in the crystal structures. The
water was oriented so that its hydrogen atoms were symmetrically
positioned above and below the plane of the side-chain group. The
hydrated amino acid residues, Lys-(H20)3 and Arg-(HZO)5 were
then used in the intra-helical computation. In Table 1, it can be

seen that the inclusion of hydration tends to force both arginyl

and lysyl side-chains towards extended chain configurations.
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Table 1

(Gly)4--X--(Gly)4 in Helix

Domain A position I = 6OOOi 102
IT = 180+ 10

II1I= -60°¢ 10°

Domain B position I = 0°
II = 90°
111= 180°
Iv = -90°

The domains given for each residue are the domains of definition
over which each side~chain group was varied, listed in sequential
order of increasing distance from the C-alpha along the side-chain.
For example, Tyr has two degrees of rotational freedom in its
side-chain arising at the c*-c? bond and at the CP-c? bond. With
two degrees of freedom, it is necessary to specify two domains of
definition. These are listed in the table below as A,B where
domain A pertains to the C"~C® bond and domain B pertains to the
cP-C* bond.

Hydrated Form

Residue Domain Allowed Positions Allowed Positions
LYS A, A, A, A 1, 11, 11, I-III I1, 11, II, II
I, 1, I1, I-III 11, 1, 11, II
I11, 11, I1I, I-III I11, I1, II, II
I11, 111, II, I-III IT1, 111, I1I, II
CYS A 11
I1I
GLU A, A, B II, I, II or IV

II, II, II or IV
I, II, II or IV
I, I, II or IV

HIS A, B II, II or IV
MET A, A, A II, I, I or II
II, II, I-III
III, II, I or II
III, III, II or III

ASP A, B II, II or IV
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Table 1 (continued)

Hydrated Form

Residue . Domain Allowed Positions Allowed Positions
THR A 111
TYR A, B IT1, II or IV
SER A II
I11
VAL A I11, III
ILU A, A III, II or III
LEU A, A I1, II
ITI, III
PHE A, B IT, II or IV .
TRP A, B II, IT or IV
ARG A, A, A, B I1, II, II or III, I I1, 11, IT or III,
or ITI or IV I or IT

11, II, I, I or IV
11, I, II, I or II or IV II, I, II, I

ITI, I, I, I or IV II, I, I, I or IV
I11, I1I, 11, I or II 111, 11, II, I
I1T, 11, I, I or IV I11, II, I, I or IV
ITT, 111, II, I or 11T, 111, II, I

or II or IV

I11, III, III, I or II IT1, 111, III, I
' or I1
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Table 2

(Gly)A—LXS—ARG—(Gly)4 in Helix

Domains are defined as in Table 1. Any of the allowed positions
listed for lysine are sterically compatible with any of the
allowed positions listed for arginine. All other pairwise
positional arrangements are sterically incompatible.

Allowed Positions Allowed Positions

for Hydrated Lysine for Hydrated Arginine
II, 1I, II, 1T 11, 11, II, I

11, I, 1I, II 11, II, I1I, I or II
111, III, 1II, II 11, I, 11, I

1T, I, I, I or IV
111, 111, 11, I
111, 111, I11I, I or 1I
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2.3 Limitations affecting adjacent intra-helical lysyl and
arginyl residues

As a final experiment, sequentially adjacent lysyl and
arginyl residues, both intra-helical, were inspected to see
whether such a juxtaposition imposes constraints in addition to
those experienced by these residues taken individually. Additional

constraints were observed, as summarized in Table 2.

2.4 Summary and conclusions

The values obtained from the preceding computations were
not compared to values available from x-ray studies since a
correspondence between individual torsion angles will depend in
part on factors not included here. These initial computations have
employed an idealized moiety called backbone-only helix, and with
it, the assumption of a completely regular geometry for a helix.
While helical fibers of poly-L-alanine appear to be compatible
with these assumptions (26), it is not expected that a hetero-
geneous collection of helical residues will exhibit equivalent
regularity. For these reasons, it is felt an appropriate test
of the model must wait until predicted LINCs can be compared to
their x-ray elucidated counterparts in solved structures.

In closing this section, it should be noted that the LINCs
and hinges model is the simplest representative taken from a

spectrum of related models. In the preceding paragraphs, emphasis



has been placed on the similarity in structural identity of a
LINC from the onset of structure formation through folding to
incorporation in the final globular assembly. The model is simple
in a computational sense, because, with these assumptions, the
approximate structure of a given LINC can be calculated without
regard for its neighbors and then treated as a single structural
entity during subsequent computations. It is possible, however,
that when the ensemble of LINCs is packed into a final globular
assembly, a more extreme deformation of the original structures
occurs. In the most extreme case, the original structure would be
deformed beyond recognition, but for reasons given earlier, this
extreme is thought to be unlikely. 1In the event that limited
deformation takes place during inter-LINCs assembly, the initial
conformation of the undeformed LINC would serve as a suitable
starting structure.

In summary, a testable biphasic model for the folding of

globular proteins has been proposed. In this model, linearly

19

short and medium range interactions dominate early folding, causing

the chain to assume independently nucleated, structurally persistent

modular units of structure; these postulated entities are termed
LINCs. In a later stage of folding, the LINCs fold relative to
each other, forming a structure in which linearly long-range
interactions also play a role. It is only at this time that the
protein assumes its characteristic interior and exterior and its
overall globular structure.

If these ideas about the folding process are valid, then

demonstrable stabilizing forces must exist in oligopeptides of
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even moderate size. One strong source of structural stabil-
ization is steric repulsion, and, to this end, some packing
constraints for intra-helical and post-helical residueé have

been shown. Additional work will be necessary to further develop
the catalog of structural determinants for a LINC. At the

same time, an exploration of the interfaces between LINCs and
hinges will be required. In the transition from a LINC to a
hinge, steric constraints can no longer take such a key role,
since by these working assumptions hinges are comparatively
flexible. 1In order to predict the locations of these interfaces,
it will be necessary to have some further accounting of hydrogen-

bonding and hydrophobic interactions.
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III. Secondary Structure of Ribonucleic Acids

The secondary structure of ribonucleic acids and the genes
from which they are transcribed is likely to be a parameter in
any recognition and control processes involving these molecules.
For example, the half-life of mRNA varies widely in eukaryots,
ranging from a few seconds to many hours (27). The notion that
the secondary structure of RNA correlates with such half-life
differences is consistent with the observation that rRNA and
tRNA have both a high degree of secondary structure and a com-
paratively long half-life (28). The explanation for increased
longevity as a function of increased secondary structure is
probably related to the action of ribonuclease which will pre-
ferentially degrade single stranded RNA over double stranded
RNA (29).

Evolutionary considerations are also of concern here. If
there exists a structure:function correlation in ribonucleic
acids, then particular configurations should enable or enhance
biological function, and we may therefore expect selection
pressures to play a role in the evolution of these molecules.
Since there is no a priori reason to believe a mutation that
confers benefit on the message will also benefit the protein,
it is necessary to ask whether conflicts do occur, and, if so,
how they are resolved.

Recent attention has been focused upon configurations of

'twofold rotational symmetry' or palindromes in the base
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sequences of genes. Such apparently‘diverse mechanisms as
the Lac control region (30), the recognition sites for res-
triction enzyme action (31), and the DNA renaturation exper-
iments of Wilson and Thomas (32) all implicate palindromic
sequences in a seemingly central way. Palindromes fall natur-
ally within the scope of interest of this study since an RNA
sequence transcribed from a palindrome will energetically favor
a hairpin secondary structure. Indeed, it seems likely that
some of the helical regions in RNA are merely structural artifacts
that are carried over from the DNA structure. Conversely, at
least some palindromes must be forced in order to satisfy function-
al constraints imposed upon the RNA; the clover leaf structure of

tRNA serves as a likely example.
3.1 Messenger RNA

To date a few mRNA's have been isolated, purified, and
to some extent characterized. These include the message for
silk fibroin, for wheat gluten, for the zymogen of cocoonase,
and for a composite of the histones (33,34). While encouraging,
this work has not yet been sufficient to prompt general conclusions.
One prospect for anticipating eventual experimental evidence
is to make a statistical estimate of RNA secondary structure from
a known amino acid sequence. This method may be coupled with de-
ductions from available RNA sequence data. These techniques have

been explored by White, Laux, and Dennis (35,36) and by Mark and
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Petruska (37). Another approach lies in the possibility of
enumerating and characterizing the entire set of messages that
could code for a single protein. If fortuitously this ;et of
potential mRNA's all have some interesting property in common,
it follows that the actual mRNA would also share this property.

Unfortunately, the sef of all messages, M, consistent with
the amino acid sequence of even a small protein is computationally
unwieldy, to say the least. In the case of ribonuclease, for
example, M has 7.5 exp 22 members, almost on the order of
Avogadro's number.

Without explicit enumeration, however, it is always possible

to choose two distinguished members from the set M. These are:

1) m - the potential message that exhibits maximal secondary
structure, and

2) m - the potential message that exhibits minimal secondary
structure.

The algorithm for selecting m and m requires either a permissive or
a restrictive choice whenever an unspecified base is encountered.

The distinguished elements m and m are characteristic extrema
that bracket the set M. They are, in effect, a least upper bound
and a greatest lower bound on the degree of secondary structure of
any arbitrarily chosen member of M. As such, m and m may provide a
way to characterize M without resorting to explicit enumeration.
For example, if m exhibits only a small degree of secondary structure,
then it is clear that the actual biological message also has only

a small degree of secondary structure. On the other hand, if m
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exhibits a high degree of secondary structure, then the actual
message also has a high degree of secondary structure.

The existence of characteristic extrema for any set M is
interesting to the degree that it provides a tool to test inter-
esting hypotheses about the secondary structure of mRNA's. One
such hypothesis is that, in the general case, long-lived message
confers a selective advantage on a cellular system, for in this
case less metabolic energy is required to maintain the message
pool in a steady state condition. Such a hypothesis is promoted
by the observation of very long-~lived message in a situation where
the correlative protein is required in great abundance (27). The
mechanism of action of ribonuclease further suggests that long-lived
mRNA will have a high degree of nuclease resistant secondary
structure (29).

Many realistic considerations have been excluded from this
hypothesis such as the effect of ribosome attachment on nuclease
action or the use of scarce tRNA's as protective masking devices.
These simplifications are appropriate as the first object of this
exercise is to see what kind of insight the application of char-~
acteristic extrema can provide into problems of this type.

A prediction of the hypothesis is that proteins with greater
evolutionary lattitude will have messages with proportionately
higher secondary structure since a mutation that confers a struc-
tural advantage on the message may well alter the amino acid seq-

uence of the protein. Hence, arranging a set of proteins in order
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of increasing unit evolutionary period should arrange their
respective messages in order of decreasing secondary structure.

To test this prediction, a set of sequenced proteins with
differing unit evolutionary periods was chosen for examination.
These included the histones f2b and f2al, human cytochrome ¢, and
the alpha and beta chains of hemoglobin (38). 1In each case, the
characteristic extrema were computed and inspected. The degree of
secondary structure was measured using a method of Tinoco et al
(39). The method consists of forming a matrix with diagonals that
reflect all possible hydrogen bonded arrangements that can exist
between bases. Thermodynamic criteria are then applied to assess
the stability of each arrangement, and unstable loops are identified.
While there is a minor disagreement about the thermodynamic criteria
used to predict hairpin loops at the lower margin of stability in
model systems, it is unlikely that computation of this threshold
presents a problem in biological systems. In R17, MS II, and
tRNA (38) the biologically significant configurations are more than
stable; they are conspicuous.

The Tinoco matrix developed from a protein is going to be
quite complex in appearance. If the protein has n amino acids,
then the matrix has (6n-1) diagonals. In order to simplify this
array, a program was developed to scan each diagonal in turn,
remove any unstable structures, and extend stable folding trends

to allow easier reading.

Examination of these data showed that the m for all five
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proteins could be entirely tied up in hairpin loops, while the
m in each case was virtually devoid of loop structures. In
retrospect, this result is hardly surprising since a loop alignment
that avoids a 3:3 registration between the indeterminate third bases
would stabilize loops for m and destabilize them for m. Hence,
M is too large, and the range between m and m is too broad to
distinguish between the messages for these five proteins in this
fashion. As a correlary to this conclusion, it appears that the
set M is sufficiently rich that evolutionary changes in the protein

need not occur at the expense of structural constraints on the

message.

3.2 Large Palindromes

The set of messages, M, coding for a given protein has been
shown to be very large. Nevertheless, it is always possible to
single-out two boundary messages that bracket this set with respect
to the degree of secondary structure. These distinguished members,
m and m, trap all remaining elements of M between them. In the
general case, though, the range between m and m is too large to
permit the existence of an effective forcing function on remaining
members of M.

An article by Wilson and Thomas (32) reported the detection
of very long palindromes in eukaryotic DNA. These palindromes are
said to range from 300 to 6000 nucleotides in length, and experimen-

tal evidence indicates they are quite exact, with fewer than one
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percent base pairing differences.

If a very long, almost perfect palindrome is transcribed,
its transcript should exhibit a hairpin loop of corresponding
length. The loop, in turn, will appear as a long trace down a
diagonal of the Tinoco matrix on the message. While imperfect
pairing may cause a small gap in the trace, or even a jog over
to another nearby diagonal where the trace is continued, such
irregularities will not be sufficient to obscure the overall
pattern in the matrix.

The existence of an extended trace in the Tinoco matrix
imposes a severe structural constraint on the message, for in
this case the high percentage of overall secondary structure must
be packed into a single hairpin loop. For any protein, P, of
known sequence, we can develop m, the potential message in M
that is most permissive of secondary structure, and this extremum
can be examined for the existence of a long trace. If that trace
is not apparent in m, then we may conclude it does not appear in
any message in the set M, and it follows that the gene for P does
not contain a large palindrome. A representative collection of
proteins was examined, and in each case the m for the protein was
inspected for the existence of a long trace. A trace of suitable
length was never found, and the tentative conclusion was reached
that long palindromes do not reside in structural genes. Of course,
the one configuration that cannot be excluded in an experiment of

this sort is the possibility that a structural gene comprises half
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or less of an even larger palindrome.

The test set of proteins included the alpha and beta
chains of hemoglogin, the histones f2al and f2b, and human
cytochrome ¢. From each, an m was computed together with the
Tinoco matrix on that m. A computer program was written to pass
a window of fixed size down every diagonal, advancing each frame
one base pair at a time from upper right to lower left. Frames
with complementary base pairing in excess of a specified threshold
were marked. The window size and the percentage threshold were
parameters to the program.

With a window of 35 base pairs and a pairing threshold in
excess of 98%, no subtrace was found in the entire matrix of any
protein in the test set. Relaxing these criteria to 85% pairing
in a window of 25 base pairs, the trace patterns shown graphically
in figure 3 were observed. These criteria are considered highly
relaxed in view of the experimental evidence cited. A window size
of at least an order of magnitude larger than the one used, as

well as a pairing threshold in excess of 99% is indicated in the

experimental studies.

The use of highly relaxed detection criteria coupled with
the use of m, which is really an upper bound on possible pairing,
assure that no palindrome, as characterized by Wilson and Thomas,
escaped notice by falling just below the margin of detection.

As a control for the above experiment, the MS2 coat protein

cistron was subjected to the same treatment as the m for a protein



Figure 3

The graphs represent the Tinoco matrix of the MS2 coat
protein cistron, an illustrative test region from the cistron,
and proteins in the test set. Each diagonal was scanned by
a program to find continuous regions with more than some
specified threshold of pairing. The ratio shown in each
figure is the pairing threshold over the window size in base
pairs. Diagonal lines mark anti-parallel helical regions
where these criteria were satisfied. The vertical scale is
graduated in base pairs, while the horizontal scale is a
nominal one; both scales divide the message into ten equal
regions.

A diagonal line in one of the figures can be translated
into the more typical hairpin diagram by using the axes to
locate that diagonal within the matrix. The particulars of
the pairing pattern can then be discovered by referring to
a detailed printout of the Tinoco matrix. TFor example, the
diagonal in the MS2 cistron test region that pairs bases
54,3,2,... with bases 2,3,4,... respectively is diagonal 55.

In printout form, that diagonal appears as follows:

Diagonal 55.

base 5555554444444444333333333322
number 5432109876543210987654321098
base GCCUCAAGCAUCGCUUUUAACCUUAUCA
score 22 2112211 111 122111

base UGGCGUUCGUACUUAAAUAUGGAAUUAA
base 1234567890123456789012345678

number 1111111111222222222

29



Figure 3(continued)

In the more familiar pictorial format, the helical region

appears as:

30
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Axes are graduated in bases x 10
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Axes are graduatad in bases x 10
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Axes are graduatad in bases x 10
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Axes are graduated in bases x 10
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Axes are graduated in bases x 10
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Axes are graduated in bases x 10
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Axes are graduated in bases x 10
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Axes are graduated in bases x 10
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from the test set, with the computer held at constant conditions
of temperature and pressure. Here the expected hairpin loop size
is nine to twelve base pairs, and, in consequence, window sizes of
sixteen to eighteen were chosen. This choice stands in sharp
contrast to the previous computation in which the window size used
was only one tenth of the expected loop size. At the thresholds
shown, the trace patterns in figure 3 emerge; the base-paired
'petals'are readily apparent.

In passing, a technique was devised to winnow the set M
to some proper subset M' by taking advantage of evolutionary data.
In the case of cytochrome ¢, for example, sequence data for 34
species, from neurospora to human, are available ( 38). At a given
amino acid position in the protein, there are in general only a
small number of residues that occur; this number ranges between
one and nine for the 34 species used. The assumption was made
that amino acid substitutions in cytochrome ¢ are the result of
a single point mutation. Following this assumption, a program was
written to examine all possible permutations of the amino acids
at any position, and to discard all arrangements in which adjacent
amino acids differed by more than one base in their respective codons.

After discarding all arrangements failing the assumption,
three cases were found:

1) no arrangements remained - this could happen if an

evolutionary precursor was not included in the 34
species.

2) multiple arrangements remained - in this case,
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phylogenetic considerations were applied to choose a
likely arrangement.

3) a unique arrangement remained -~ in this case, phylo- -
genetic considerations were still needed to validate
likelihood.

In cases two and three, there were instances where a unique evo-
lutionary path was discovered that was both consistent with the
assumption and seemed to make phylogenetic sense.

The codons for each amino acid along the discovered path
were then examined, and it was often possible to eliminate codons
that would have contradicted the assumption. Following this
strategy, one can finally end up with a proper subset of codons
for the amino acid used in human cytochrome ¢, and by applying
the algorithm at every position, a winnowing of the whole set
M is achieved. The process is shown schematically in Table 3.

Clearly, the reliability of this method depends upon a
knowledge of the true evolutionary path taken. To this extent, the
final result represents only an informed guess.

Substitution of the winnowed set, M', for the whole set M
does modify the extrema m and m. In practical terms, though, the
use of modified extrema in the experiments previously described
did not change or enhance their outcome. This is not to say, how-
ever, that other experiments will not be rendered possible by the
use of this technique.

In summary, the method of characteristic extrema was used

to examine the genes of a representative set of proteins for the



Table 3.

Winnowing of the Codon Set

At amino acid position 13 in cytochrome c, only two
amino acids are used: lysine in mammals, other vertebrates, and
in higher planté; and arginine in lower plants and insects. If
LYS was substituted for ARG by a single point mutation, then the
first four codons in the left hand column become logically im—

possible.

ARG LYS

impossible

codons
e
)

Multiple Paths

At amino acid position 39, three amino acids are used:
lysine in mammals, other vertebrates, and insects; glutamine in
higher plants; and histidine in two of the lower plants. Two
arrangements are possible, each satisfying the assumption of a

single point mutation.
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Table 3 (continued)

1) LYS—> GLN—) HIS
ol AAA CAA CAU
| AAG CAG CAC
o
o]

(8]

2) HIS—» GLN—>LYS
@l CAU CAA AAA
S| cac CAG AAG
o]

(8]

Arrangement two is the preferred one based on phylogenetic

criteria.
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existence of very large palindromes. The non-existence of such
palindromes in the set under test prompts a conclusion that

long palindromic configurations do not occur in structural genes.
The possibility that a structural gene participates as a fractional
part of an even larger palindrome could not be excluded by the

method used.
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ceerececcecceccceeccececcecececengerececececcecececececcececcececcececcecececceceecceccecccerncccer

PROGRAM PNOLYMER
feeeececeeccececcceccceccecercrernceccececeeccceccecccceccecccecececceccecccececccee

I r
C PROGRAM TO PRUDUCE A POLYMER wITH SPECIFIED r
f PRIMARY STRUCTURE r
G ALL TNDRSTUN ANGLFS IN BACKASDNE ARE 1RO r
C ATLL SIDE CHAIN ANGLES ARE O r
C TYNPUT FRNM A NAMED FTLE r
C NUTPYUT TO LUN 12 r
C r
ce C

sgrececereccececccccececcececececceccecececcceceteececececcecceccceceeecsceacceccccecencce

PROGRAM SHUFFLE
ceceececeecegcecececceeceeccecneecereeeccecececceceocececeecccececceccececeeccceaceccercccere

C
C PROGRAM TU CANGE THE DRDFR DF A FILE ufF ATOMIC CNORIDTNATES
C FROM THE ORDER NoHeCAsHASCRBrossarCol)

TD THE ORDER CApNsHsCoNpHAP LRI 0

MTPUT TO LUN 12

:

.

n
c ¢
¢ r
C  INPUT FROM A NAMED FILE r
€ -
C r
¢ ¢

-gcocececeecececcececccecececncecececececcececececcecececececceccececcceceeccneecccceceencce



PRNOGRAM SYNTHESIZE
croccceceececeececceececeecacacececeecaceeceeececcceccececrceccececoecceceer

C
C
C SYNTHESIZE A pACKsSONF THAT IS NUMRES LONG,

¢ 2READS NUMRES (PHT,PSY) ANGLES FROUM A FILE AnD

% TWISTS THE RACKRONFE AGCORDING T0O THE INTNAELL TRANSFOwM
£ OF TuNSE SPECIFIFD ANARLES

£ ©°RD AND GLY ARF NOT TRANSFORMED, HOWEVER,

c

C

fo Bee B IS B BN B |

cercecececcecececcecececececenceccaceceecececceccececceceececcececcecceccenccern
SURROUTINE INTOWELL(A1,A2043,A4)

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCr
C r
€ SJ3RNUTINE TO COMPUTE THE DIHEDRAL ANGLES UF AN ENFRAY WwELL r
€ THAT IS CLOSEST T TWwFE RAMACHANDRAN POSITION SPECIFIFNH r
£ ay A DIHEDRAL ANARLE PAIR (A1,A2) r
C r
C A1,A2 ARE THE ACTUAL (PHIWPSY) ANGLES i
€ A3,A6 ARE UIMEDRAL ANGLES NOF THE CLOSEST WELL r
C r
 ALL ANGLES ARE IN DEGREES r
C r
cccecrcececeeceeceneceenecececeeceeacceeccecceecececceccceccececccecceacecceccrccecee

PROGRAM TRUER
CCCCCCCCCLCCCCCCCCFCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

DROGRAM T0 CNMPUTE A RASF PLANF AND MARK SELFECTED
RESINUES FOR nTyUING=1JP® A RENDER MONEL .

INPUT CNONSISTS 0OF

1) ATOMIC COURDINATES FNR THE PRUTETHN

2) A FILE OF RESIDUES NF INTFREST. THF FIRST THREE Nr
THESE RESIDUES ARF TAKEN TN DEFINE THE ZERD PLANE
FILE SHOULD CONTATN NNE RESIDUE PER RECUORD

for 2> Niban T e TSR B §

xEy RESIDUES 1 ANj 2 ARE | INFD UP AL ONG THE + X<-AxTS

TN THIS ORIENTATIONs THE PROGRAM ASKS WHETHER KEY RESTDUE
2 HAS POSITIVE DR NEGATIVE vy CNOROINATE C(IN THE xy PLANE
THIS INFORMATION IS USEp TO ROTATE TWE cUOURDINATES

TNTD STANDARND NRIENTATIONM

DYDY YD

NUTPHT CONSISTS HF CONRNINATES F THF RENCH MARK RESTINUES
TOGETHER wITH A SCALEN PLNT OF THEIR (XsY) POSITIONS

OO OO OO OO

DYDY YYD



o
T

¢ r
cecegececececcecccececcecceccecccncceccceccececcecerececcceccceacceceeccecncerccen

PRUGRAM UUNKEND
cereeeeccecernceececcencceecaceanceccececcecercececececccececrceccecccecoecceccercerce

.
oROGFAM TU COMPUTE A SET NF COMSTSTENT ¢ ALPHA (ONINTUATES
FROM THE DIHEDRAL ANMD BFMD ANGLES

N )

INPUT TS A FILF GANSISTING NF RECURDS. EACH CUNTA(NIMA
NIHENRAL ANGLF oo e3FND ANGLE qo o CACI)=rA(T+l) LENGTH

AWTPUT 10 UM 12, wHICH TS
EQUIPPED AS A FILE IF NOT ALREADY EQUIPPED
REWwNUNID [F A FILFE

C
"
C
o
C
o
o
o
C
c

TYIITDYY YD DYDY

C
o
C

-

cceeececeececececccceccccecceccerngcececeeccceeccncecccecceccecccnceeececaccrccce!

PRUGRAM NLIGOPEP
cerececeeceeccceeceeccecccecencecececceccceceececcecceccccecceaccccecncceccee

PROGRAM TO COMPUTE DLIGOPEPTINE ENERGIES

r c
¢ r
c o
€ e
¢ INPUT CANSISTS NF r
£ 1y SUME FILES UF (PHI»PSY)Y PAIRS WHICH CUOMPRISE THE DMAINS €
o FNR THF RACKRAONE ANGLES SETS r
¢ 2) SOME FTILES HF SIDE CHAIN ANALES THAT CO4PRISE THE o
o DOMATNS NfF SINE CHATN ANGLE SETS Y
C 3y A FILE THAT MAPS EACH RESTNUE INTO ONE ANp UNLY IONF c
C 0F THE DOMAIN SETS. CONSISTS OF A NUMAIN ~NUMBER C
c PER RECUHRD AND ASSUMEN TN RE [IN RESINDUE DKNER C
C 4y A FILE THAT MAPS EAry SIDECHAINS RNANS INTO ITS NiMAIN ¢
o DF DEFINITIuUN. THE FILE HAS ONE RECURD #OR EACH RFSENUE ¢
c EVFRY SUCH RECNKD H4A4S ¥ TTEMSs ONE FOR EACH ROTATAR;F o
€ ROND IN THE SINE GHAIN NF THAT RESIDUE €
C 5y A FILE OF CUDRNDINATES FNR THE OLIGAPEPTIDE AS T7 o
o ExISTS IN TOTALLY UNFOLNFD CIONFORMATINN, L.t c
C WITH RACKHNNE AMGLES=1A0 AND SIDECHAIN ANGLES=0 o
c C
[« [
r "
c

C

NJTPUT CONSISTS OF
1) A FILE NAMEY wHY OF ALINWED CONFIGURATIUNS
2y A FILFE NAMED wHYNOT NF CONTACT INHTHITEU CUNFIRURATI(NS
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cceececececececcecececeecceccececenceeaceccceccenecceccececececccecccccecececccccecccece

RN& LTARARY

PRIOGRAM AATNALY
ccecececeeccecececeececceeccnecenceceececececcececccecegececccececcecececeacceccecececceeccrcce
PROGRAM TO READ A FILF 0OF AMINU ACIDS AMY TRANSLATE
THEM T0O AUGONS
DUTPUT T LUN 12
INPUT HAS UNE AMIND ACID PER RECORD=3 LETTER €ONES
QUTPUT HAS 1JIP TD 2 AUGNNS PER RECNRD

[ 2he I e B I B BEe el
(e NeNelle e Nellelel

gececececeecceccreccececcecccececececcenecececeecceccecceccececcecececcececccecc

PROGRAM EPATH
ceceerccececccceccecceccecececeecncarecceccecececcececcececcececcececcececccecceccccecceccce

PROGRAM T0O FIND THF EVDLUTIONARY PATHS THROUGH
A SERIES OF AMIND ACIDS,
INPUT IS AN AMIND ACIN SEQUENCE WITH EvOLUTIUONARY
ALTERNATIVES, £ACH RECNRDS IS OF THF FURM o
TTH AA AAl s AA?s g0er AN o
NITPYT IS A SERIES OF AUGONS WHERE FACH RECORND IS C
OF THE FORM ¢
C
C
C

e le Ky Xel

ITH AA AUGL1»AGP

D OO0 O00

cceececeececceceencecrccceccenececcececccececccceccccceccecceccccecoecceecce

PROGRAM FOLDRNA
ceerccecececececeececccececececeaenegcecececcececcecececececcceccecccceececcnceecceccececrnccec
c c
o PPOGRAM TO INSPECT AN AUGNN CHAIN, TDENTIFY C
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C THE AUGHONS (UNIONS OF cONNDNS) THAT CODE FOR FACH, C
C AND FORM A TINUCO MATRIX FOR THE SECUNUDARY STRUCTHWE c
o C
ceercceceeccececeeceeenceeceaeaececcecencrecaceaeccecececcececcecrceeccecceccerecce

SUBRAUTINE TINNCH(HMINMAX)
cecercceecceeceecccececoeerncoececcececcececccececencecceccecccrcecreeccucecrccce

C C
o SUHRGUTINE T0 CONSTRUCT AN (NXN)Y/? TRIANGULAR TINORD c
o MATRIX ON A FILE NR RAF, C
o CONSTRUCTTON TAKES PLACE 1 R0OwW AT A TI4E ¢
o THFE T=TH RiJw HAS MAXRASE=T+1 CNLUMNS C
C C
C THIS RUUTINE IS LIMITFD T9 AT MOST 200y HBASES C
¢ PARAMETERS ARF MINH4AX= C
C D=TAKE MINIMUM SECONDARY STRUCTURE "
c 1oTAKE MAXIaTu SECONDARY STRUCTURE c
C c
C QUTPUT IS TN LUN AR C
[ C
ccrrcccceCcccccccccercecrecrceocerceccceceececccceeccceceenercccocerccce

SURBROUTINE SIMPLIFY
cceeccececcecccececececcecececeececceeccecceccecccecccecceceernccececcecceccceecrccc

c o
o SURRUUTINE TD 3IMPLIFY THE TINGCO MATRIX ON LUN 49 o
C NUTPUT NEW SIMPLIFIEN MATRIX (ON LN 48 C
c C
£ STMPLIFICATION OrRC'JRRS RY C
C 1) ELTMINATING AL SINGLFTOUNS c
( 2) EXTENNDING ANY RUNS C
c C
ceceecececececeececececceerecccenceececececcececcecccecccceenccececccececcececccencecececerccece

SUBROUTINE SCREEN
gecereeercecececceeccecececccecenecceececececceececececcecccceececcceceoccceccceccecce

SURRUUTINE TN TRAGF THRONGH ALL THE DIAGUNALS uF A
STMPLIFIED TINGCNH MATRIX IN ORpER TN ELIMINATFE THOSE
DTAGONALS THAT FAL RFLOw SOME DESIGNATEY THRESHOLH
VALUF

THE MATRIX SHOULD RE A RAF ON LUN 4R

DO O
DO ODO OO0
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FRR EACH DIAGONAL, CDMPUTES THE PERCENTAGE OF
RASE PAIRING, AND WRITES TT ONTO LUN 4f

THEN L0O0OxS ALNNG EACH DIAGHNAL FOR RLDCKS

Ne LENGTH > LR AND DISCARNS THE FTIRST ELEMENT uF TuE RLNCK
IF THAT RLUCKX CONTAINS LESS THAN MIN 3a5E PAIRS

AFTER WHICH DDES A FRAME SHIFT (F UNE ANU CONTINUES THRNOUAH
THE DIAGONAL

IF AT LFEAST MTn KASE PAIRS ARE DISCOVERED WITHIN TuE RLOCK
THEN ANY SPACFES ARE O FILLED AND THE NEXT BLOCK IS TAKEN
FROM THE (LR+1)TH LOCATINN

NDHTPTS THE NIAGONALS TD LUN 4s

™D YOO D
OO OO OO DO OO0

(o e e Ee le le el

c
c
c
crreecceccecccecocececeecececececececececcacecececececececcccecceccececcececcce

SUBRRNUTINE PLNTTM
geoeecececcecgeeccecercenecncecececcececceecceecceecccecececccececececcecececccececcececcce

9 o
¢ SURRUUTINE TO pLOT THF DIAGDONALS OF THE [INDCA MATRIX C
¢ STORED BN LUN 46 c
c THE MATRIX IS TRIANGULAR AnD 1S STHORED UNE DIAGOINAL c
c PER RECORD C
c c
geecoecececececcccenceccececcenececcececocececcoecceaeccecccececcccececcceccecceecceacce

PROGRAM PALDROME
cceecceeacceccececccceccececeneccecececccececeececccecccccecececccecceccececce

C C
C PROGRAM T0 INSPECT A CNDON CHAIN AND STEP H0OwN C
c FPOM 5' TD 3* WwITH A WINDUW SIZE DF we LUOKING C
L FNR PALTNDROMES (iF LENATH L 0OR MORE c
[ THIS VERSION ALLOWS SFLECTION FOR G
o PERFECT OR IMPERFECT PALINDROMES C
o MINIMAL NR MAYIMAL SECONDARY STRUCTURE ¢
o DNE KASE CHUICE DR TwWwD RASE cHNICES o
o C
C C

cereccececeecceececcececeaccceccecccececencececececcececcecceecceecceccce
PROGRAM GCANAL

ccececcercceccececcceaecceccecereccececcecececceccccececcccccccecceccceeccccce
o c
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PROGRAM T0 PERFORM A G¢C ANALYSIS ON A NUCLEOTICE SEQUENCF
LOOKS AT EACHM NUCLFOTIDE FROM 1ST+50 Til [LAST=43

AND EXAMINES ITS NFARFST 50 NEIGHRORS nELOw AS WELL

AS ITS NEAREST 49 NEIGHRORS ABOVE

THE G+C CONTENT OF THFSE 100 NUCLEOTIDES IS RECNRDFD

AS WELL AS JuST THE G CONTENT

THEN DOES 4 FRAMESHIFT OF 1 AN} REPFATS

INPYT IS FRNM A FTLE NF NUCLEUTIDES
OuTPUT TO LUN 12 IN A FORMAT SyITAnRLE FUR INPUT
TN THE GRAPHIT PRNGRAM

COOOCOOCOOOO0O0 0

cereececececncecececececcececncenecceccecceceeccececceceececcceceeaceccccecccce

PLTR LIHRARY

PROGRAM AMINDINYX
ccerccececeeceecceecececenceeereecaecencececececececegceceececccecececceccecececccecececccecece
SURRCOUTINE AMINNINDY(NAMEACIN,INDYACID)
SURKNUTINE T0 TRANSLATE A 3 CHARACTER AMIND ACIn NAAE
INTQ ITS ALPHARETIC INNDEXY L1=20],
PARAMETERS ARE=-
NAMEACID= A 3 CHARAGCTER BCD NAME
INDYACIN= THE TNDEX NUMBER
THE RDUTINE REANS THE NAMEACID PARAMETER AND
PLACES THE APPRNPRTATE TNNEX NUMRER INTy
IMDXACT D
THE RDUTINF cOwFS TN AN ERROR HALT IF AN TLLEGAL
THREE CHARACTER CNDPF 1S FNCUUNTERED.
ccerccececececececocececceecencerecacececeeecececnecccceceacececeecenceocecccecceccecece
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PROGRAM ATLASIDX
CCC”CCCFCCCCCCCCCCCCLCCCcCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCFCCCfCC
SURRODUTINE ATLASIDX(NAMEACID,INDXACID)
SURRDUTINE TD TRANSLATE A 1 CHARACTER AMIND ACT) NAwE
INTO TTS ALPHARFTIC TNDEX L1=20}],
PARAMETERS ARE=
NAMEACID= A 1 CHARACTER RCD nAME
INDXACTH= THF INDEX NUMBER
THE ROUTINE REANS THF NAMEACID PARAYMETER AND
PLACES THF APPRNPRTATE INDEX NUMRER INTU
TNDXART D,
THE ROUTINE COMES TP AN FRROR HALT IF AN TLLIGAL
ATLAS CIIDE 1S ENCOUNTERED,
FCCCCCCFCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLCCCCCCCCCLCCCcCCCCCCCCC

PRNGKAM ATOMIDYX
CCCCCCC(CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCFCCCCCC

SURRGUTINE ATAMINX(NAMEATUM,TIDXATUM)

SURRNUTTINE T0 TAANSLATE AN ATOM NAML {NTO

A UNINUE INODEX NUMPER

PARAMETERS ARE=

NAMEATOM = A RCD ATNOMTC NAME
IDXATAM = A UNTOUF INDEX NUMRER

CCCPCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

PROGRAM CIRECLES
CCCCCCCFCCCCCCCCCCCCCCCCCCCrcCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

SURRDOUTINE CTIRCLES(MaNEXT)
SURROUTINE T0 TAKE THE NEXT ROTATION UF AN N 0TAIT wUMRE R,
USED wITH SURRNUTTINE PERMUTE TN REDUCE THE PERMaOTATIONS Ty
CUMBINATINNS,
PARAMETERS ARE=

N e THE NUMRFR Tu aF ROTATED. IF N=0s TA«E TuE

NEXT ROTATION UN THE PREVIGUS NUMIER
NEXT = SET TO THE ROTATEDN vALUE OF N

LIMITATION = wILL MNT wilRK WITH N LARGER THAN 2ir2Um=1
cccrcccrccccccccccccccccccccccccccccccccccccccccccccccccccccccchCCccc

PRNGHAM cUDNNIDX
CCCCCCCFCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
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SURKRNUTINE CONONIDYX(CNAME,INDXACID)
SURRUUTINE TN TRANS|ATE A 3 CHARACTER CODON NAWF
INTO THE INDEY NUMRER OF THE AMINO ACID IT CODES FOR,.
STAP IS CUNED AS A D INDEX.
PARAMETERS ARE=
CNAME= A 3 CHARACTER RCD NAME
INDXACTN= THF INDEX ~UMBER
THE ROUTINE READS THF CWAME PARAMETER AND
PLACES [HE APPRNPRTATE TNNDE¢ NUMBRER InNTU
INDXACTD,
THE RDUTINF CNOMFS TN AN ERROR HALT IF AN [LLEGAL
CODNN TS ENCOUNTERED,
CCCCCCCFCCCCCCCCCCCCCCCCCCC(CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

PRIGRAM CNNTACT
CCC?CCCCCCCCCCCCCCCCCCCCCCCFCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
FUNCTION CONTACT
DISTANCE=CNNTAGT(JATOMY, JATOMZ)
GIVES MINIMUM CONTACT NDISTANCES IN ANGSTROMS FN2R ANY
TWO OF THE FOLLOWTNG 3ET
HeNsNsCse AND CH=METHYL GROUP

ATDM NAMES SHOULN RE LEFT JUSTIFIED
corncecerececccerceceacececaceceecacegeceeeecececccecceeecarcnececccecerccceae

PROAMKAM CUVRANTT
CCC?CCCCCCCCCCCCCCCCCCCCCCCFCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC?CCCCCC

SURROHTINE CNVRADTTI(IDXATOM,DIST)

SUKRDUTINE TD NFTERMINE THE CNVALENT rRADTYS

FNOR AN ATOM

PARAMETERS ARE=

IDYATOM = THF ATOMIC SyMsgOL INDEx ~NUMBER
DIST « THF CNVALENT RADIUS IN ANGSTRIMS

CCCCCCCFCCCCCCCCCCCCCCCCCCC(CCCCCCCCCCCﬁCFCCCCCCCCCCCCCﬁCCCCCCCCCCCCCC

PROLRAM DISTANCE
CCCPCCCPCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCFCCCCCCLCCCCCCFCCCCCCCCCCCCCCCC

SURROUT INE NISTANCF (JCUHNINL, JCODNN2,»MEASURE)

SURRMNUTINF TN MFASIURE THE EvDLUTTUNARY DISTANCE

RETWEEN 2 ARRITRARY CODNNSe MEASURES THE NUnRER

NF HASE CHANGES RETWEEN THE Twn, SO THE FUMCTIDH

YIELDS A VALUE RETWEFN 0O AN 3,
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PARAMETFRS ARF=
JONNMY = AN ARRITRARY CONON
JENNUN? = ANOTHER ARBITRARY CUnDN
MEASURE = THE NUMRER (OF RASF NDIFFERENCES SFETWEEN THEM

ccercceecceecceceeneceeenceeccecceccecececrcaccececceccceccceecaecceoecceLence

PROGKAM INXAMINN
cegrccecrencccecececececccecenceececnoceeeececengcrecceccceececcecrneeccncocencrenence
SURRNUTINE IDXAMINDCINDXACIDSNAMFACID)
SURROUTINE 100 TRANSLATE AN [NDEX NUMBER [1=29)
TD A 3 CHARACTER AMINM ACID NAME,
PARAMETERS ARE=~
IMNDXACID= THE TINDEX NUMHBER
NAMEACTID= A 3 CHARANTER 4CD NAME
THE ROUTINE REANS THE INDXACID PARAYETER ANi)
PLACES THE APRROPRIATF NAME INTD
NAMEACTID,
THE PDUTINE £OMES TN AN FRRUR HALT IF AN TLILFGAL
INDEX NUMBFR 1S ENCOUNTERED,
geepceeececenceocoeceecceecceceececeeceeocececceeceencecececcccececceccececcecececececeoececece

PRNGKAM THXYANAMF
reercccecergaceeccecaecceccecaceeeacecccececcececececccecececcceececcececcecceccececcerce
SURKUUTINE IDXANAME(INDEX,N{Ms JARRAY )
SURARNUTINE TO CONVERT AN ALPHARETIC AMINTD ACTID INDEX NUMRE®R
Ty THE LIST OF NON=HYDRUGEN ATNM NAaES FOR THAT AMINO ACTH,
THE OROER OF ATOMS wILL 8F CAsMsCr0OrCHrawe
ATOM NAME NUMENCLATURE IS TAKEN FR{# THE SCHERAAA ARTICLE
CALCULATIDNS OF CONFNRMATINNGS UF PULYPEPTIDES
ADve IN PHY,NRG.CHEM, (196H)

PARAMETERS uRte=
INDEX = AN Al OHARETIC INDEYX NUMRER
NUM = THE NUMRER NF NION=HYDRUOGEN ATOMS T THE 4,4,
JARTAY= AN APRAY IN AHICH NAMES ~ILL BE STORFD

ccercceorccecceceeecececececrcenccceccecccececcececcccceccceecceececcceoccrcccece

PRNGRAM INXATLAS
ceerececcecreccececceecceceecccecececerccecceccceececececcececeecccccececececceccecceccec



64k

SUBROUTINE INXAT|ASCINNDXACID,NAMFACID)
SURRAUTINE 10 TRANSLATE AN INDEX NUMBER {[1+23}
Ti) A+ CHARACTER AMINN ACRID NAME,
PARAMETERS ARE~-

INOXACID®= THF INDEX NUMBER

NAMEACTIND= A t CHARACTER HCD NAME
THE RDUTINF REANS THE INDXACID PARAMETER AND
PLACES THE APPRNPRTIATF NAME INTU
NAMEACTD
THE RDUTINE cOMES TO AN ERROR HALT 1F AN JLLEGAL
INDEX NUMARER IS ENCNUNTERED,

ccercecerecoeeccLeceececceegeceececececeeeecececeecececcececcecececcececrceceeene

PROGRAM IDXATOM
ceeercecececececcececececceccececeeccececceeccececeececeeceeecccecececcceccceennecnccecceecceccecrce

SURRDUTINE IDXATOMCINDEXs NAMEATUM)

SURROUTINE 10D TRANSLATE AN INDFX NUMBER TU

AN ATDOMIC SyMBN .,

PARAMETERS ARE =

ITNDEX = AN ATNM INDEX
NAMFATNM = AN ATNMIC SYMBOL

ceeercCrccoCCccercecceccaceeeecceaceceecceceecrgeccececceccecceccecccccceecceece

PROGRAM THXAUGON
geecrccceccgecececececrerceeecennecgeeececececrcecececcceecececececcecceeccccecece

SURROUTINE IDXAUGDOMCINDEXsNUM» JARRAY)

SURROUTINE TD TRANSLATE AN A[PHARETIC AMINO ACIN INDEX

MUMBER INTH & LIST NF CULLAPSED CODUNS THAT CONF FOK

THAT ACID,

INDEX NUMRER O IS THE STJP CODE

COLLAPSED cuDONS TINCLUNDE AsCoGelfs AND
MEMASTER=(U»A,GsC)
Y=PYRIMIDINE=(U»C)

REPURINE=(A,NG)

PARAMETERS ARE=
IDx = AN ALPHARETIC INDExX NUMRER
NUM = THE NUMRER NF CONONS THAT COUE FUR THE A,A,
JARRAY = AN ARRAY PDINTER WHERE THE 3 CHARACTER CODFS
OF THE cANNNS WILL BE PLACEDs 1 CODNN/WURD»
LEFT JUSTIFILED
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THE ROUTINE REANS THE INDEX AND PLACES THE APPRNPRIATE
NUMRER NF CUDONS INTN NuM, THEN THE 3 CHARACTFR CUDHUN
CODES ARE PLACED INTND FACH SUCCESSIVE ELEMFNT NF JAKRAY,

THE KDUTINE COMFS TN AN ERROR HALT IF AN ILLEGAL INODEYX
NUMHBER IS ENCOUNTERED,
cecerngeceeeececeeeececenececeeonecernececeececececececneercececccecceceencecceccecceceeccecrcecceece

PRNOGRAM 10xcoDON
geenceecceceeccceeccerncececcceceecececececcececcecececececececgececrecacceeccceececccecece
SURROUTINE IDXCODONCINNDEX»NUM» JARRAY)
SURRDUTINE TD TRANSLATE AN ALPHARETIC AMIND ArTH INDEYX
NUMRER [0=203 INTD A L)JST UF CODONS THAT CODE FNR TUHAT ACID,
INDEXY NUMKFR O IS THE STNP CNDE,
PARAMETERS ARF=
IDY= AN ALPHARETIC INDEX NUMBFR
NUM= THE NUMRER 0OF CUDONS THAT CUDE FOR THE aMING ACID
JARRAY= AN ARRAY PNINTER WHERE THE 3 CHARACTFR CiONES OF TH
CODONS WTLL RE PLACFDs 1 CUDUN/WURD, [LEFT JUSTIFIE
THE ROUTINE REANS THE INDEX AND PLACES THE APPRNPRIATF
NUMBER (F €cUDONS INTD NUM, THEN THE 3 CHARACTFR CUDJN FUDES
ARE PLACEND INTD EACH SUCCESSIVF ELEMENT OF JaRRayY,
THE RDUTINE CcOMFS TN AN ERR{IR HALT {(F AN ITLLEGRAL INUEX NUMRER
1S ENCDUNTFRED,
geerececececcecececcececeeccecccececececcncecencecececececcececeececncceccececccececceccececceccceccecccecerncee

PKOGRAM INVENNON
cceerceccrececcereccceeceeenecregecreeececceeccecececerecccececeeccrncececececcececececcececcernce
SURRAUTINE INVENDON(JIL1»U2)
PARAMETERS ARE=
J1 = A LEFT JUSTIFIED HCD 3 CHARACTER CODON
J2 = ANTICNDON FAR J1
geceeecececrnceceeceececeeceeencrecececcecceeerecececececceccececececencceecceccc

SUBROUTINE JEFFREYS(AsR,POINT»THETA)
cerccerceceecceecccceaceeceacerncecececcecccecoceeccccccececcceccececcecececccece

c
C
c OPERATOR TU ROTATE A PNINT(Xx,Y,Z) BY THETA DEGREES
c AROUT A L INE FROM A& T B
C
£

A IS CUNSTRUED TN QaE THE ORTGIN
R IS A PDINT NN THE AYIS LINE THRONUGH THE URIGIN

D



6H

POINT IS CUORDINATES NfF THE PUINT TN RE ROTATED
THETA IS THE NUMBER DF DNDEGREES DOF ROTATION

RNTATTON MATRTY. OTHERWISE, THE ORIGIN Al ROTATION MATRIY
ARE RECODMPUTED.

C
C
C
c If A=R=0, THEN OLD VALUES ARE ASSUMEL FOR THE ORIGTN AwD
c
C
C
c

CCFCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLCLCCCCCCCCCCCCCCCCCCCCCC

PRNIGRAM PATRSMAX
CCCTCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
SURROUTINE PATRSMAX(J1sJ?2»KSCORE)
SUBRDUTINE 70 ASSIGN A SCURE Tn A NUCLEDTINE PBTR
PARAMETERS ARE=
Jt = NUCLENTINE 1 (RIGHT JUSTIFHIED)
J2 = NUCLFNTINE 2 (RIGHT JUSTIFIED)

KSCHRE = THE SCORF GC=2,AU=1 s ANYTHING ELSE=0
NUCLEDTJUES MuUST RELDONG TO THE SET
Gelrils A

M=MASTER SET (GaCorilsA)

Y=PYRIMIDINE (s C)

R=PIURINE z (A,G)
CCCCCCCCCCCCCCCCLCCCCCCCCCCFCCCCCCCCCCCCCCCCUCCCCCCCCCCCCCCCCCCFCCCCCC

PROGRAM PATRSMIN
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
SURKODUTINE FAIRSMIN(JI1,»U2sKSCNRE)
SURKNUTINE TO ASSIGN A SCORE TN A NUCLEUTIDE PATR
PARAMETERS ARE™
Jl = NUCLENTINF 1 (RIGHT JUSTIFIEDN)
J? = NOCLENTIDE 2 (RIGHT JUSTIFIED)

KSCORE = THE SCORF GC22,AUsY S ANYTHING ELSE=D
NUCLENTIDES MUST RFLONG TO THE SET
1o Catls A

ME=MASTER SET (GeCot)sA)

Y=PYRIMINDINE (UsC)

RPURINE z (A,G)
CCCFCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

PROGRAM PERMUTF
cccecccrccceccceccceaccaoaaernecececccecenrceececcceccececececccceccecccecece
SURRDYTINE PERMUTECNSNEXTPERM)



69

SURRDUTINE TO FIND ALL PISSIRLE PERMUTATIONS OF N O4JECTS
PARAMETERS ARE
N = THF NUMRER NF UORJFCTS, I+ N=0» PERuWUTE NELIVERS
THFE NFXT PERMUTATTIOM OVvER THE LAST NUN=ZERU W,
NEYTPERM= THF NFYT PFRMUTATIUN OF N OBJECTSs EXPRESSED 4S
A RASE N NUMRER, T1F ALL PERMUTATINNS HaVE BEEN
EXHAUSTEDs NEXTPERMO=0

LIMITATION= N CANNOT EXCEED 9 RECAUSE HOfF THE WAy NEXTPFRM
IS EXPRFESSEL (I,E. AS A DIGITY., OF CAURSF
IN PRACTICES, NEXTPFRM CANNDT EXCEEN 2~24=1

geerceceececececececerceececceeencecnececeececcecececercececcecceceenccecccececceccccece

PRNGRAM REVCONON
ceceeccerceccecreccccecencecececcnecececcceccerceecccceccececerccecccececceecceccceence
SURRBUTINE REVENDONCJIL»42)
PARAMETERS ARE=
JI = A LEFT JUSTIFIEN BCH 3 CHARACTER CONIN
J2 = REVERSE COPON FOR J1
cecerececrecececceececccecececcecencceeereccecacecrcceccceccceccerncecrcecceeccrceccrnce

PROGRAM ASTRING,JSTRING,NSTRTING
ceercececcececececcccceccecenceeecceccececcecenceccececcccecernccecceeccecrcccece
FUNCTION ASTRING(RUFF» JSTARTSLNGRUFF)

NR
FUNCTION DSTRING(RUFF» JSTARTHSLNGRUFF)

FUNCTION TN SCANM OFF AN ALPHANUMERIC SYMROL TR a NUM4RER
AND RETURN THE RESIHLTS IN AQ,

PARAMETERS ARE=
BUFF=THE FwA OF THE BUFFER TN WHICH THE STRING TS FOUND
JSTART=A CHARACTER POSITION PRINTER ON THAT QUFFER
LNGBUFF=CHARACTFR (ENGTH OF THE RUFFER

UPDN EXI[Ts THE SCANNED ITEM wILL RE In AQs AND STAwT WILL 3E
UPDATED TD THE t AST CHAWRACTER SCANNED+1

THIS ROUTINE wILL MNT SCAN REYNIND LNGHUFFe RLaN.S AND SPECIAL
CHARBCTERS ARF IGNNREN. AN ALPHA STRING IS TERMINATED

AFTER B CHARACTERS ARF ACCRUED OR WHEN A NON=A| PHANUMERIC

IS ENCOUNTERED,



MEANT T ab SEN IM THIS FASHINN=

RUFFER IN(NsD)Y (BUFF(1)»sHBUFF(LNGSUFF))
R
READ(Ns130) RUFF
1100 FNRMAT(100A4)

JSTART=1
SYMRL=ASTRING(RUFF» JSTARTH L NGBUFF)
IFCISTART .61 ,LNGRUFF) 407D ERROR
C NTHERWISE USE THE SYMRNOL AND START wlILL 3F
C AUTOMATICALLY UPODATED

gecergeceorcececcececcececcececcecerncereceeaceceececencrceececececcecccaeacceceeccecccernce

PROGRAM STAT

gcerccecrecccccrcccececcececececececccceecceececccceccececcecceccecececcceccrncccerncce

SURKDUTINE STAT(LUNSJTYFE,JSTAT)
PROGRAM TN DFTERMINE THE HARDWARFE TyPE AND CURRFNT
STATUS UF A {ORTICAL UNIT,

PARAMETERS ARE=~

LUN = THE LOGICAL UNIT In QUESTIAN
JTYPE = THE HARDWARE TYPE yF LUN
JSTAT = THE 9 RIT STATHS iIF THE LA

ceceeoececceecceececceeccecececcecececececceceeceececccececccceccecoccecrecececencccccece

c
c
C
C
C
c
c
"
c
c
[%

FUNCTION TUORSION(AMRSCHN)

cercceecceececeeececeaccgcecceeaccceeecceecegcceccceccccecececececccececececcecce

FUNCTION Ty cNmpyTE THE TORSION ANGLE SETWEEN 4 ATNMS

AsBo(C» AND D

CNPLANAR CIS CONFIGURATINN DOF A AND D IS TAKEN &S 7ERD
2ND HANDROOK NF KINCHEM CONVENTTUNS ON TURSIDN ANGLES

ARE USED

THE TORSION ANGLE TS TN DEGREES

[
cereccecececccecccececeeccceececcececcceccecccecceeceacecececcccecccecececcecccececececcecece
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SURRNUTINE ANGLE(XsYs THETA»D1»ND2sCTH)
rcreececcreeccceecceccececeecneecerceeceecccecenceccececccceceeecccecececceecce

SUBROUTINE TD FIND THE ANGLE, THETA, BETWEEN VvECTOXS
X AND Y, ASSUME HOTH X AND Yy HAVE TAILS AT THF QRISIN

c

c

C

C

C ALSD RETURNS 01, THE LENGTH OF X AND

£ N2y THFE LENGTH OF ¥

o AS WELL AS CTH, THF COSINE UF THETA

o AMGLE GIVES THE vECTNR NOT PRODUCT NF X AND Y
c
C

teecgcrecccaeceecececececenceencecececceecececcccecccececceececcccceccerec

SIHBROUTINE MORMAL(ASR»P)
ceercecrceecececcecececcecceaccececececeecceecrcreccceccccceccenceacewececccercc

C
o SUHRRUUTINE TO FIND THE NNRMAL, P, RFTWELEN TuN

c VECTI'RS» A AND R, A ANN B ARE ASSUMFD TO HAVE

C TAILS AT IrIGIN

¢ P WILL RE A INIT yFeTNR DRIENTED SUCH THAT A RIGHT HANUEDN SCRFw
" NRIVEN TN THE DIREGTION NF P WILL CARRY A INTN 7

o NNRMAL GIVES THE yFCTNR CRNSS PRONUCTs Axn

"

C

cereececececececcececcececeececccegecceeccecceececcececececccecceceecccecceccencec

SUBROUTINE FINDROTU(VER,THETA»PHI)
cecreceeeccececceececceeccececerececceeccecercccececececececcececccceecececcccce

o

C

o SURBROUTINE TN FIND THF ANGLES (THETA,PAl)

c NECESSARY TN RUTATF AN ARRITRARY VECTUR» VEC,

£ SN THAT IT IS PARAILLEL TN THE x=AyIS ANy pPOINTING
o IN THE POSITIVE NIRECTION

o THETA = DISPLACFMENT FROM THE ¥Z2 PLANE

c WHEN ROTATING ARDUND 7 AXIS

C PHI = DISPLACEMENT FRumM THE x AXIS

¢ WITHIN THE X7 PLANE

C WHEN ROTATING ARDUND v AXIS

o
o

gercLceoccecccoecececececceccearecececeeccecececcececcecccecrcccececcecececceccccceccee

~SHBRGUTINE FINDROT2(VEC,THETA»PHI)
ceerccorcececcecocecececrececeneceneecgcececececceecceenceccececceccceccececeeccececceccerccccece



r?

C

o SURROUTINE T FIND THF ANGLES (THFTA,PHI)

C NFCESSARY TN RUTATE AN ARRITRARY VECTDRs VECS

" §H THAT IT IS PARALLEL TN THE x=A¥XIS AND PHINTING
e IN THE PNSITIVE DIRECTINN

C THFTA = DISPLACFMENT FRNOM THE ¥Z PLANE

o WHEN RDTATTING ARJUND X AXIS

C PHI « DISPLACFMENT FRuUM THE x AXIS

r WITHIN THE XZ PLANE

( WHEN ROTATING AROUND Y AXIS

C
C

,CtrccccccccccccccccccccccctcccccCccccccccccccccccccccccrccccccccccccc
SURRUUTINE ROTXY(THETA,V)

ccc”cccrccccccrccccccccccccccccccCcccccccncccccccccccccccccccccrcccccc

c SURROUTINE TO PERFNAM A ROTATION TN THE XY PLANE

C RRTATINN WILL HE 1w THE CLUCKWISE DIRECTION VIEWED

C FROM THE (+) 7=AX1S

C

crrrcccrcccccccccccncccccccrcccccccccccccccccccccccccccccccccccccccccc
SURRNUTINE ROTYZ(THETA,V)

cccrcccccccccccccccccccccccCcccccccccccccccccccccccccccccccccccccccccc

c

c SHRROUTINE TN PERFNRM A ROTATIUN TN THE YZ PLANE

c ROTATTUN WILL HE I8 THF CLOCKWISE PDIRECTION

" VIEWED FRO™ THE (+¢) X=AXIS

o

cccrCccccccccccccccccccccccncccccccccccccccccccccccccCcccccccccccccccc
SUBRUUTINE ROTX7(THETALV)

CCCPCCCCCCCCCCCCCCcCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLCCFCCCCCC

c

C SUBROUTINE TOD PERFNRM A RNTATION Tn THE xZ PLANE

£ ROTATTUN WwILL BE IN THE CLOCKWISE NDIRECTION

C VIEWED FROM THE (+) Y=aXIS

c

c

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

PRINGRAM VOWRADTI
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rrr‘CCCFCCCCCCCCCCCCLCCCFCCCCCCCCCCCCCCCCCCCCCCCCCCCLCCCCCCCLCCFCCCCCC

SHRROUTINE vDwRADITCINDXATOML,DIST)

SURRDUTINE 1D NDFTERMINE THE MIMINUM VAN DER wAALS

CONTALT DISTANCFE FOR AN ATOM,

PARAMETERS ARE =

IDYATOM = TUF ATOMIC SYMA0L INDEX wUMARER
NIST = vAN DFR wWAA_S RADTUS I+ ANGSTR1IMS

CCCPCCCFCCCCCCCCCCCCCCCCCCCFCCCCCCCCCCCCCFCCCCCCCCCCCCCCCCCCCCCFCCCCCC



