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Abstract, A FORTRAN IV computer program STANISO is pre-
sented, which is able to recognize whether a given che-
mical structure is or is not isoprenoid with standard
linking (i,e, admitting at least one decomposition into
isoprenoid unite joined through head-to-head, head-~to~
-tail, taill=to=head or tail=to-tail linkingsj. There is
no other restriction as to the number of isoprenoid
units or to the number of cycles in the given structure,
A listing of the program is attached,

i+ Introduotion

A preceding 'pnporl presented a computer program REGISO

for the recognition of acyclic regular isoprenoid structures,

i,0, of those amoyclic isoprenoid structures which have head-

<to~tail linking (rigorous definitions will be found in the

next two sections), This program had no restrictions as to the

number of isoprencid units,

Kornprobst and Ha.rary,a ag well as Jacquier and

Iomprobata, developed different programs for recognizing iso-

prenoid structures with certain other restrictions : the num-

ber of isoprene units has te be smaller than seven, and the
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oyoclomatic number has to be smaller than six,

The present paper desoribes, as announced in the previ-
ous report]', the most general computer program sofar for the
recognition of standard isoprenoid struotures, whose only
restriction ooncerns the standard linking (head-to-tail, head-
~to~head, tail-to-head, or tail-to-tail),

The importance of the isoprene rule in eluocidating the
ohemical structure of natural products was disoussed in the

preceding ptper.1

2e '!erminolgg and notation

A graph @ consists of a finite nonempty set X of verti-
ges together with a preascriebed set U of unordered pairs of
distinot vertices of X, Each pair u = (x, y) of vertices of U
is a line (edge) of G, and u is said to join x and y; We say
that x and y are sdjacent vertices; vertex x and edge u are
inoident with eaoh other, as are y and u, Note that the defi~
nition of such simple graphs allows no loop, that 1s, no line
joining a vertex to itself, and no mmltiple edges.

More general definitions include such elements : when
mltiple edges between two points are allowed we have multi-
Eraphs (pseudographs) and when loops are also allowed we have
general graphs, In this paper we will use neither mmltigraphs
nor general graphas, A walk of s graph G is an alternating se-
quence of vertices and edges X , Uyy Xyy eeey Xy 3y Upy Xy
beginning and ending with vertioces, in which each edge is in-
cident with the two vertices immediately preceding and follow-
ing it, This walk Jjoins x, and t S and may also be denoted
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XoX) ese X, (the lines being evident by context), It is closed

if X, = Xy and 1s open otherwise, It is & chain if all verti-
ces (and thus necessarily all the lines) are distinot, If the
valk is olosed, and i1f its n> 3 vertices are distinct, it is
called a oirouit, A graph is connected if every pair of verti-
oes is Joined by a chaln and disoconnected otherwise, The
length of a walk x, X, eee X 18 n, the number of edges in it.
The degrse of a vertex x in gravh G, demoted d(x), 1s the
number of lines incident with x, The gyolomatio number ’: of a
graph with n vertices, m lines and p connected components 1is
equal to m-n+p, Por oonnected gravhs which will be used hence
p= 1, hence rl = m=n+1l, The adjacency matrix

MAD = (lu)lﬁ’ j¢n ©F ® graph @ with n vertices is an n x n
matrix in whioh :

ay=1 1t (x;, xa) €T
8, ;=0 1f (x4, xa) €U

Thus there exists a one-~to-one correspondence between graphs
with n vertioes and n x n binary matrices,

It is obvious that : (1) the desree of a vertex x; of 8
graph G is given by the sum of the elements on the row and co-
lumm 1 of the adjacenoy matrix, i,e, d(xi) =By + By, toeee t
0 4 By, 4By 4 oeee B, (i1) the change of the numbering
of two vertices in a graph corresponds te the permutation of
the respeotive rows and columns; (iii) the adjacency matrix of
s graph is a symmetriocal one, i,e, ‘13 = 531, vi,j’

A graph 1s oalled soyolic if it contains noe eireuit,
otherwise 1s ocalled oyclic, The distance beiween two vertices
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is the number of edges in the smallest ohain conneoting these
vertices, If we have a graph, we out an edge by removing it
from the graph, preserving its two inoident vertices,

3, General algorithm for testing whether a given
struoture is a standard isoprenoid structure

From a graph-theoretical viewpoint, oonstitutional
formulas of hydrocarbons correspond to comneoted graphs with
no loops, in which no vertex has a degree greater than four;
each vertex corresponds to a carbon atom (the hydrogen atoms
are disregarded, The graph has ne loops because the relation
between any two oarbon atoms (ocovalent linking) is a symmetri-
oal one, and this relation oan not exist between a carbon atom
and itself, Moreover, two carbon atoms may have in common 1,

2 or 3 pairs of eleotrons corresponding to a simple, double
or triple bond, respectively, In conformity with the struotu-
ral formula of the isoprene unit

nzc CH

2
= CH —C & (1)
033
we have the carbon skeleton
(4]
N, A
¢—0 (2)
\c

1 4
\;*;<5 »

For the purpese we have in view, namely the olasifioca~
tion of a given formula as isoprencid or not, the nature
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(simple, multiple) of the bond does not matter,therefore we
will use instead of the multigraph (3) the simple graph

1 4
\y—3< . W)

where the labelling of the vertices is arbitrary,

Isoprenoid structures are the structures of substances
whose structural formmlas are obtained by junction of n iso~
prene units, Thus, we shall use the term isoprenoid graph to
define the graph with 5n vertices which can be decomposed
inte n subgraphs of type (4),

A few examples of isoprenoid graphs follow,

In all above examples, the cuts are indicated by broken
lines, and the isoprenoid units by heavy lines. In the
following examples, real terpenold structures are indicated
(double bonds are ignored, only the carbon skeleton is
shown), and the isoprene units are delineated only by

cuts.
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copaene vetivazulene

gualazulene

patchouli

Remark, Becsuse no vertex has a degree greater than
four, the maximum rnumber of egdes of a graph having 5n verti-
ces is equal to (4 x 5n)/2.

The notation "head" and "tail" is defined as follows

for an isoprenoid unit :

(1) tail \—< head (H)

The "head-to-tail" or regular linking is the most frequ-
ent one ocourring in isoprenoid struotures, Rubber has the

following struotural formula in whioh we can observe the

"head-to~tail" concatenation of isoprene units,

T . .

Other rules of conoatenation are "head-to~head", "tail-
=to=head" and "tail-to=-tail", For further needs we shall use
the term gtandard linking to define all these four kinds of
rules, which will be denoted HT, HH, TH, TT, respectively.

HT TH
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o A

An acyolic isoprenoid graph with standard linking is an
acyclic 1soprenoid graph which has only standard linking in

the conoatenation of isoprene units., A oyolic isoprenoid
graph with standard linking is a oyclio graph whioch admits at
least one decomposition inte an aoyoclic isoprenoid graph with
standard linking.

By polyoycle we define a group of ocircults grafted on
the same oirouit; alternatively a polyocycle may be viewed as a
oirouit having the property that it contains vertices joined
by ohains formed from vertices which do not belong to the
oirouit, Suoch a chain is called bridge, Examples of polycy-

1 O

If two circuits, or two polycycles, or a ocircuit and a
polyoyole are joined by one single edge, we will call this
edge an isthme, A graph may or may have not isthmuses,.

oles ¢
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Example of graph having an isthmus (edge 7-8) :

1

3 4
5 6
8
9 10
12 1
13 14
15

If we have a program (an algerithm) for the recognition
of aoyolic standard isoprenoid structures, the cyclic problem
may be reduced to an acyclic one by operating cuta inte the
cyolic structure in order to obtaln a connected acyolic one,
The number of outs is equal to the oyoclomatic number of the
graph, Por further needs we shall use the term yertex of
iype A to define a vertex through which at least one oircuit
passes,

The following principles are used to reduce the number
of edges which must be examined for finding the outs

(1) we shall cut only the ecdges whioch join vertioces

of type A, excepting isthme-type edges

(11) the reduced degree of a vertex x of type A is
defined as the rumber of lines whioh join the
vertex x with other vertices of type A, We shsll
never cut twice around a vertex of type A with
reduced degree two, three times around a vertex

of type A with reduced degree three eto,
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If these principles are not respected, disoconnected

graphs are obtained,

The steps (on which the recognition of standard isopre-

noid structures are based) are :

1. If the graph of the given structure is acyolio,

24

we apply direotly the algorithm for recognition

of the acyclic standard isoprenoid structures which

will indioate whether the given structure is or is

not,

of the required type;

If the graph is cyclic :

2,1, We determine the minimal circuits (whose num-

2,3,

ber is equal to the coyclomatic number of the
graph) which have to be cut, These circuite
must contain all the lines which join verti-
ces of type A, excepting isthmses,

We perform a cut into each circuit determined
at the stage 2,1, taking care to respeot
prinoiple (ii) and not to cut the same line

in different cirouite, This step will be
applied many times in order to obtain all the
possible combinations of such ocuts,

We perform the outs indicated by each combina-
tion determined at 2,2,, oalling each time the
algorithm for the recognition of acyclic stand-
ard isoprenoid structures, If, at least one
application of this algorithm ends success-
fully, the given struoture is a oyolic stand-

ard isoprenoid one, We also obtain its
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decoumposition into isoprene subunits, Other—
wise, the given structure is not of the

required tynes

4, The FORTRAN-IV program for the recogmnition of
standard isoprenoid structures with N carbon atoms
where W is congruent to O modulo 5

Let be a graph with N vertices, We number its points in
an arbltrary order if the graph is cyeclioc; if it is aoyolio,
the arbitrary labelling of the vertices remains valid, except-
ing label 1, which will be ascribed to any vertex having the
degree 1, We oconstruct the adjacency matrix MAD of the NxN
type, of the given graph, The binary vector M whose length is
N will specify which vertices are of type A, in the following
way !

M(I) = 1, if the vertex I 1s of type A

¥(I) = 0, otherwise
The veotor MS of N1 length(where N1 is an even number) will de-
termine the isthmses of the graph (if they exist) indicating
the pairs of vertices, which they oonneot, and it will be fil-
led with zeros in case we do not have any isthmus in the graph,
The order of the two endpoints of an isthmus is arbitrary, The
elements N, MAD, M, N1, MS together with N3, N4, N5 whioch are
the dimensions of working matrioces and veoctors, represent the
input data of the program, The program inocludes a main program
and three subroutines,

The main program verifies whether the given graph is
cyolic (or acyclic) by studying the existence (or the non=-
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existenoe) of the elements equal to 1 in the input vector M,
If the graph is acyolic we will construet the LS and LD vectors
using the adjacenoy matrix MAD, Considering as starting point
along the graph the vertex labelled 1, we will call the sub-
routine SCIA for the recognition of the acyclic standard iso-
prenoid struotures, afterwords going to STOP, The acyclic
struoture (obtained by performing jt cuts in the given struc-
ture) is written as a planted out—tree (with the root being
the endpoint labelled 1), Unlike the usual oconvention is which
the plant grows upwards, the planted out-tree is written down-
vards), See, in this respect, Hararyq'. The LS and LD vectors
vill have each the length N and will contain the left linking,
respectively the right one of each vertex, Construoting these
vectors, which were filled with zeros, we will use the
working veotor B3 of length N and the following convention :
if one vertex has one linking only (taking into account the
direction in which we pass along the graph) it will be consi-
dered as left linking, If we have & cyolic graph we identify
to zero each element of the N3 x N4 working matrix P and ocall
the subroutine CIRCUITS, This subroutine provides the mumber
of minimal oircuits equal to the oyoclomatic nmumber of the
graph, containing all the edges of the structure which join
vertices of type A, excepting isthmuses, If this subroutine
stops at an error message ME which has a different value than
gero, the program goes to STOP, Otherwise, the program goes on
ealling subroutine COMB that will generate all the combinati-
ong of poesible oute in the circuits provided by the subrouti-
ne CIRCUITS, taking into account those specified in the stage
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2,2, We test the value of ME again and in case this value is
different from zero we go to STOP, To accomplish stage 24344
i,e, to operate the cuts indicated by the combinations given
by the subroutine COMB i1t is necessary to introduce the ma-
trix MAD for each combination, in the working matrix P and the
vector DG of the degrees of the vertices provided by CIRCUITS
in the working vector B4 of length N, We will take into acco-
unt the fact that outting the edge determined by vertices I
and J means to identify to zero the elements P(I, J) and

P(J, I) and diminishing with one unit the degrees of these ver—
tices in B4, Thus we will obtain an aoyclic structure, Two of
the necocesary conditions for this acyelic structure to be of
the required type are : the number NGl of vertices with de-
gree 1 must be equal to N/5 + 2 and the number NG3 of the ver—
tices with degree 3 must be equal to N/5, These conditions
result from the way the isoprene units are Jjoined and from
the fact that every isopreme unit contains one vertex with
degree 3, If the first conditlion is not fulfilled, on the
listing the error message ME = 22 appearsj if the second con-
dition is not fulfilled, the error message 23 appears, Other-
wise we verify whether the vertex labelled 1 is of degree one,
If this oondition is not observed we will look for a vertex
of degree one and we will change the labels between these two
points taking into account the observation (ii) from § 1, We
construct the LS and LD vectors as shown above and call the
subroutine SCIA, The counter ND {equal to zero in the begin-
ning) le inoreased by one unit after each successful (ME = 0)
oalling of the subroutine SCIA,
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All these operations are to be done for each combina-
tion given by COMB, after which the normal ending of the pro=-
gram takes place, In the end, the value of the counter ND will
be listed and will indicate the number of decompositions of
the oyclic structure into an acyclic standard isoprenoid struc-
ture, The foroed ending of the program determined by values
different from zero of the error message ME, indicates impos-—
sible ocases that result by wrongly comstructing the input
data,

The subroutine SCIA recognizes the acyclioc standard iso-

prenoid structures and indiecates the number of linkings of
each type (HT, TH, HH, TT) =& well as the edges that have to
be out in the smoyclic struocture in order to obtain the decom-
position of the graph into the basioc isoprene units, The
searoh of subroutine SCIA ends suocessfully if on the liating
appears the message "THE GIVEN STRUCTURE IS OF THE REQUIRED
TTPE", while in the case of failurs on the listing appears the
nessage "THE GIVEN STRUCTURE IS NOT OF THE REQUIRED TYPE" folw
lowed by a value different from zero of the error label, ME,
whioh is helpful in finding what oondition was not fulfilled
by the given structure te be of the required type, The sub-
routine has as input data the LS, LD vectors and the number N
of the vertices of the graph, and as output data the variable
ME whioch indioates the value of the error label. The vectors
7(¥), PR(N) and L(6) are working veotors of the subroutine,
The variables NT, HT, TH, HH, TT indicate respectively the
mimber of terminal vertioes of the aoyclio graph (which is re-
garded in the subroutine SCIA as a tree with its root
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labelled 1), the number of linkings of the HT, TH, HH, TT,
type. Subroutine SCIA works in the following steps :

I, It calculates the number of terminal vertices NT
and these vertices are introduced into the first NT
positionas of the T vector.

II, It constructs the PR vector which will contain the
predecessors of the vertices, Convention : the pre-
decessor of the vertex labelled 1 is denoted by
Zero,

IIT, Initially the variables HT, TH, HH and TT, the va-
cant positions of the T vector and all the positions
of the L veotor are assigned zero values,

IV, The T vector is run along taking each time two non-
zero elements I and J which must fulfil one of the
following conditions if the struoture is of the re-
auired type :

(1) PR(T(I)) = PR(T(JI))
(11) PR(PR(T(I)) = PR(T(J))
(111) PR(T(1)) = PR(PR(T(JI))

In case (i), the predecessor of the terminal vertex
T(I) is introduced into the first position of the working
veotor L (in cases(1i) and (1ii) in the first position of L
will be written the predecessor of the vertex T(J), respecti-
vely T(I)), into the next positinn of the L vector will be in-
troduced the predecessor nf the vertex situated in L one place
behind it and so on till we have introduced either the root

or a vertex having degree 3, If we meet the root and if we
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are in case (i), then the value K2 = K-1, where K represents
the number of nonzero elements from L, mst be two (for the
oases (ii) and (411) K2 must be 1), Elements T(I) and T(J)
are assigned zero thus indicating that these vertices have
been already studied and the step is resumed till the vector
T becomes zero, If we meet a vertex having degree 3 we can
have the following two possibilities : if K2 = 4 and if we are
in oases (1) ((11) or (1i1)) then the number of linkings of
the HT (TH) type increases with one unit; if K2 = 5 and if we
are in the ocase (1) (K2 = 3 if we are in (11) or (1i1)) the
value of TT(HH) linkings increases with one unit, The edge
that mst be out in order to decompose the graph ie that which
Joine pointe L(4) and L(3) in case (i) and that whioh Joins
L(3) and T.(2) in oeses (11) or (i1ii), The counter KT inorea~
ses with one and TL.(4) for casze (1) (or L(3) for the other two
cases) is introduced into the NT position of the vector T,
vhile T(I) and T(J) are assigned zero, indicating the faot that
these vertioces have been studied, The process goes on resuming
the same step till all the T vector's commonents are gero,

It 48 observed that because of the standard linking,
in an moyclio isoprenoid structure the length between the root
and the first vertex with degree 3, may be equal to 1 or 2,
and the distance between two coensecutive vertices with degree
348 3, 4 or 5, This motivates the ohoice of the dimension of
the working veotor L.

Subroutine OIRCUITS determines a number of distinct
epinimal oirouits (equal to the cyolomatio number of the graph)

whose edges cover the set of lines which join vertices of
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type A, The subroutine uses as input data the elements MAD, K,
MS, P, N, N1, N3, N4 and supply for the main program the follow=-
ing elements : NCICL - the oyoclomatic number of the graph,
DG = the veotor of degrees of vertices, D - a vector which
containe the degrees of the vertices for all vertices which are
not of type A, and the reduced degrees for those of type A,
B «~ the matrix of the N3 x N4 type which contains in the first
NCilL =~ rows the circults which will be taken into considera-
tion the remaining values being zero, the first element of
each nonzero line indicates the nmumber of the vertices which
campase the cirouits which is represented beginning with the
second column, ME - the value nf the error label; if this va=
lue is nonzero it determines the stopping of the main program
and it may thus be used to deteot the place that imposed the
unnatural stopping of the program, The subroutine CIRCUITS
uses the A working matrix of 5 x N type and the vector Bl of
length N both of, which are initially assigned zero, The stepe
performed by subroutine CIRCUITS are @
I, It determines the number KC of the vertices of type
A and builde the matrix A whioh will ocontain the
vertices of type A on the first KC positions of the
firat line, The column of each such vertex contains
all the vertices of type A joined by a line to the
studied vertex, We have chosen the dimension 5 for
the mimber of rows of matrix A because the highest
degree is 4 for any vertex of such struoture,
II, It calculates vectors DG and D whose components have

been discussed, and determines the oyclomatic
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number NCICL,

It determines the cirouit of minimal length which
starts from each vertex situated on the first row
of matrix A, If there are more than one distinct
oirouit of minimal length, all of them will be te=
ken into consideration, This (these) will be trans-
oribved in matrix B indicating (in the first positi-
on of each row which will be occupied by the verti-
ces determining the oircuit) the mumber of vertices
which formed the cirouit, Identical oirouite are
eliminated,

If the number of circuits determined at the end of
step III is equal te NCICL, then the subroutine
ends by listing matrix B which will contain the
cirouits that will be taken into acoount, Otherwise,
the distinot minimal oirouits are pointed in the
inoreasing order of their lengths; the first HCICL =
cirounites whose lines contain all the edges of the
given structure which join vertices of type A will

be taken inte oconsideration,

Bubroutine OOMB generates all the combinatioms of lines

whioch determine by cutting, the reduction of the oyoliec struo-
ture into

an aoyolio one,making possible the application of the

algorithm for recognition eof the acyolic standard isoprenocid
struotures, i,e, the subreutine SCIA, Prinoiples (i) and (11)
discussed above will be respeocted, The lines oconsidered by
subroutine COMB are those whioch appear in the cirouits suppli-
eod by matrix B, one of the output data of the subroutine
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CIRCUITS, The subroutine COMB uses as input data matrix B,
veotor D, as well as the elements N, N2, N4, N5, NCICL where
N2 18 equal toc 2 x NCICL and represents the mumber of columms
of matrix MT obtained as output data of subroutine COMB,
while N5 is the number of rows of the same matrix, Each row
represents a number of NCICL - distinct lines chosen one from
each ocirouit that exists in the input data B, The choice of
N2 is justified by the fact that any edge is represented by
means of the two vertices which determine it, The working vece
tors Bl of length N and B2 (of length NCICL) are used,
Initially Bl contains the values of vector D, while veotor B2
is assigned component values 2, In the subroutine COMB, the
element B2(I) will indicate up to which position from row I
of matrix B the vertices have been taken into socount, Varia-
bles T1L and T2 are counters for the number of rows and
columns respectively of matrix MT, determination of all re-
quired combinations of lines take place as follows : one ta-
kes the first line from the first oircuit, then the first li-
ne from the second oirouit different from that already chosen
and which respects principle (1i) (in this testing one takes
into consideration that after each choice of an edge the de-~
grees of the vertices inoident with it diminish with one
unit), and the process goes on until we reach the last cir-
ouit, Each time one indicates into vector B2 the position rea-
ched on the edges from each cirouit, For each edge which ob-
serves the principle (ii) and is different from the first
(HCICL—I)—edgas, one obtains a combination of lines, By out-

ting, each of these ocombinations will give a connected acyoclic



= 233=

structure. The process goes on preserving unchanged the first
(NCICL-2)-edges already chosen and taeking the following edge
from the last but one circuit, observing thereby the mentioned
conditions. Then, the lest circult is run along again, etc. We
take care to assign B2(I) values 2 each time the circuit I

was crossed to the last vertex. Whenever a new edge from the
first circult is taken into account, we redefine the vector
Bl as vector D and the vector B2 as vector with all components
equal to 2.

Comments, The present paper presents an algorithm for
recognizing standard isoprencid structures, using the reduo~-
tion of cyoclic graphs to the case of acyoclic graphs (which
were studied earlier with a more severe restriction, i.e. re-
gular, not standard, linking). The advantage of this program
oonsists in the fact that 1t can be applied to arbitrarily
large structures and with an unlimited number of circuits un-
like EKornprobst's program which imposed restrictions on the
number of vertices (struotures with more than 30 vertices were
not allowed) and on the number of circuits (the structure
ocould not have more than 5 cirouits). The only restrictions of
our program are those conneocted with the mode of concetenation
of isoprene units, only standard linking being admitted. The
program continues after a solution is being found, descovering
thus all possible decompositions into acyclic standard isopre-
noid structures, whioh are then tested. If an acyolic struoc-

ture is isoprenocid, its decomposition is uniqgue.
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AFPPENDICES

The three appendices which follow are : the listing of

the program, and (in smaller print) two computer outputs

for two examples, whose formulas are given at the start

of each example. Both examples are of isoprenoid struc-

tures, and the program finds that they are so, as well as

the possible decompositions into isoprene units.
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