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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:

ca 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 -nr 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 hiopolymers. 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
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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

O.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.

3

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.
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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
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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 a 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 LING, 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
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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 Donohue (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.



Allowed positions for the dipeptide gly-ala. Positions
found to be sterically allowed are indicated by an X. Some
favorable energy contours are outlined, and the regions are
named.
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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

(4)4 ) values in the neighborhood of (1) =120, IP=130. This is the

only high density cluster of points in the (4), 11)) 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)



Sterically allowed positions for the first post-
helical residue adjoining the C-terminus of a backbone-
only a-helix.

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

(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
1
= 60

o
, 180 °, 300 (±10 °) and

X
2
= 0

o
, 90

o
, 180

o
, 270

o
, 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). In 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 inspection). 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

300
0

(±10
o
), while planar and aromatic groups were varied over

the domain 0 0, 90 0, 180 0, and 270 0. Table 1 summarizes the

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 hydration 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(H20)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 = 60° ± 10°
II = 180°* 10°
III= -60°± 10°

Domain B position I = 0°
II = 90°
III= 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 C4-01 bond and at the Cr-CY 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 Cd-0 bond and domain B pertains to the
CP-CI bond.

Hydrated Form
Residue Domain Allowed Positions Allowed Positions

LYS A, A, A, A II, II, II, I-III
II, I, II, I-III
III, II, II, I-III
III, III, II, I-III

CYS A II

III

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

II, II, II, II
II, I, II, II
III, II, II, II
III, III, II, II
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Table 1 (continued)

Hydrated Form
Residue Domain Allowed Positions Allowed Positions

THR A III

TYR A, B II, II or IV

SER A II

III

VAL A III, III

ILU A, A III, II or III

LEU A, A II, II
III, III

PHE A, B II, II or IV

TRP A, B II, II or IV

ARG A, A, A, B II, II, II or III, I II, II, II or III,
or II or IV I or II

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

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

or II



Table 2

(Gly)4-LYS-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
for Hydrated Lysine

II, II, II, II
II, I, II, II
III, III, II, II

17

Allowed Positions
for Hydrated Arginine

II, II, II, I
II, II, III, I or II
II, I, II, I
II, I, I, I or IV
III, III, II, I
III, III, III, I or II
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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
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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. In 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

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 residues 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. In 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 set of

potential mRNA's all have some interesting property in common,

it follows that the actual mRNA would also share this property.

Unfortunately, the set 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, TIT 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



25

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 c, and

the alpha and beta chains of hemoglobin (38). In 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 in for all five



26

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 in and destabilize them for m. Hence,

M is too large, and the range between TIT 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,

in and m, trap all remaining elements of M between them. In the

general case, though, the range between in and in 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 developm, 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 TIT, 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 hemoglobin, the histones f2al and f2b, and human

cytochrome c. From each, an -in was computed together with the

Tinoco matrix on that in. 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 -rn 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. For 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:

base
number

Diagonal 55.

5555554444444444333333333322
5432109876543210987654321098

base GCCUCAAGCAUCGCUUUUAACCUUAUCA
score 22 2112211 111 122111
base UGGCGUUCGUACUUAAAUAUGGAAUUAA

base
number

1234567890123456789012345678
1111111111222222222

29
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Figure 3(continued)

In the more familiar pictorial format, the helical region

appears as:

,A^ A`

A
U

UA/

AU
AU
GC

GC
eUAN
A A
U U
AUK
AUAU

eAUs,

U C

U G

C C

\AU'
UA
GC
CG
UA
UA

e GC
C U
N.GC /

GC
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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 c, 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 c 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 c, 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 nr 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
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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 plants; 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.

0
-o
0

ARG LYS

impossible

CGU
CGC
CGA
CGG

4

AAA
AAG

AGA
AGG

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

AAA CAA CAU

0 AAG CAG CAC

0
U

2) HIS --1GLN

(1)

0
0
C.)

CAU CAA AAA
CAC CAG AAG

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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APPEND1x

PROTEINS LIRPARY

PROGRAM nALT ST
CCr^ CCCrCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCrCCCC

C ,R0r,RAm TO LiSt THE Amikin ACT) SE14UENcE

C 7Rnm A PROTEIN r.

C DARANETERS ARE THE PRoTEIN FILE NAME AND
C THE NUMBER OF THREE LETTER rOuEs PER LINE

C HOTPOT DIRECTED Tu LOP 12
cccrcccrcccCCCCCLCCCCCCCCCCCCCCCCCCCCCCCUCCCCCCCCCCCCCCCCCCCCCrcccr
C

C

PROGRAM ADomv?
ccccccccccceccccccccccccrccrrcrcccccccccucccccccccccccrcccccccrcccr
C

C PROGRAM TO READ A cRysTALLnGRADHIc STHocTuRk AND
C AUGMENT IT py AOD1NG H ATnms TD THE MAIN CHAIN AND TO

C THE SIDE CHATNS PF THE FnLLnw146 RESIDUES
C SER.THk.TYHoLYS,APc,
C

C nUTPOT T1 LLVJ 12

C DUTPOT AUGPENTE0 FILE TO LON 13
C

C WORKS WITH FILE IF CDORDINATESeln.

C

r.

r

C

r.

r.

r.

CCCCCCCCCCrCCCCCCCCCCrUcCCCrCCCCCCCCCCrCCCCCCCCCCCCGCCCCCCCLCCrCCCC

PROGRAM PFNDEH
CCCCCCCrCCCCCCCCCCCCCCCrrCrrrCCCCCCCCCCrCCCCCCLCCCCCCCCCCCCCCrC'7CCCC

DROGPAm TO COMPUTE SUCCESSIVE DIHEDRAL AND LEND AN1LPS
criR THE PYRON RENDER

C TNPOT IS THE ATOMIC CPORT,TNATES FOR A PROTEIN



c OUTPUT TO LUN 12, WHICH TS
FnUIPPED AS A FILE IF NOT ALREADY EOUIPPED
PFwOOND IF A FILE

C

CCC7CCCCCCCCCCCUACCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCUCCCCCCCk:CCCCCcr

PROGRAA CONMAP
CCrCCCCCCCCCCCCCCCCCCCCUCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCUCCCr
C C

C PROGRAM TO PRINT JOT THE InA CONTACT MAP
C rRUH THE COORDINATES FOR A PROTEIN
C

cccrcccrccccccceccruccrrccrcccccccccccrucccccccccrcrcrrccrcrcrrccr

PPUIHAM DIHEDRAL
cccrrcuccccccccccucccrrccrrcrccccccccccrccGccccccrcrcrGccuccrcccr

C RROGPAm TO PRINT uUT THE pHI.PSy.ANO CHI AHEDRAL ANGLES
C rOR A PROTEIN 4ITH oweiN COORDINATES
C C

C loTROT DIRECTED 10 LON 12
C OJTPoT CONSISTS OF COOROTNATE DATA
C THEN A FILE NARK
C THEN DIHEDRAL ANGLES
C cni_LnwED HY A SECOND FILF MARK
C C

cccrcccrccecccccccccccccrcccrccccccccccccccccccccrcccrcrrccccccrcccr

PROGRAM EPATH
cccrcccrcccccccecccrcccuccrrccccccccccrcrccccccccuccruccccccrcccr
C PROGRAM TO FIND AN EvOLUTINNARy PATH THROJGH AN AINo AM) C

C SEGOFNCF.
CCCCCCCCCCCCCCCCCCCCCCCCcCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

SORRIATINE ALLPATHS(N,JAA,JNom.JPATHS)
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C C

C SUBROUTINE TO FIN,) ALL pnssIkL! EVOLUTIONARY PATHS WITH
C DISTANCE 1 THROUGH N A4'Nn ACIDS
C EACH POSSIBLE PATH IS CHARACTERIZED RY IT3
C PERHOTATION NUMBER.
c OUTPUT IS REToRNFJ IN JPATHS. IT CONSISTS OF jNdm RER,AOTATION r

C NUHHERS, ONE FOR EVERY LFrolL PATH.
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CCCrCCCCCCCCCCCCCCCCCCCCCCCrCCCCCCCCCCCCC CCCCCeCCCCCCCCCCCCCCCCrCCCC

PPOGRAm NExTRFS
CCrrCCCCCCCCCCCCCCCUCCCCCCCCCCCCCCCCCCruCCCCCLCCCCCCCCCC,CCCeCCCCCCC

C PROGRAM NEXT RESLWE
C PROGRAM TO START FROM THE N-TERMINAL END 0F A PROTEIN
C AAD STOPPING AT cH(ISENJ SPOTS TO ADD A RESIDUE
C

C

C INPUT ron4DivATEs SHOuLD RE TN ANGSTPoms*I0
C

C

C SINCE 00PKAT9m coupDINATEs GET SUPERIMPOSED ON THE clop() APRAy
C TT IS NECESSARY Tr) woRK FROM THE C TERMINAL END pACK
C TO THE N-TERMINAL END wHEN MAKING POTENTIAL MAPS
C

C

CCCrCCCCCCCCCCCCCCcCCCCCrCCCrCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCrCCCC

PPoGRAm PDISPLAY
cccrcucccccuccLucecccrcccrucaccccccucccccccccccccucucccccccr
C PROGRAM TO DISPLAY A POLYPEPTTDE
C 1PTIDNS TNCLODE
C DISPLAY WITH ALPHA CARBONS INDExEri
C WHOLE HACKtIONE SELECTIVELY DISPLAYED
C SIDE GROUPS SELECTIVELY DISPLAYED r.

C INOTvIDUAL ACID TYPES MAY RE SELECTIVELY DISPLAYED
C PARTICULAR RANGES MAY PE SELECTIVELY DISPLAYED
C

C

C H -HARD COPY C.

C SP-ROTATE THE pIcTdpr
C P-RESET
r DEL-EXIT
C ?-700m
CCCrCCCCCCICCCCCCCCCCCCCCCCCrCCCCCCCCCCCCrCCLLCCCCCCC:CCCCCCCCCCCCCC

SUBROUTINE LAHEL(JAJr0T,KUPY)
CCCrCCCrCCcCUcCCCccCCccrCUCCCCCCCCCCCCctcCCCGCCCCCCCCCCCUcCCrCCCr
C

C

C SUBROUTINE Tr) LAAEL THE ALPHA rARH0Ns.
C PARAMETERS ARE-
C JJ' ALPHA CARHUN SFOUENCE NO48Ep C

jRnT,. 0 IF LEFT FIGURF. 4 IF RIGHT FIGURE

C LABEL DESTROYS THE Co4RENT SCALINu AND RdTAITON
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crrcrccccccucccccccccccccccccccrccccucccccccccccccccccccccccccccc

PROGRAM PLANECK
CCC^CCCCCCCCCCCCCCCCLCCCCCUCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCr

C DROGRAH TU CHECK THE RACKRONE PLANARITY OF A POLYPEPTT1E CHAIN. C

C TAKES THE PLANES rA-N-H AND
CA -c

C AND ESTARLISHES A NORMAL TO EACH PLANE. THEN MEASURES THE ANGLE r
C gETWFEN THE loll NORHALS.

C ALL OUTPUT IS DIRECTED TO LuN 12 WHICH IS EauIPRFo T1 RE A FILE C
C INLESS OTHERWISE E0oTPRED f.

CCCCCCCCCCCCCCCCGCCCCCCCrCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcc

PROGRAM POLYMER
iccrcccccccccccccccucccccccreccceccccccccccccccccLccccccccccccccccc
c r
C PROGRAM TO pRODJCE A POLYMER WITH SPECIFIED
C PRIMARY STRUCTURE
C ALL TORSION ANGLES IN BACKRONE ARE IRO
C MILL SIDE CHAIN ANGLES ARE 0
C INPUT FROM A NAMED) FILE
C OUTPUT TO ION 1?

cccccccccccccccccccccecccccccccccccccccccrcccccccccccccuccccccccccc

PROGRAM SHUFFLE
CCCCCCCCCCCCCCCCGCCCCCCCCCCrCCCCCCCCCCCCCCLCCCCCCCCCECCCCCCCCCCCCCCr

C PROGRAM TO CANE THE ORDER OF A FILE OF ATOMIC CDO4DTNATES
C FROM THE ORDER N.H.CA.HA,CR C.O
C TO THE ORDER cA.N.H.C.o.HA.CR,...

C INPUT FROM A NAMED FILE
C lUTPUT TO LUN 12 r.

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCCCC



PROGRAM SYNTHESIZE
CCCCCCCrCCCCCCCCCCCCCCCUCCCCCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCcccr

srNTHESIZE A HAcK10NF THAT IS 4UmRES LnNG.
r. READS NuMHES (PHI.PSy) ANGLES FROM A FILE AND
r. TWISTS THE RACKRONF ACCORDING TO THE INToRELL TRANsFowm r,

C 1F THOSE SPECIFIED ANGLES
C 'RD AND GLY ARE NUT TRANSFORMED. HOWEVER.
C C

CCcrCCUCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCGCCCCCCCCrCCCCCCCCCCCCcr
SoHROOTINE INTOwELL(A1.A2A3.A4)

CCCrCCCCCCCCCCCCCCCCCCCCCCCrCCCCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCCrCccr
C

C sJRRouTINE TO COMPUTE THE DIHEDRAL ANGLES OF AN FAJE4C,Y NELL
C TqAT IS CLOSEST TO THE RAMACHANDRAN POSITION SPECIFIED
C 2r A DTHEDRAL ANGLE PAIR (A1.42)
C

C 61.A2 ARE THE ACTUAL (PHI.PSY) ANGLES
C 830A4 ARE LIHEDRAL ANGLES OF THE CLOSEST WELL
C

C ALL ANGLES ARE IN DEGREES
C

C

r.

cccrCccrcCcCCccccccccCcCCccccecccccccCcccCeccccCcccccccrucccccreccr

PROGRAM TRUER
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcCCCCCCCCCCCCCCCCCCCcCcr
C C

C 'ROGRAM TO COMPOTE A HASF PLANE AND MARK SELECTED
C RESIDUES FOR TUNING -')P^ A RENDER MODEL.

C INPUT CONSISTS OF
C 1) ATOMIC COORDINATES FnR THE PROTEIN
C 2) A FILE OF RESIDUES OF INTEREST. THE FIRST THREE Dr
C THESE RESIDUES ARF TAKEN TO DEFINE THE ZERO PLANE C

C FILE SHOULD CONTAIN ONE RESIDUE PER RECORD
C C

C (Ey RESIDUES 1 AND 2 ARE LINED UP ALoNn THE 4. xAKTS
C TN THIS ORIENTATION. THE PROGRAM ASKS WHETHER KEY REST DUE
C HAS POSITIVE OR NEGATIVE Y COORDINATE (IN THE YY PLANE
C THIS INFORMATION IS USED To ROTATE THE COORDINATES
C INTO STANDARD ORIENTATION
C C

C OUTPUT CONSISTS oF COORDINATES OF THE PENCH MARK RESIDUES
C TOGETHER WITH A SCALED PLOT OF THEIR (X.Y) POSITIONS



CCCrCCUCCCCCCCCCCCCCCCCrCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC.CCCCCCCCCCCCC

PPOGRAM ONmEND
CCCrCCCUCCCCCCCCCCCLCcCcCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCUCCCCCCrCCCr

C DRORPAm TU COMPUTE A SET nF CONSISTENT C ALPHA cOnDI.JATEa
C FRnm THE DIHEOHAL AND BEND ANGLES

C INPUT TS A FILE CONSISTING nr IECuRDS. EACH CONTAININ;
C IIHEDRAL ANGLE...REND ANGLE...CA(I)-CA(1+1) LENGTH
C

C OUTPOT TO LUN I?. wHTCH TS
C EDUIPPED AS A FILE IF NOT ALREADY EnUIPPEO
C REwOoND IF A FILE

CCCrCCCCCCCCCCCCCCCCCCCCCCCcCCCCCCCCCCCCCCCCCCCCCCCCCrCCCCCCCCCrCCcr

PROGRAM nLIG0PEp
rcccr.ccrcccccccucuccccccccccccccccccccccccccccccu.ccccGccu.cc
C

C PROGRAM TO COMPUTE OLIGOPERTIDE ENERGIES C

C INPUT CONSISTS OF
C 1) SOME FILES OF (RHI.PSy) PAIRS wHTCH COmPRISL THE OrlAINS C
r. FnP THE BACKRONE ANGLES SETS
C 2) SOME FILES OF SIDE CHAIN AAGLES THAT CO1PRISE THE
C DOPATNS nF SIDE CHAIN ANGLE SETS
C 3) A FILL THAT MAPS EACH RESTOoF INTO oNE AN') uNLY ONE
C. OF THE DOMAIN SETS. CONSISTS OF A nomAIN AUmRER
C PER RECORD AND ASSUMED TO RI IN RESIDUE ORDER
C 4) A FILE THAT MAPS EACH SToEcHAINs RINDS INTO ITS 10m)IN C

C OF UEFINITIoN. THE FILE HAS ONE RECORD FUR EACH iFsfDUE C

C EVER). SUCH RECORD HAS le ITEMS. ONE FOR EACH RIITATAPL!
C BlflD IN 1HE SIDE CHAIN OF THAT RESWE
C 5) A FILE OF COORnINATFS FnR THE 0LIGIRFIPTIP AS TT C.

C EXISTS IN TOTALLY UNF3L'Irl C1NFORmATInN.I.t.
C 0ITH RACKRONE ANGLES=Ilo AND SIDECHAIN AAGLES=0
C C

C OATPuT CONSISTS OF
C 1) A FILE NAMED wHY 1r ALLOWED CUNFIGURATIJNS
C 2) A FILE NAMED wHyNOT OF CONTACT INHTHTTEo CoNFIGoRATTONS C

C C
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cccrccccccccccccecccccceccccccccccccccccceccccccccuccccccccccc

RNA LIBRARY

PROGRAM AATOAM,
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCrccc

C PROGRAM TO REV) A FILF OF AMINO ACIDS AND TRANSLATE
C THEM TO AUGONS
C OUTPUT TO LUN 1?
C INPUT HAS ONE AMINO ACID PER RECORD-3 LETTER COIFS
C OUTPUT HAS UP TO 2 AUGONS PER RECORD

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCGCCCCCCCCCCCCCCCCCCCCCC

PROGRAM EPATH
cccrcccccccccccccccceccccccrcccccccccccrcrccccccccccccccecccccccccc
C C

C PROGRAM TO FIND THE EvOLUTIONARY PATHS THROUGH
C A SERIES OF AMINO ACIDS.
C INPUT IS AN AMINO ACID SEQUENCE WITH EVOLUTIONARY
C ALTERNATIVES. EACH RECORDS IS OF THE FORM
C ITH AA AAI.AA7 AAJ
C OUTPUT IS A SERIES OF AUGONS WHERE EACH RECORD IS
C Or THE FORM
C ITH AA AuGI.AUG?

C

C

C

C

C

C

C

C C

cccccccrcccccccccccccccccccccccccecccccccccccccccccrcccccccceccrccc

PROGRAM FOLORNA
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

C PPOGRAm TO INSPECT AN AUGON CHAIN, IDEATIFY



C THE AUGUNS (UNIONS OF connNs) THAT CODE FUR EACH.
1; AND FORM A TINHCO MATRIX rOR THE SECONDARY STRUCTURE

(31

C

C

C C

ccccccrcccccccccccrcccccccccccccccccccruccccccccucccrcccccccrccc

SUBROUTINE TINOCH(mINmAx)
rcrrcccrccccucccccucccccuccccccccuccuccccucccccrcrcccu:ccrccc
C C

SumRDUTINE TO CONSTRUCT AN (NXN)/2 TRIANGULAH TINor0
C MATRIX UN A FILE OR RAF.
C CONSTRUCTION TAKES PLACE I ROw AT A THE
C THE T-TH Rdw HAS mAxBASE-I +1 COLUMNS
C c

THIS RUUTJ\IE IS LIMITED TO AT MOST 2000 RASES
C PARAMETERS ARF mIN4AX-

1-TAKE MINIMUM SECONDARY STRUCTURE
C 1 -TAKE mAxImIM SECONDARY STRUCTURE

OUTPUT IS if) LUN IAA

C C

ccrrcccrccccccrcccccccaccrcccccccccccccccccccccccccccccrcccGccrccc

SUBROUTINE SIMPLIFY
ccrrcccrcccccccoccccccccrccceccccccccccrcrcccccccccccccccccccccrccc
C C

C SUBROUTINE TO SIMPLIFY THE TINUCO MATRIX ON LION 49
C OUTPUT NEW SIMPLIFIED MATRIX ON LUN 48

C SIMPLIFICATION nrCIRRS BY
C 1) ELIMINATING ALL sINGLFTUNS

2) EXTENDIN6 ANY RUNS
C C

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCGCCCCCCCCCCCCCC

SUBROUTINE SCREEN
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C C

C SURROUTINE TO TRACT THROUGH ALL THE DIAGONALS or A

C SIMPLIFIED TINOCO MATRIX IN ORDER rn ELIMINATE TH0sE
C DIAGONALS THAT FALL BELOW SnmE DESIGNAfEo THRESmOL1
r. VALUE
C THE MATRIX SHOULD RE A RAF ON LUN
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C C

r. FOR EACH DIAGONAL. COMPUTES THE PERCENTAGE OF
C RASE PAIRING, AND WRITES IT ONTO LUN 4(

C THEN LOOKS ALr4G EACH DIAGONAL FOR PLocNs
nr LENGTH > LR AND DISCARDS THE FIRST ELEMENT OF THE 4LOCw C

C IF THAT RLoCK cONTATNS LESS THAN MIN RASE PAIRS
C AFTER WHICH DoES A FRAME SHIFT OF TINE ANU CONTINUEs THqOLJH C
C THE DIAGONAL
C IF AT LEAST mIN RASE PAIRS ARE DISCOVERED WITHIN THE RLnck c

C THEN ANY SPACES ARF 0 FILLED AND THE NEXT HLOr.K TS TAKEN
C Fp04 THE (LR +I)TH LOCATION
C OHTPHTS THE DIAGONALS TO L04 46
C C

cCcrcccrcccccCccccuccruCcccCccccccaCCcrCccCcccccCCoccacccCUccr.

SHRROHTINE PLOTTm
CC^,CCCUCCCCCCCCCCUCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C C

C SHRRMINE TO PLOT THE DIAGONALS OF THE fINOcri mAT;=Tx
C STORED riN LUN 46
C THE mATRIx Is TRIANGHLAR AND IS STORED UNE DIAGONAL
C PER RECORD

C

C

C

C

C C

cccrccCrcecccCcccccrcccCCcccccccccccccucCCCeCcccCccccCCccCCLcCrcCc

PROGRAM pALDROvF
CCcrcCeroCCcccccccCcccCCCCCCrccCCccccCCCCcccccCcccCCCccCCcccccCcrcCc
C C

C PROGRAM TO INSPECT A CODON CHAIN AND STEP oowN
C FROM 5, TO 3, wITH A wINDOw SIZE OF W. LuOKING

FOR PALINDROMES OF LENGTH L OR MORE
C THIS VERSION ALLOWS SFLFCTIDN FOR
C PERFECT PR IMPERFECT PALINDROMES
C MINIMAL PR mAxImAL SECONDARY STRUCTURE
C ONE RASE CHOICE OR Twn RASE CHOICES
C C

CCCrCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

PROGRAM GCANAL
CCCCCCUCCCCCCCOCCCCCCCCCCCCCCCCCCCCCCCCCCCCGCCCCCCCCCCCCCCCCCCCCCC



el?

C. PROGRAM Tn PERFORM A G +C ANALYSIS ON A NUCLEOTICE SE0UENCE C

LOOKS AT EACH NUCLEOTIDE FROM 151+50 Ti) LAST -49
AND EXAMINES ITS NEAREST 50 NEIGHBORS HELOw AS WELL
As ITS NEAREST 49 NEIGHBORS AHOVE

C THE G+c rOATENT OF THFSE 100 NUCLEOTIDES IS RECIRD1;-n
AS WELL AS JUST THE G CONTENT
THEN DUES A FRAMESHIFT OF 1 AND REPEATS

C C

C INPUT IS FROM A FILE riF NUCLEOTIDES
C OUTPUT TO LuN 1? IN A FORMAT SUITABLE FUR INPUT
C Tn THE GRAPHIT PROORAm

CCCCCCfCCCCCCCCCCCCCCCCrcccrccccCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCL

PLIR LIHRARY

PROGRAM AmINOIOY
ccc!*:cccrcCccccr.cccccccrcrccrcccccccccccceccccceccccccccccccceccrcccccc

SUBROUTINE AMINnIOY(NAmEACIDONDYACID)
SUBROUTINE TO TRANSLATE A 3 CHARACTER AMINO ACID NAAE
INTO ITS ALPHARETIC INDEX L1-203.
pARAHETERs ARE-

NAHEAcID- A 1 CHARACTER rCD NAME
INDYACID- THE INDEX NUMBER

THE ROUTINE REAnS THE NAMEACID PARAMETER AND
PLACES THE APPROPRIATE INDEX NUMBER INTO
INDxACIo.
THE ROUTINE COMES Tn AN ERHuR HALT IF AN ILLEGAL
THREE CHARACTER CODF IS FNCOUNTLRED.

ccrccr.ccccr.ccrcLcuccurccrcrucccccccruccccucccrcrcrccccccucccru
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PRoGRAm ATLASInv
CCr^CCCTCCCCCCCCCCCCLCCCrCCCCCCCCCCCCCCCCCCCCCCCCCCrCrCCCCCCCCCrCCUCC

SURROUTINE ATLASInx(NAmEACIO.INOYACIO)
SUBROUTINE En TRANSLATE A 1 CHARACTER AHINn ACT) NAPE

TNTO ITS ALHARETIC TNnEx 11-201,
PARAMETERS ARE-

NAmEACID- A 1 CHARArTER HCD NAME
INnxAcEo- THE INDEX NuHRFR

THE ROUTINE REAPS THE NAHEAcIn pARAAETER AN0
PLACES THE ARpRnpRTATE INDEX NUHRER INTO
TNDxArIo.
THE ROUTINE DES TO AN ERROR HALT IF AN ILLEGAL
ATLAS COPE IS ENCOHNTFRED.

CCrrCCCrCCCCCCrrCCrCCCCCCCrrrCCCCrCCCCCrCrCCCCCCCCCCCCCCLCCUrrCCCUCC

PRnGkAH ATOmInv
CCCrCCCTCCCrCCCCCCUCCCCCCCCCCrCCCCCCCCCCrOCCCCCCCCCCCCCCCCCcCUCCCCCC

SuRROUTINE ATOmIlx(NAHEATOm.I0xATOm)
SDRiinuTINE TO TRANSLATE AN ATOM NAME. INTO
A UNIQUE INuEx NUmRER
PARAMETERS ARE-

NAmEATOm - A RCP ATnmTC NAME
IOXATOm - A UNT0OF INDFx NURRER

CCCrrCCrCCCCCCrrCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCrCCLCCrCCCCCC

PROGRAM CIRCLES
CCrrrCrrCCCrCCrCCCCCCCCCCCUCCCCCCCI.CCUCCCCCCCCCCCTCCCCCCCCCCUCCCrCC

SoRROUTINE CIRCLES(N,NExT)
SoRROUTINE Tn TAKE THE NEXT ROTATIDA OF AN N OT ,IT NuHRER.
USED WITH SuRrnoTTNE PERMUTE Tn REDUCE THE PERmoTATInNS TO

ComHINATIONS.
PARAMETERS ARE -

N THE NUMBER TO RE ROTATED. IF N=0. TAKE TOE.
NExT knTATION UN THE RREvIuOS NoHlEP

NEXT - SET TO THE ROTATE0 VALUE. OF N

LImITATION - WILL NnT WORK WITH N LARGER THAN 2)24-1

ccr.J.cccrcccrcccr.ccu:Ccccr.ccrcccccccccccccruccecuccuuccucccrccucc

PknOiAm CUDnNTOY
CCY:CCCICCUCCCCCCCCCCCCCCCCCCCCGCCCCCCCCCCCCCCCCCCCUCCCCCCCCCCCCCCCC
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SUBROUTINE CODONIDY(CNAmE,INDXACTO)
SUBROUTINE TD TRANSLATE A 3 CHARACTER CODON JANE
INTO THE INuEx NumBER OF THE AmINO Acin IT C1DEs FOR.
STOP IS CODED AS A n INDEX.
PARAMETERS ARE-

CNA4E- A 3 CuAPAcTER BC) NAME
INDAACTO- THE INDEX Num3ER

THE ROuTINE READS THE cwAmE PARAMETER AND
PLACES THE ApPRopPTATE TNDE1( NUMBER INTO
INDxACID.
THE RDUTINF COMES Tn AN ERROR HALT IF AN ILLEGAL
cnonN TS ENCOUNTERED.

CCCCCCCcCCCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

DRoGRAm criNirAcr

CCCr'CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCGCCCCCCCCCCCCCCCCC
FUNCTION CONTACT
OISTANCE=coNTAcT(jATOml.jATOm2)
GIVES mINImjm CONTACT DISTANCES IN ANGSTROMS FOR ANY
TwO OF THE FOLLOwTNS SET

R.O.N.c. AND CH.TmETNYL (;ROMP

ATOM NAMES SHOUin RE LEFT JUSTIFIED
CCCC

PROGRAM CUVRADTT
crrrccrrcccccccrcccccucccuccccuccccuuccLcccccccccccuccucrcccru,

SOBRflOTINE COvRADTT(TDxATOM,DIST)
SoRROuTINE TO DETERmTNE THE COvAIENT RADIUS
rnR AN ATOM
PARAMETERS ARE-

IDYATOm - THE ATOMIC SYMHOL INUE)( NUMBER
GIST - THE COVALENT RADIUS IN ANGSTROMS

ccv:cccrccccucccrcrccucccrr.ccccr.cccecrcrcccccccccrcurcccu,ccrcCccu

PRO6NAm DISTANCE
cccrcccrcccrcccucccccr.ccccccccuccccccrccccccccccucrccccucccrccccu

SUBROUTINE DISTANCE(JCODONI,JCODON2.4EASURE)
SoBROoTINF rn MEASURE THE EVDLIITTUNARY DISTANCE
BETWEEN 2 ARBITRARY copoNs. MEASURES THE NutilEp
OF HASE CHANGES RETwEEN THE Twn. sn THE FUmcTIDi
YTELGS A VALUE BETwEEN 0 AND 3.
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PARAMETERS ARE -
JCDI)E)N1 AN ARRITRARY CoDoN
OCODoN? - ANOTHER ARRITRARY C(Ii)UN
MEASURE - THE NumRER OF RASE DIFFERENCES RFTwELN THEE(

CCCCCCCCCCc cc cr cLcccccccr ccc ccc cc cccc cc rccccc ccc ccc cc ccc ccc cc ccc ccc;;c:

PROr,RAm IDYAmIN9
CCcCCCCCCCCCC(CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLCCCCCCCCC

SURROUTINE IDyAmINO(INDYACID,NAmFACID)
SORROUTINE TO TRANSLATE AN INDEX NOiHER (1 -21)
TO A 3 CHARACTER AmTNO ACID NAME.
PARAMETERS ARE-

INDYACID- THE INDEX NOMMER
NAmEACID- A 3 CHARACTER HCD NAME

THE ROUTINE READS THE INDXACID PARAIEIER AND
PLACES THE APPRDPRTATE NAME INTO
NAME:ACID*
THE ROUTINE COMES TO AN ERROR HALT IF AN ILLEGAL
INDEX NuMPER IS ENCOUNTERED.

CCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLCCCCC

PporikAH ih)eAw4T.

cccrcccccrcrccrccuruxuccrruccccccccccrccccccccuxccccccccccr.cccrcx
SUHROUTINE IDYANAmF(INDEY*NOmjARRAY)
SURROUTINE TO CONVERT AN ALPHARETIC AMINO AcTD INDEX NUmREw
TO THE LIST OF NON-HYDROGEN ATOM NAMES FOR THAT AmIAO ACID.
THE ORDLR OF ATOMS JTLL RE CA.N.C.O.CM*...
ATOM NAmE NOMENCLATURE IS TAKEN FRO THE ScHFRA.A ARTICLE

CALCULATIONS OF CONFORMATIONS OF PULyREPTIDFS
ADv. IN RHY.DRG*CHEm. (1964)

PARAMETERS ARE-
INDEx - AN AI PHARETIC INDEX NUMHER
NUM - THE NumPER OF NON-HYDROGEN ATOMS TN THE A.A.
jARUy AN APRA'? IN 4HICH NAMES ALL HE STOR;-n

cccrcccrccccccccccus.ccccrucccccu.cccccccccccccccccccscccccccccrcccrcr

PROGRAM TDYATLAS
cm7ccucccuccccccuccucucccccccccccrucccccux.cccccuoccc(ccccccccr,
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SUBROUTINE IOxATLAS(INOXACIO.NABFACID)
SUBROUTINE TO TRANSLATE AN INDEX NUMBER 11-211
Ti) A 1 CHARACTER AmTNn ACID NAME,
PARAMETERS ARE-

INr)xAcin- THE IAJDEx NUMBER
NAREACIn- A 1 CHARACTER HCD NAME

THE ROUTINE READS THE INDXACID PARAMETER AND
PLACES THE APPROPRIATE NAME INTU
NAREACID.
THE ROUTINE CORES TO AN ERROR HALT IF AN ILLEGAL
INDEX NUMBER IS ENCOUNTERED.

cccrcccrccccccccecccccccccccccccccccccccccccLcccccccccccucccccrcccuc

PROGRAM IOXATOR
cccrccccccccccccccuccccccuccccccccccccccccccccccceccccccccccuccucc

SUBROUTINE IDxATOm(INDEx.NAREATUR)
SUBROUTINE ID TRANSLATE AN INDEX NWIRER TU
AN ATOMIC SYMBOL.
PARAMETERS ARE -

INDEX - AN ATOM INDEX
NAMFATOM - AN ATOMIC SYMBOL

cccrcccrcccccccrccccccccccccccccccecccccucccccccccccuccccccccccccccc

PROGRAM IDXAUGON
cccccccecccccccccccuccccccrrccccccccccccrcccccccccccccccccccccccccccc

SUBROUTINE IDXAUGON(INDEx.NUM.JARRAY)
SUBROUTINE TO TRANSLATE AN ALPHABETIC AMINO ACIo INDEX
NUMBER INTO A LIST or COLLAPSED CODUNS THAT COIF FOR
THAT ACID,
INDEX NUMBER 0 IS THE STOP CODE

COLLAPSED cpDONS INCLUDE A.C.G.U. AND
M=MASTER:(U.A.G.C)
Y=PYRIHIDINE=(09C)
BmpURINE:(A.G)

PARAMETERS ARE-
Inx - AN ALPHABETIC INDEX NUMBER
NUM - THE NUMBER OF coonNs THAT CODE FUR THE A.A.
JARRAy - AN ARRAY POINTER WHERE THE 3 CHARACTER CODES

OF THE cnDoNs WILL BE PLACED, I CODON/wORD.
LEFT JUSTIFIED
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THE ROUTINE READS THE INDEX AND PLACES THE APPROPRIATE
NUMBER OF COnoNS INTO Num. THEN THE 3 CHARACTER CUDJN
CODES ARE PLACED INTO EACH SUCCESSIVE ELEMENT nr JANRAy.

THE kOUTINE CamFS Tn AN ERROR HALT IF AN ILLEGAL INuEx
NomHER IS ENcnnAITFPEn.

ccrrcccrcrucccccccrccccrccrccccccccccccccccccccccucccccccnccrccucc

PROGRAM inxconoN
ccrcurcccccccccccrcccccr.ccecccccccccuacci:cccccucrcuccccucccccu,

SURROUTINE IDYCODON(INDEx.NUM.JARRAY)
SoRROuTINE TO TRANSLATE AN ALRHAPETIC AMINO ACID INoEx
NUMBER (0-?0] INTO A LIST OF conoNs THAT CODE FIR THAT ACID.
"(NOD( NOH4Fq 0 TS THE STIP COO!.
PARAMETERS APE.-

IDY- AN ALPHARETTC INDEX NUmHER
NUM- THE NUMBER OF cnnoNs THAT CODE FOR THE AMINd ACID
JARRAy- AN ARRAY POINTER WHERE THE 3 CHARACTER CuOES OE TH

CODONS WT LL RE PLACED. 1 CODON/wuRD. LEFT JoSTIEIE
THE ROUTINE READS THE INDEX AND PLACES THE ARRRnpRIATE
NUMBER OF cUDONS INTO NUM. THEN THE 3 CHARAcTFR CUDJN ("ODES
ARE PLACED INTO EACH SUCCESSIVE ELEMENT OF JARRAY.
THE ROUTINE COMES Tn AN ERRaR HALT IF AN ILLERAt INoEx NUMBER
IS ENCOUNTERED.

cccrccccccccccccecuccacccccccccccccccccrcccccccccccccr.cccccuccccrcr,

PROGRAM INvconoN
ccrrcCcreccccecCeccecccccccccccccccccccco7cccccccccrcccuccccccccccccc

SURROUTINE INvCoDON(J1.J?)
PARAMETERS ARE-

JI - A LEFT IOSTIFIEo 4CD 3 CHARACTER conIN
J2 - ANTICODON FOR JI

CCCCCCUCCCCCCCCCCCCCCcccCCCCCCCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCCCC

SUBROUTINE JEFFREYS(A.R.POINTTHETA)
ccv'curcccr.ccrcccucccccccrccccccccccccucccccccccccccccccccccccccccc
C

C OPERATOR TU ROTATE A PnINT(v,Y.7) HY THETA DECREES
C APOUI A LINE FROM A TO 4
C.

A IS roNsTmuEo TO RE THE ORIGIN
TS A POINT oN THE AYIS LINE THRIunH THE ORIGIN



r. POINT IS CUORDINATES nF THE POINT Tn 41 ROTATED
C THETA IS THE NUMBER DE DEGREES OF ROTATION
C

C IF A=B=0, THEN 0E0 VALUES ARE ASSUMED FOR THE ORIGIN AND
C ROTATION mATRTx. OTHERWISE. THE o4Inim AND ROTATIU MATRIX

C APE RECOMPUTED.
C

curcccrccccccccccccccrccccrccrccccccccruccccuAcccccrceccrcccrcccrcr

PROGRAM PAIRSMAX
ccc7cccrucccrccccumcccccecccccccccccrcrcccccccccrcccccrccccccccccce

SUBROUTINE MAIRSMAx(JI.P.KSCORE)
SUBROUTINE 1U ASSIGN A SCORE Tn A NuCLEOTIOL PAIR
PARAMETERS ARE -

J1 - NUCLEnTIDE I (RIGHT JUSTIFIED)
J2 - NUCLEOTIDE 2 (RIGHT JUSTIFIED)

KSCORE THE SCORE GC=2.A0=1.ANYTHING ELSE:0
NUCLEOTIDES MUST BELONG, TO THE SET

G.C.0,A
M=MASTER SET = (G.C.U.A)
ymRYRIMIDINE =
R=PORINE m (A,( )

CCCrCCCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCCCCCC

PROGRAM PAIRSmIN
cccrcccrccecccccccuccu.cccccccccccccccccrccccccccucccrucccccccccrcr.

SUBROUTINE PAIRSMIN(J1.J2,KSCORE)
SUBROUTINE TO ASSIGN A SCARE TO A NUCLEUIIDE PAIR
PARAMETERS ARE-

JI - NuCL EnTTOE 1 (RIGHT JUSTIFIED)
J2 NuCLEnTIOE 2 (RIGHT JUSTIFIED)

KSCORE - THE SCORE GC=2,40=1,ANYTHING ELSE:0
NUCLEOTIDES MUST RFLONG TO THE SET

G.C.O.A
4mmASTER SET = (G.C.U.A)
Y=PYRImIDINE = (U.C)
R=RURINE m (A,G)

cccrcccccCcecccCccccccccr.CccrccCcCcccCcracccCcCCCUCCCeccCCCCCrCCUcc

PROGRAM PERMUTE
cCccr.CCCCCCCCCCCCCeecCcrcCcCrCCCCCCCCCCrCCCCCCCCCCUCCCCccCCccUCCCccC

SURROUTINE PERWITE(N.NEXTRERM)
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SUBROUTINE TO FIND ALL POSSIBLE PERMUTATIONS OF N OBJECTS
PARAMETERS ARE

N - THE NOmBER IF OBJECTS. IF N=0. PERmUTE nELtvLRs
THE NEXT PERMUTATION OVER THE LAST NON-7E140 A,

NEyTPERm- THE NEXT PERMUTATION OF N OBJECTS. ExP3ESsED AS
A RASE N Ni;mHER. TE ALL PERmuTATIns HAVE BEE\,
EXHAUSTED. NEXTPERm0=0

LIMITATION- N CANNOT EXCEED 9 BECAUSE OF THE wily NE*TPFRM
IS EXPRESSED (I.E. AS A DIGIT). IF COURSE
IN PRACTICE. NEXTPFRM CANNOT EXCEED 2,24-1

ccc!7cccccccecccccccccccccccccccccccccccccrccccccccccccccccccuccccccccc

PROGRAM RFVCODON
cccrcccfcccccccccccccccucuccccccccLcccccccccccccccccccccccccuccucc

suRRnuTINE REVCnDON(J1,J2)
PARAMETERS ARE-

J1 - A LEFT JUSTIFIED BCO 3 CHARACTER CPIIN
J2 - REVERSE connN FOR JI

cccrcccrccccccccccucccccccccccccccccuccrccccccccuccccccceccucccccc

PROGRAM ASTRING.JSTkING,DSTRTNG
cccrccccccccccccccccccccrcccrccccccecccrccccecccccccccccccccacccccccc

FUNCTION ASTRING(ROFF,JSTART.LNGRUFF)
nR

FUNCTION DSTRING(RUFF.JSTART.LNCIPUFF)

FUNCTION Tn SCAN OFF AN ALPHANUMERIC SYmROL IR A NUlkEP
AND RETURN THE RESHLTS IN AO.

PARAMETERS ARE-
HOFF-THE FwA OF THE HUFFER TN WHICH THE STRING TS FOUND
JSTART-A CHARACTER POSITION POINTER UN THAT .1UFFER
LNGBUFF-CHARACTER LENGTH OF THE HUFFER

UPON EXIT, THE SCANNED ITEM WILL HE IN Ao, AND JSTAHJ WILL HE
UPDATED TO THE [AST CHARACTER ScANNED+1

THIS ROUTINE INILL NOT SCAN BEYOND LNGHUFF. HLAN.s AD SPECIAL
CHARACTERS ARE IGNORED. AN ALPHA STRING IS TERmTNATE1
AFTER 4 CHARACTERS ARE ACCRUED OR WHEN A NON-ALPHANUMERIC
IS ENCOUNTERED.
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MEANT To RF lisp) IN THIS FASHION-

HUFFER IN(N.n) CROFF(1)HUFF(LNGHUFF))
JR

REANN.1,in) PUFF
Inn FDP4AT(100A4)

JSTART=1
SYHROL=AsTRING(PUFF.JSTART,LNGHUFF)
IF(JsTART.GI.LNGRUFE) corn ERROR

C OTHERWISE USE THE SYMBOL AND JSTARr WILL ;1,"

C AUTOMATICALLY UPDATEu

C C CJ' CCCCC CC CCCC cccccccccc cccccccccccc cc ccr ccLCCCCCCCCCCCCCCCCCCCCCCCCC

PR1GRAM STAT
ccr,!...cccrccccccrcccuaccrcccrcecccccccccccccccccccccccceccccaucccr.cc

SUBROUTINE sTAT(LuN.JTYPE.JSTAT)
pRo6RAm rn DETERMINE rHE HARDWARE TYPE AND CJRPc-NT
STATUS OF A LOGICAL UNIT.

PARAMETERS ARE-
LuN - THE LoGicAL UNIT IN OULSIIJN

JTYPE - THE HARDWARE TYPE OF LUN
JSTAT THE 9 RIT STATUS OF THE LIH

cccr.ccucceccccuccccccccccccccccr.ccccccucccccccurcccrcccuccccccccc

FUNCTION ToRsioN(A.R,c.n)
ccrrccuccccccccccucccccccrccccccccccccccccccucccuccccccccacccccccc
C

C FUNCTION Tu cOmpuTE THE TORSION ANGLE .iErEEN 4 ATOMS
A.R.C.C AND

r. COPLANAR CIS cONFIGJPATION OF A AND 0 IS TAKEN AS 7Elin

2ND HANDBOOK nF HIOCHEw CONVENTIONS UN TuPSION ANGLES
C APE USED

C THE TORSION AN(,LE Ts TN DEGREES
C

cccrccucCcCcccecccccCcccCCcccCcccCccCcCccCccCLCCCccccCccCcccccrcCcccC
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SUBROUTINE ANGLE(X.Y.THETA.DI.D2.CTH)
CCcCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C

C SUBROUTINE TO FIND THE ANGLE. THETA. BLTNEEN VECTOS
X AND Y. ASSUME BOTH x AND Y HAVE TAILS AT THE DRI;IN

C

C ALSO RErDRNs 01, THE LENGTH OF x AND
C c), THE LENGTH OF Y
C AS NELL AS CTH, THE COSINE OF THETA
r. ANGLE GIVES THE VECTOR DOT PRODUCT OF x AND Y
C

cccrcccrccccccrcccccccccccccccccucccceccrcccccuccccr.ccccccccucccrcc

SUBROUTINE NORmAL(A.B.p)
CCN"CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCACCCCCCCCC

C SUBROUTINE TO FIND THE NORmAL, P, BFTWLEN TWO
C VECTORS. A AND B. A AND B ARE ASSUMED TO HAVE

TAILS AT OHIGIN
C P MILL BE A 0NIT vECTOR oRIFATED SUCH THAT A RIGHT HANDED SCHF.4

DRIVEN IN THE 0IRECTIoN OF P WILL CARRY A INTO R
C NORMAL GIVES THE VECTOR CROSS pROnuCT. Axq

cccrcrceccccccccccccccccrcccrcccccccccucrccccccccucccccccccccrcccrcc

SOBROUIINE FINDROT1(VEc.THETA.PHI)
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCUCCCLCCCCCCCCCCCLCCCGCCCCC
C

C SUBROUTINE To FIND THE ANGLES (THEIA.PHI)
C NECESSARY TO ROTATE AN ARBITRARY vECTUH, VEC.
C sn THAT IT IS PARALLEL ro THE x-AxIS AND POINTING
C IN THE POSITIvE DTPECTION
C THETA - DISPLACEMENT FRom THE xL PLANE
C WHEN ROTATING AROUND 7 AXIS
C PHI - DISPLACEMENT FRom THE x AxIS
C WITHIN THE X7 PLANE
C WHEN ROTATING AROUND Y AXIS
C

CCCCCCCCcCCCCCCCcecCccCcccrCCCCCCCCCCccCCCcCCCCCCCGCCCcCCCcCCCCCCCCc

SUBROUTINE FINIAOTP(VEC.THETA.PHI)
cccrcccrcrcccrcccccccccrccccrcccccccrccccccccccccccccccccccceccrcccccc
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C

C SUHROoTINE Ti) FIND THE ANGLES (THETA.PHI)
NFcESSARy TO RUTATE AN ARBITRARY VECTOR. VEC.

r.
Sn THAT IT IS PARALLEL rn THE x-AXIS ANO POINTING

C IN THE POSITIVE DIRECTION
C THETA - OISPLAcFmENT FROM THE XL PLANE

wHEN ROTATTNG AROUND x AXIS
C PHI - DISPLACEMENT FROM THE X AXIS

C WITHIN THE x7 PLANE
WHEN ROTATING AROUND Y AXIS

cCr.CCCCC.CCCCCCCCCCCCCCCCrCCCCCCCCCCCCCCrCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

SORROOTINE RoTxY(THETA,V)
ccc^cccrccccccrccccccccccccrcccccccccccccrcccccccccccccccccceccrcccccc

C
SURROUTINE TO PERFORM A ROTATION TN THt ICY PLAN!

C ROTATION WILL HE IN THE CLOCKWISE DIRECTION v1E4En

C FROM THE (+) 7-AxTS

CCC7CCUCCCCCCCCCCCCCCCCCCUCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

SORROUTIO.: ROTYZ(THETA,V)
CCcCCCCCCCCCCCCCCCCCCCCCCCC(7CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLCCCCCCCCC
C

C
SoHROUTINE Ti) PERFORM A ROTATIoN TN THE YZ PLANE

C ROTATION WILL HE IN THE CLOCKWISE 0TRECTION

C VIEWED FROM THE (4.) x-AXIS

C

cccrrccrecccccccccccccccceccrcccccccccceccccccccccucccccccccccccccccc

soBROOTINE ROTX7(THETA.V)
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcCCCCCC
C

C SUBROUTINE TO PERFORM A ROTATION TN THE xZ PLANE

C ROTATION WILL HE TN THE CLOCKWISE DIRECTION

C VIEWED FROM THE ( +) Y -AXIS

C

crrrccccccccccccccccccccrcccccccccucccncrcuccccccccccrccccccccccucc

PROGRAM V0wRAOTI
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crn-ccCrcrccUcCcrcCCCurccuCccCrCcO7CrUCCCCcCcCucUccocccrCrccCcu
SURRnUTINE vDsPADIT(InxATOm.DIST)
SURROOTINE TO DFTEPmINE THE ml4INUm VAN DER 4AALs
CONTACT DIsTANC,F rnR AN AT04.
PARAMETERS ARE -

IDYATIA - Twr ATOMIC SYM,OL INDEX 040mREP
DIST - VAN DFR wAA,..5 RADIOS 1,4 AN(iSTPti,IS

CCr.r.CcrUcCcCcrccuccCccurt7CcCcCcCcCcCVCCCCCCCCcuCcrcccCUcrCMY:c


