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_ nnny lnboratcrus are eurmt:.ly ma;wd in t:hc auaiytu

| of varim ganetic uqueneu. One of tho mt valuubh tooio !ot'vzllniwlatim
these aegncnts of DNA 18 a class of enzymes known as restriction ondonuclqascs,.
and the development of a restriction enzyme cieavase map is ofiea tho'!it!ﬁiéiib'
in the analyai# and base sequencing of an isolated gene. The goal of ihil.pto~
Ject is to develop an algorithm and a computer program that will automatically
generate these restriction site maps from experimental data, In order to un-
derstand the methods of developing restriction site maps, it would be useful t§
first review some of the properties of restriction enzymes and the methods of

separating fragments of DNA,

General Properties of Restriction Endonucleases

Restriction enzymes are endodeoxyribonucleases that recognize specific
nucleotide sequences in double stranded DNA and cleave bolh strands of the du~
plex. Restriction enzymes are found in many bacterial strains as part of a re-
striction-modification system (1). This system consists of the restriction en-
donuclease and a matched modification enzyme which recognizes the same nucleo-
tide sequence recognized %y the restriction enzyme and modifies (usually by
methylating) the cellular DNA. This modification protects cellular DNA from de-
gradation by the restriction enzyme. Unmodified DNA, such as foreign DNA that
enters the cell via viral transduction, is quickly destroyed by the restriction
enzyme, It is thought that this 18 the function of the enzyme in the host or~
ganism.

Restriction enzyre nomenclature is based on the name of the organism from
which the enzyme is isolated (2) and the enzymes are generally separated into

two classes. Class 1 engzymes are non-specific in their cleavage and are there~




; fbrn of liaited uscfulahss 1n nalacular bialoay, CIaos t
?3f apéditie scqunncec tn nna. nbually 4-6 balc pairt poncat:;

. aynnttry (&), nnd rcqnire only Mg’ ll a eofactor. _610avllﬂ bﬂt_ hons

the recognition sequence are either "blunt” or “staggarcd“;. Staggered cloavaso
results in the formation of identical self-complementary cohesive termini. Thlt
property 1s utilized to insert a DNA fragment into a vector to produce a recom-
binant wolecule. A relatively large number of restriction enaymes siiare a much
smaller set of recognition sequences. Enzymes which share a commor. recognition
sequence are known as isoschizomers. Since these isoschizomers yield identical
cleavage patterns for a given DNA, the most stable and easily purific¢d enzyme
can be selected for use. Other properties of restriction enzymes are reviewed

in reference (4).

Separation of DNA Fragments and Fragment Size Determination

It is often necessary to separate a heterogenous population of DNA on the
basis of size. This is especially important in some restriction site mapping
techniques where the cleavage products must be resolved and the sizes of the
fragments determined. Probably the easiest, most inexpenaive, and most accur-
ate method of separation by size is gel electrophoresis using a polymerized
slab of either agarose or yclyacrylamide. The methods of agarose and polyacryl-
amide gel electrophoresis are described in reference (5). By varying the com-
position of the gels, various separation ranges can be obtained (Table I). In
each of these ranges (with the exception of the 20% polyacrylamide gel) there
exists a region in which the logarithm of a molecule's length is proportional
to its migration velocity (Figure 1), At either extreme of a range this rela-
tionship breaks down and the length cannot be accurately determined from the mi-

gration velocity. By running the unknown sample alongside standards of known




Table 1: Separation ranges produced by agarose and polyacrylamide gels of

various composition. Modified from (5).

Figure 1: Relationship between molecular weight and migration velocity on
agarose or polyacrylamide gels. The linear region is indicated. Modified

from (5).
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0,32 agarose
0.72 agarose
1.4% agarose
4% polyacrylamide
10X polyacrylamide
20X polyacrylamide

50,000 to 1,000
20,000 to 300
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ta 1%. This accuracy doss not apply over the entirc tlnge ot'a iiwin

the case in which fragnnnts differ in size over :he tn:irc raa;ﬁ*af :

_this accuracy is clatar to 10X, Some workors havt ditcfffff”“ bt
isting molecular weight to mobility using a cubie axponanticl functicn (53
This method allows the relative molecular weight of a frasntnt to be detirltuud
to within £1.5-2.5%% without the introduction of standarda., The all ﬂf f;; f E¢;'

fte a;aruso-polyacrylauide gels or linear sradient gels lny ptriit & u&iﬁ* Bﬁﬁb  : 
go of sizes to be separated on a single gel and increase the shctpnosa uf the
bands (4). -

Bands of DRA separated by gel electrophoresis may be visualiged by Qay.éni:
of several methods. Regardleaa of which method is used, it is desirable to be
sble tc quantitate the DNA in each band. This will patniﬁ.dltectioa of low
frequency partial digests and bands coneisting of two or nora-f:isnnnti of Qq&-
#l or similar aize. One frequently used method of visualizing bands 1nvblvuu
treating the gel with either ethidium bromide, methylene blue,'toluidiﬁe blue,
or other stain., Ethidium bromide is a fluorescent that is excited by short or
long wavelength ultraviolet light and is sensitive to the level of a few nano-
grams (4,5). Stained gels may be optically scanned for quantitstion. Another |
commonly used method for visualizing electrophoresis bands is autoradiegraphy.
To utilize this technique, DNA must be radiolsbeled and then either expesed te
a photographic emulsion, which can be quantitated by a densitometer tracing of
the exposed film, or, more accurately, the band is excised and the radioactiv~
ity measured by scintillation counting. The auturadiographic tachaique is alse
very sensitive to small amounts of DNA (4).

The methods of gel electrophoresis provide a rapid and convenient method



for separating a mixture of DNA fragments, as in a restriction enzyme digest,
and for determining the silzes of the resolved fragments and the number of frag-
ments in each size class., The methods are also fairly accurate 1f the range of
fragment sizes are within the linear portion of the fragment size/mobility cur-
ve. This also presupposes that the purine/pyrimidine ratio is fairly constant,
G+C bias alters mobility in gel electrophoresis (6) and a DNA sample with a
large G+C bias will significantly affect the size determination. The applica-
tion of gel electrophoresis to restriction enzyme digests will become apparant

when the methods of restriction mapping are discussed.

Probability and Combinatorics Associated with Restriction Mapping

When using restriction enzymes to cleave fragments of DNA for gene isola-
tion, base sequencing, etc. it is very useful to be able to predict approximate-
ly how larw the mesulting fragments will be for a given reatriction enzyme.

As previous i+ described, the recognition sequence for most restriction enzymes
is eithe: 4 »r 6 osse palrs. These are referred to as '4-cutters” and "6-cut-
tors' respect .owely.  Given a recognitien frame of 4 base pairs, each of which
an be anv one «of tise 4 bages (A, T, C, or ), amd an essentially random dia-~
tributien of duses in the DNA to be cleaved, a giwen recognition sequence would
be expected to occur swery 4 or 256 bume pairs (bp). Thua the average fragment
length for @ ~~tutter roatriction ensyme is 256 bp. Likewise for a recogaition
frame of 6 biwes, 2 ghven recognitiom sequence would be expected to occur every
45 or 4096 bp, and the average fragment lemgth for a G—cutter wowld be approx-
imately 4.1 Kb. From this information the number of fragments produced by a di-
gest can be predicted. For example, a 2.2 Kb gene (perhaps encoding s protein
molecule of iwterest) would be cuz into 9 fragmesgs by a é~cutter restrictiom

enrywe that cuts every 2356 bp. It should be emphesized that thesc approxima-



tions assume a random distribution o Lases in the source DNA; non-random se-
quences such as poly-purine or poly-pyrimidine regions would obviously result
in either more or fewer cuts than expected, depending on the recognition se-

quence.

Restriction site mapping often involves the ordering of fragments produc-
ed by complete restriction digestion of a segment of DNA. In order to apprec-
iate the magnitude of the problem, it is necessary to consider the combinator-
ics involved in ordering the fragments. If v representa the number of frag-
ments produced by a given restriction digest, then the number of possible or=-
derings of the v fragments, p, is given by

p = vl
For small values of v the number of orderings is likewise relatively small,
however this number rises rapidly with larger values of v (e.g. v*9 in the pre-
vious example) commonly encountered in restriction mapping. The goal of a re-
striccion mapping algorithm, therefore, should be to reduce the number of pos-
sible orderings in some way. For example, if the number of tragments to be or-
dered in a 10 fragment digest could be reduced by 1 (perhaps by end-labeling
the DNA so that a terminal fragment could be identified), the number of permu-
tations would be reduced from 3.63 x 106 to 3.63 x 105 - a tenfold reduction.
Successive elimination of fragments by assignment would further reduce the nun-
ber of posaible orderings. It is evident, therefore, that a mapping algorithm
based on a "brute force" generation of possible orderings is both time consum~
ing and inefficient and that a better approach would be to somehow successive-

ly eliminate fragments, thereby successively decreasing the number of possible

permutations.



Existing Methods, Algorithms, and Computer Programs

A number of laboratory methods, algorithms, and computer programs have
been developed to generate restriction site maps (4,6,7,8,9,10,11). Oue me-
thod uses single digestions of two or more different enzymes and a combined di-
gestion, hereafter referred to as an n-digest, of n {(where n > 2) different en-
zymes, The fragments in the n-digest are combined in ways so as to generate
fragments consistent with the single digest data. This is often a trial and
error problem and rarely, if ever, are all the possibie solutions examined for
large data sets when done by hand. It allows for the possibility that not all
solutions are found and may result in an incorrect solution, since multiple sol-
utions are sometimes possible for a given set of data, and, at the very least,
it 18 a tedious process. In an attempt to overcome these problems, computer
programs have been developed (6) to examine all possible combinations of n-dig~-
est fragments. This method assures that all solutions possible are found, how-
ever it is very slow (because of the number of permutations) on all but the fast-
est computers. Algorithms have been developed (7) that allow this problem to
be solved with or without the aid of a computer., One such algorithm uses a
"branch and bound" technique that examines various alternatives in orde: to min-
imize the remaining alternatives. The difficulty with this algorithm is that
it is based on a large number of rules for eliminating alternatives and that it
does not completely reduce all of the alternatives. Other computer programs (8)
use a model~driven algorithm and a large set of canonical form and pruning rules
in order to eliminate incorrect classes and generate a solution by negative in-
ferenqg.

Various laboratory methods have alsc been developed to generate restric-
tion site maps. One technique uses end labeled DNA and partial digeation with

a single reatriction enzyme (9), This method is similar in concept to that us~



ed by Maxam and Gilbert for DNA sequencing. Another method uses a two-dimen-
sional hybridization technique (10) to deduce the order of restriction sites.
DNA to be mapped is treated with one restriction enzyme and electrophoresed in
one dimension. Additional DNA is treated with a second enzyme and electrophor-
esed in the other dimension., From the hybridization pattern of the two sets of
fragments, the map order of the enzymes can be determined. Finalliy, a cleaved
permutated linear method (11) has been developed in which a circular DNA mol-
ecule is sinpally cleaved by one enzyme to give a complete set of permutated
linears. These permutated linears are then cleaved by a second enzyme into frag-
ments from which the mapping order of the single-hitting enzyme can be determin-
ed. All of these laboratory techniques have the disadvantage of being much more
difficult to carry out and much more time consuming. Because gome require only
one cut by a restriction enzyme, conditions must be chosen to fulfill this re-
quirement. Under the conditions that result in only single cuts, however, some
sites may not be cleaved and therefore will be missed. This represents a ser-
ious problem and makes these methods far from perfect.

Clearly the present techniques and algorithms for restriction site mapping
are not adequate to meet the needs and requirements of all those engaged in re-
striction mapping. What is needed is a technique that uses simple, reliable
laboratory methods and that quickly and exhaustively generates all possible sol-
utions from the available data. Such a technique has been developed and is de-

scribed in the following pages.



MATERIALS AND METHODS

After a review of existing restriction mapping methods and algorithms, the
method of multiple single digests and a single n-digest was selected for data
aquisition., This decision was based primarily on the simplicity of this method
relative to the other methods previously described and alsc its reliability. A
model of the solution space was constructed, and from this model a method of
checking the validity of the data was developed. This model, along with a con-
sider.'ion of the data's characteristics, allowed a recursive method of elimin-
ating Incorrect solutions in a top-down (i.e. more general to more specific)
fashion to be developed. From this, a pair of mapping algorithms quickly fol-
lowed: one for linear DNA and one for circular (plasmid) DNA.

The algorithms were then implemented in a computer program written in
Microsoft BASIC-80 for an Osborne Z-80 based wicrocomputer running under a CP/M
operating system. The program was debugged and tested using hypothetical digest
data. For reasons of accessability, the program was also translated into VAX-1l
FORTRAN Varsion 3.0 (based on ANSI X3.9-1978 FORTRAN-77) fur use on a VAX~1ll
timesharing computer system running under the VAX/VMS Version 3.0 operating
system. The program was also tested on several well characterized vectors (12)
and some recently analyzed molecules (Unger, B.P. unpublished data) in order to
assure that the correct solutions obtained during testing were not merely a

spurious result of the hypothetical data selected.

~l0-



RESULTS

ALGORITHMS

Before presenting the algorithms, it would be useful to consider some of
the propertics of the data that allowed the algorithms to be developed and some
ways of checking the validity of the data that follow from these properties. A
number of assumptions have been proposed (7) which must be satisfied by the
data generated by the single digest/n-digest method:

1., The DNA being digeated is pure (i.e. free from contaminating species).

2. The DNA has been fully digested and contains no partial digests,

3. Each enzyme cuts the DNA at least once.

4. There are no fragments missing.

5. If there are two or more fragments of the same size, they are detected

as such.

6. The error in estimating the restriction fragment lengths is either

known or has an upper limit,

Assumption 1 is important in that a contaminating species may contribute frag-
ments that will interfere with the ordering of the desired species' fragments.
The validity of this assumption can be tested by electrophoresing undigested
DNA preparations or by quantitating the DNA in each fragment band (since a coa-
taminating species will most likely be present in lower concentrations than the
desired species and hence the resulting fragments from this species will aleo
gshow a lower concentration). The validity of assumption 2 can be assured by
allowing a long incubation period with the restriction enzyme (provided it is
sufficiently free of contaminating nucleases) or tested by end labeling. End
labeling should only produce one labeled fragment if the digestion is complete,

This assumption is also important because it may introduce erroneous fragment
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sizes. Assumption 3 18 easily varifiable by examining the single enzyme di-
gests, and its significance is obvious in that it is uselesa to try to map a
restriction site that does not exist. Assumption 4 must also be true in order
to derive solutions from the data. This assumption can be tested by utilizing
properties of the data structure. For a circular DNA structure, the sum of the
number of single digest fragments, fi' equals the number of n~digest fragments,

£
n

n
1£O£1 = fn (where n = number of enzymes)

For a linear DNA structure, this relationship is

n

1EO£1 =f + (n=-1)

Therefore, by comparing the number of single digest fragments and n-digest frag-
ments, missing fragments in either the linglé digest or n-digest class can be
detected. If equal numbers of fragments are missing from each class, however,
these will cancel each other and go undetected by this method. This situation
will be discussed later. Assumption 5 is important in that if it is not true,

a missing fragment will result. This assumption can also be tested, and multi~
ple fragments of the same length can be found, again by quantitating the DNA in
each of the electrophoresis bands. Finally, assumption 6 becomes important

when the sizes of the fragments are not known exactly, as is invariably the

case in electrophoresis techniques. This error can be determined empirically
for a given set of reaction conditions by running two different sets of stand-

ards on the separation gel. Once all of these assumptions have been satisfied,

the data {8 in a form suitable for mapping by the algorithma that follow.
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Linear DRA Restriction Site Mapping Algorithm

The linear restriction mapping algorithm wiil be discussed first because
a linear segment's property of having a defined beginning and end results in
simpler ordering algorithm. The algorithms both use a top-down approach which
enumerates the solution space by refining general hypotheses., Rather than pro-
posing complete solutions and theu ruling out the incorrect candidates, 48 18
the case in a data-driven approach, the ailgorithms recursively generate and
test branches and climinate those branches of the solution space that are in-
consistent with the model of the solution space. For this reason, this type of
approach is termed "model-driven" (8). The various branches of the solution
space are joined at each level to a more general branch by “nodes". When dia-
grammed, this model of the solution set resembles a tree. The single, most gen=-
eral branch at the bottom of the structure is termed the "root" and the more
specific branches at the top of the structure are the branchea proper.

The lincar algorithm begins with the assignment of the root. Because there
are non-cleaved ends in a linear DNA segment, there are at least two fragm:nts
(one at each end of the molecule) In the single digests that do not have any o-
ther restriction sites within them (i.e. there must be a first site and a last
site in the segmeni) and hence appear in hoth a single digest and the n-digest.
Therefore, all fragments that appear in both a single digest and the n-digest
(within the allowable error range) are potuntial roots until proven otherwise.
The number of tree structures that must be examined in finding a solution,
therefore, 18 equal to the number of potential roots generated. The node that
terminates the root can also be identified and is assigned the enzyme in whose
single digest the root fragment was found. Hence the branches of the solution
space are the n-digest fragments and the nodes are enzyme cleavage sites. Af-

ter assigning a fragment to the root (and an enzyme to the first node) the num-

4
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ber of possible orderings of the remaining fragments has been reduced from fn!
to (fn-l)!. In general, the number of possible orderings remaining at any giv-
en time is8 (fn-z)! where £ is the node level (how high up in the "tree' a given
node is). The node level then ranges from | to the mumber of n-digest fragments
(fn).

The next step 1s the recursive generation cycle. This involves proposing
branches for every "open" node at the current level. The branches proposed at
each node are those n-digest fragments that have not already been assigned {(i.e.
that do not appear in the path traced from that node back to the root). The
number of branches possible at each node is a function of the node tevel, %,
and is given by (fn-z). Each proposed branch 1s then tested by successively aa-
signing each enzyme to the terminating node. The fragments from that node are
summed back to the last occurance of that enzyme or the end of the DNA segment,
whichever comes first. This sum, which gives a hypothetical fragment flanked
on both sides by that enzyme, is compared to remaining single digest fragments
for that enzyme. If found in the single digest 1list, within the error range,
this branch and node are assigned at this node level and the remainder of the
enzymes are tested., If the sum (hypothetical single digest fragment) is not
found in the single digest list, the remalnder of the enzymes are teated and if
none can be assigned, the node ia considered "closed" and need not be consider-
ed at subsequent node levels.

This process repeats itself at the next node level, successively assigning
or eliminating branches, until either all nodes in the tree terminate, in which
case there are no solutions for that tree, or until the top of the tree is reach-
ed (the last remaining fragment is simply checked against the single digest lists
to verify that it is indeed an end fragment) and one or more paths, now solutions,

can be traced back to the root, This method of eliminating branches of the sol~



ution get until only one or more completed solution: remain is a form of neg-
ative inference and is much more efficient than a method that must generate
all pos:ibilities and select correct solutions by positive inference.

Once a tree is completed, the solutions (if any) are collected and the
next tree is examined. Before entering into the next generation cycle, how-
ever, the root fragment is compared to the last fragment in each previous sol-
ution, If a match is found (within vrror limits) the tree 1s skipped because
it will only generate the reverse of a previous solution, 1In space these sol-
utions are equivalent (degenerate) and iy is therefore not necessary to exam-
ine a tree that will not gevnerate s nw solutions.

The solutions that remain Atter 43! trees have been examined are all poa-
sible non-degencratv solutions 'vr the given data. An example of the linear
algorithm, showing the tuvev sWvuctures, is given in Figure 2. This example us-
es hypothetical data tvh ckaviny.

Examinat{on o4 v atgorithm suggests that iam the best possible case (the
case in which onl\ e tree is considered, and each node level has only one
branch assigument as in Figure 3) the number of incomplete orderings examined,
€y 15 glven by

fn~2

€ =1 {(f -i)n
i=}] f

where fn = number of n-digest fragments

and n = number of enzymes (n 3 2)
Substttuting 10 for f and 2 (the simplest case) for n, the value obtuined for
¢ is 88. Compared to a previous example in which the number of permutations of
10 fragments was fowndBto be 3.63 x 10% (which does not even take into account

the permutations of cleavage sites) this represents a tremendous savings of com-

putational effort.



Figure 2: Example of linear DNA mapping algorithm using two enzymes and five
n~digest fragments. Nypothetical map and digeat data is given for ensymes
A and B, Numbers on trees are slzes of fragments, letters inside of nodes
(GD) indicate enzymes for assigned reetri tion sites, Terminated nodes are

indicated by ® .
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Figure 3: Ideal case for linear map. Lines indicate fragments, open circles
() indicate nodes (restriction sites), and closed circles (‘.) indicate

"pruned" branches. Example is for five fragment n-dig.at.
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Circular DNA Restrictior Site Mapping Algorithm

The algorithm for the mapping of circular DNA is essentially the same as
that for linear DNA with a few differences because of the unique topological
properties of circular DNA. First of all, because there is no beginning or end,
therz is no root fragment from which to begin. Therefore an arbitrary point is
chosen from which to open the plasmid, such as a cleavage site for the first en-
zyme., If this is done hypothetically, a linear DNA molecule would be created
with one half of the same cleavage site on each end. Because no unique root
fragments can be found in the data, each n-digest fragment must be tried as a
potential root fragment for this hypothetical linear segment until a solution is
found., This amounts to searching for a fragment anywhere in the circular mol-
ecule that is adjacent to a cleavage site for the first enzyme (enzyme #1).

The number of such fragments, t, is given by

t = 25 - a
where s = number of sites for enzyme #1

and a = number of adjacent enzyme #1 sites
If t is maximized (by selecting the enzyme with the most cuts to be enzyme #1)
the probability of finding one of these adjacent fragments is much greater and
therefore fewer trees need to be generated before a solution is found.

Once inside a tree structure, the first fragment is successively assigned
enzymes as potential nodes, just like any other open branch. However, if the
paths are traced back and nu previous occurance of the enzyme is found, rather
than stopping at the end the path must "wrap-around" to the other end (because
it is really still a circular molecule as far as non-enzyme #l single digests
are concerned). Because the other end of the map is as yet undetermined, the
node is tentatively assigned that enzyme (for lack of evidence that could ex~

clude the possibility) and the usual process continues. After the last frag-



21

ment has been assigned, the fragments on either side of the opening site (wrap-
around fragments) are summed until the first occurence of each enzyme, succes-
sively. These sums are then compared to the single digest data for the respec~
tive enzymes aud if a discrepancy is found within the error range, the path
containing that sum is rejected. If no solutions are found the next tree is
examined, otherwise all paths through the solution space that remain are all
the possible solutions for the given data. 1f all trees are examined and no
complete paths are found, then there are no sclutions possible. An example of
the circular algorithm using hypothetical data is found in Figure 4.

The circular algoritim is not as efficient as the linear algorithm because
nodes are often assigned tentitively and may not be rejected until the wrap-ar-
ound is tested. However, the number of orderings examined may still be very
small because only one tree need be examined to find all the solutions if the

first fragment tried is adjacent to an enzyme #1 site,

COMPUTER PROGRAMS

The computer programs (Appendices A and B) written to implement the algor-
ithms are essentially the same, so they will be described in general first and
then specifics for each will be given,

The major problem encountered in developing the software was organization
and allocation of memory for various storage functions. Arrays of various dim-
ensions were chosen to represent various structures in the construction of the
maps, The original digest data supplied to the program is stored in the two-
dimensional array, F. The first subscript (l.e. rows) corresponds to the digest
number. A digest number of 0 refers to the n~digest, while single digests are

given the numbers 1 through n (where n = number of enzymes) in the order they
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Figure 4: Example of circular DNA mapping algorithm using two cnzymes and five
n-digest fragments. Hypothetical map and digest data is given for enzymes A
and B. Numbers on tree are sizes of fragments, letters inside of nodes (&)
tndicate enzymes for assigned restriction sites. Terminated nodes are in-

dicated by ® , unassigned nodes are indicated by ocpen circles (O).
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are entered. The second subscript (i.e. columns) then refercnces the fragment
number within each digest. Column O of each digest contains the number of frag-
ments in that digest, so that the fragment numbers in digest x range from 1 to
F{x,0). The list of roots for a linear DNA map is stored in the two-dimension-
al array, ROOT. This array contains two columns of data: a list of root frag-
ments and a list of node enzymes. Rows range from 1 to the number of potential
roots, whereas colums are referenced by a fragment/node code. A value of 1

for this code indicates that the column of fragment sizes {s to be accessed,
while a value of 2 indicates chat the column of node enzymes 1s to be used.

The three dimensional array BLDMAP {s where the maps are assembled. The first
subscript references a map (or path) number. Each unique path through the sol-
ution space can therefore be accessed individually., The second subscript gives
the fragment or node number number within each path and ranges from 1 to fu (the
number of fragments i{n the n-digest). This corresponds to the order in which
the fragments and nodes are assigned. The third subscript is the fragment/node
code as described for ROOT. For a given value of the second subscript (i.e.
node level) the value of the third subscript accesses either the fragment size
at that level or the node enzyme at that level, A new BLDMAP |s generated for
rach tree, MAPSOL is a 1ist of completed solutions, copied from BLDMAP after
ail fragments are ordered, and has the same organization as BLDMAP. This array
collects the solutions from all the treces. LAST is a two dimensional array that
contains a list of last node levels assigned to each enzyme. The first sub~
script references a map number (as for BLDMAP) so that each path has its own
list of last nodes assigned, and the second subscript reference. the enzyme num-
ber (ranging from 1 to n). A temporary copy of LAST, TMPLST, is made when creat-
ing new branches for each path, STACK, like F, contains digest data, however

STACK i8 volatile and fragments are delet«d as they are assigned to the maps.



This way it is easy to keep track of which fragments remain t. -signed,
STACK 1s a three dimensional array: the first subscript refere: he path
number, the second subscript references the digest number (as f ), and the
third subscript references the fragment number within a particular digest. A
temporary copy of STACK, TMPSTK, is also created when new branches are gener-
ated for a given path. All other program variables are falrly obvious and are
described in the programs.

The programs essentially consist of four parts: a control section and
three subprograms. The control program simply displays a menu and calls the
appropriate subprogram based on the user's selection. The subprograms handle
all of the data entry, map generation, and output.

The first subprogram is the data entry routine. This section solicits in-
formation from the user as to source DNA topography, number of enzymes uced,
enzyme names, fragment lists for cach digesat, error In fragment size measure-
ment, and a line of text to be displayed at output. After all fragment data
has been entered, the subroutine sorts the fragments in each digest from smal-
lest to largest using a standard bubble sort. This is not absolutely necesaary
but it makes the data more presentable and makes the solutions generated indep-
endant of the order in which the data is entered. Once the fragments are sort-
ed, the data is checked for missing fragments using the method described earl-
ifer. If data is missing, the user is alerted to this fact and asked to supply
the missing data. After the data is checked for missing fragments, the program
sums the fragments for each digest and computes an average. Each total is then
compared to this average and if a discrepancy is found outside the allowable
error range, which is chosen to be a fixed percentage of the fragment size
(given ti.e linear relationship between the log fragment size and the gel mobil-

ity), the user is alerted to this descrepancy and is asked to supply a new er~



ror valve or re~evaluate the data. Some causes for this discrepancy might be
incomplete digestions, impure DNA, or simply too small of an error range which
causes one or more of the digests to be too large or too small than the aver-
age. Unce the data has been checked for size Inconsistency, data entry is
complete and program control is passed back to the control section.

The data output subprogram simply prints out a summary of the data and a
i1ist of soiutions. The solutions are given as a linear list of alternating
fragment sizes and restriction sites. The fragment sizes indicate distances
between adjacent sites, Linear maps have terminal fragments, circular maps have
terminal restriction sites. The two terminal restriction sites represent the
same site in the circular form and should be drawn as such on a circular dia-
gram of the maps,

The map generator subprogram contains the actual restriction mapping al-
gorithm. This routine contains both the linear and circular algorithms and by
checking the topography skips over those sections that are not relavent for one
or the other type of DNA structure. The subprogram begins by finding all pos-
sible roots if the DNA is linear. Next it sets a pointer for the final solution
array and sets up a loop for examining trees based on the topography. If the
DNA is linear, the last fragment of completed maps 1s compared to the root. If
a match is found, that tree is skipped. The BLDMAP array is then cleared and,
1f the topography is circular, the LAST array is also cleared. Next, the digest
data is copled from F into the fragment stack, STACK. If the topography of the
DNA i8 circular the 1ast node pointer for enzyme #1 is set to node level 1 (be-
cause this will be the arbitrary starting point fer the circular algorithm), o-
therwise the last node pointer for gvery enzvme 18 set to the beginning of the
linear DNA. A loop is then set up to examine node levels within the tree, The

progvam next begins louoking for open andes (i.e. ~odes that have not yet been



assigned a branch). When such a node is found, a temporary copy of the STACK
and LAST for fhe path corresponding to that node are created. Branches (sel-
ected from the temporary stack of remaining fragments) are generated at that
node, unless it is the first branch in the tree (root) in which case it is im-
mediately stored. For each branch, each enzyme is tested as a terminating node.
A loop sums all the fragments In the path back to the last occurance of that en-
zyme (or the beginning of the linear DNA), unless it is a circular DNA molecuie
with a previously unassigned node in which case it is immediately considered a
possible solition and stored. If the sum is found in the single digest cor-
responding to that enzyme that fragment and node are stored as a solution for
that level, oth2rwise the next enzyme is checked. If a solution (fragment +
node) is to be stored, BLDMAP is checked to see if a branch has already been as-
signed to this path, If true, the path (minus the assigned branch) and LAST

are first copied into free memory (found by searching BLDMAP). Next, a flag is
set to indicate that a branch has been stored at the current open node, the frag-
ment and node are added to the solution, the LAST pointer for the enzyme is up-
dated, and the STACK is recopied from TMPSTK into free memory (if necessary).
The fragment assigned is then removed, or "popped", from the n-digest STACK,

and the sum of fragments is removed from the single digest STACK in which it

was found. Once all enzymes and branches have been tried, the flag is tested

to see if a new branch has been assigned to the open node., If not, the BLDMAP,
LAST, and STACK for that node are erased (which amounts to terminating or prun-
ing that node) so that the memory can be reclaimed. Once all open nodec have
been exsmined, the next node level is considered. Once all node levels have be~
en considered the tree is completed. If the topogiaphy 1s circular, the wrap-
around fragments are first checked against the single digest stacks for each

path and the path cleared if a discrepancy i{s found, otherwise the completed



paths are copied into MAPSOL. If the topography is linear or the topography is
circular and no solutions are found, the next tree is examined. After all trees
are examined the subprogram prints out the number of non-degenerate solutions
calculated and returns control to the main program.

Samples of the program's execution for the linear and circular examples
previously given are found in Appendices C and D.

The only major difference between the BASIC program, RESTRC.BAS {(Appendix
A), and the FORTRAN program, RESTRIC.FOR (Appendix B), is in regard to the allo-
cation of memory to array variables. The BASIC program does not dimension ar~
ray variables until it has obtained various parameters of the data. This al-
lows for optimization of scarce memory available to the microcomputer, Before
a new set of data is entered, the variables are erased so that the memory can
be reallocated. Because FORTRAN does not allow dynamic reallocation of variab-
le memory, the array variables are set to an arbitrary large size (taking ad-
vantage of the much larger memory available to the VAX computer). The maximum
number of enzymes allowed was set at 20, the maximum number of fragments/digest
was set at 20, and the maximum number of paths was set at 100, These values can

be changed by simply changing the dimension statements in the program.



DISCUSSION

The algorithms have proved, in practice, to be very quick and efficlent.

The time needed to solve maps of medium size (about 10 n-digest fragments, 3 en-
zymes) by computer was well under 5 minutes on the slower microcomputer and less
than a second on the much faster VAX. The time needed to generate solutions
does not appear to be so much a function of sfze, but rather one of complexity.
Complexity involves the number of enzymes used (since each branch is tested with
each enzyme), the number of possible solutions (because each solution represents
a path through the entire structure), and a large number {( >2 ) o1 adjacent sites
for one enzyme (since these can be permutated and each permutation will result
in a different solution). Therefore, the fastest solution will be found for
those maps using only two enzymes and having only one unique solution (sizes be-
ing equal).

Multiple solutions often present a problem. If certain information not a-
vallable to the computer, such as knowing a terminal fragment, is known this
may help to eliminate some of the solutions. Other ways of eliminating multip-
le solutions are to include more enzymes so that more complex and unique data
results or to decrease the error range. If the error range is too large, frag-
ments of approximately equal size become indistinquishable and if present in
different digests will result in multiple solutions. Also if some fragments
are ¢ 1ller than the error range of larger fragments, these may be incorrectly
placed. Obviously a large error should be avoided. However, if the error val-
ue i8 too small there is a chance that correct solutions will be discarded or
that no solution will be found. Therefore, the errnr value should not be re-
ducedAto eliminate solutions unless this reduction is justificd by an actual re-

duction in the error of the fragment measurements.
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Incorrect maps will also result if very small fragments in both a single
and the n-digest run off the gel during data aquisition and are not detected
when the total digest lengths are tested. This may be prevented by using a
gel with a wide separation range that will detect both very large and very small
fragments.

The restriction site mapping method and computer programs described here
provide a rapid and accurate tool for generating cleavage maps from as many en-
zymes as desired. As long as sources of error i{n fragment measurement are min-
imized, the computer should be able to generate at least one solution. By us~
ing appropriate combinations of restriction enzymes, a unique solution can be

derived for any linear or circular DNA molecule.
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PRINT 'BQLUTION o, [, -

PRINT
uf .YFE-! THEN THILT - ELBT FR.INT A
FOR Ja. TC 7 L .
cRILT - MAFILL LU L e
ic ost- . L. THEN 38%0
'"_EF'hT cHR) e eMAFSOL 1 0. o)
l“ w
.f ‘“FI:L THEN FRINT . EL3E 2RINT A
RiTUHN
RLN
REM v Ry M L P CENERAT IR tee
AN

MIITMaT ] )4y

(& BULPHT .1 THEN :9%¢

ERASE MAFSCL

Did BLOMAR MXITM.F- ¢ &) 3 SAST MAITM Wi MAFPSOL ‘MXITM.F\C.0s 1

viM ROOT 7.4 .6, .2 STACK MXITM.N.7<% 2, TMPLET N, TMP3TE N .F 0.5 )
F TYPE«) THREN 41 .0

AEM FIND ALL 2C351BLE RCOTS

REM  R00T « DOUBLE D.GEST FRAGMENT THAT AL3C

AEM APPEARS IN 3INGLE LiGEST

FGR La! TO 2¢X 0,
F FOQ 000 7 X.L/-Fi{XK.L)*ER) QR LSNP 3% SR EY X1 SR RY 1 9
ROOT T4 1 «F.X.L.
ROOT T3 .. aK

TonTO

NELY L
HIAT X
NEAT .
REM 3ET CINTER toN NAL 30LUTION EET
SLwirNT s,
AR BTART ILUAMINING EEZ
fOR Trots. 50 ABS l7u~1 CCTYPERL s F L G {TYFESL
F Yrhsd THEM 423¢
and :HE.E cA3V JRAGMINT OF COMFLETES MAFS TR
AL CUPLICATE 3CLUTIZN
fud vel TOU SGLPNT-!



1Ld AF MAFILL-S.F G4 .1 sRIUTWTREE. U, THEN %680 35

.....

ot Wlas v

4303 REM  ZLEAR TEMF  3SC0LUTION MATR: 2
P FOR Cai TG SXi7TH#

e P BLSHAFWJ. 1.t -y THZN e280
1.5L FUR Ke!l TU F.0.9

‘ot e S.LOMHARP T . K. 1.3

Te ¥ NZXT K

4033 HEAT J
.9, MX3TOR«1
. iF TYPLai THEN 1340
AEM CLEAR LAST NOGIE MATRIX
FOR Jal TO Y

LAST (1 J)aed
NEIT J
REM  COUPY DIGEST TRAGMENTS INTO FRAGMENT 3TACK
R Js) TO N

FOR Kel T0 Fy, D)

S?Acxil.J-KJI?\J-K)

NEXT K
HAEdT
F TYFE=al THEN dde0
AN 3ET LAST NODE POINTER FOR ENIVYHME | TO NODELEVEL
LAST(1,1:wl
2070 3830
REM  SET LAST !0 DE TOR EACH ENIYME TO BUTTOM OF TREE
fOR J=! TC N

LAET(1.J:.a)
NEXT J
REM 38T PARAMETERS FOR STORING ROOT
SUH«AOCT(TREE . § .
ENZMeROOT(TREE . 1
AZM  3TART EXAMINING NODE LEVELS
FCR NODLVLal TO £(G. 0

<&
L-»
¢
L4

Fode Lo s B b o A A e Be
W L A & r s Sl g Bl Bad LpFar

IS G MIOD I R (S R s W G N LN Ea G
PRI LI AR Cr BV CI CEVE VI P e s 1 O Crar O

* o BeBedod L B LA BN b dh-boL brdoB o dh s
W & B O (AR AR LB LN AR LD (D f - B S b o B

0 REM SEAACH FOR OPEN NODESR AT CURRENT LEIVEL
v FCR JPNNOLs: TO MXISATOUR
ié é{&gogLVL'l AND (BLDMAP? OPNROD.1.1)«0 OR BLODMAP{OFHNOD NCOLVL 13,5, THEN 3833
' 3
35 REM CREATE TEMPCRARY 3TACK AND LAST FOM TH:IS NODE
LA FOR J=0 TO N
a0 FCR Rel 70 Fvd. 0,
1 TMES K (J . K)wSTACK{OPNNOL .J. X
o3 NEXT X
39 NEXT J
st FOR Jal TO N
W35l THPLST(J :wLAST{OBNNKOL . Ji
‘ted HELT J
do7 8 REM CAEATE BRANCHES AT CURRENT OPEN NOOE
¢34 FOR BHANCHs) TO F¢0.0.
d670 IP THPSTK Q. BRANCH  »d THEN %340

IF NODLVL:3 THEN 47%3
if TYPEel THEN 47130
IF THPATK (O . BRANCH)=F ¢ J.TREL:) THEN 4730 £L8E
iF THPETR(0.BRANCH; sROOT(TREE. 1) THEN 4010
AEM CONSIDER IACH ENZYME AS 30LUTION
FOR ENZMal TO N
REM BUM BRANCHES BACK TO LAST WHODE FOR SACH INIYNME
BUMTHRPATK (G . BRANCH:
IF TYPE=1 THEN 4800
if TMPLET(INSN a3 THEN 4810
FOR TRACESNODLVL-1 TO TMPLAT(ENIM. 3TIP -}
SUMaSUM+BLDMAP OPNNCD . TRACE . 1
NEXT TRACE
AEN CRECK SUM AGAINST BINGLE DIGEST 8TACK
FOR Js3 TO FP(ENIM.D)
TiaTHPATK (ENSX . )
IF BUNMCITI-TI2ER) OR SUM. <(T1+T12ER) THEM 5340
REM  STORE BOLUTION & POP OFF 3TACKS
IF BLDMAP:OPNNOD.NODLVL.1)20 THEN 4913
MAPPNT«OPNNOD
GOTO 5110
REX  ARCOPY CURRENT PATH INTC FAEE MEMCRY
FOR MAFPNT»! TO MXITM
IF BLOMAPMAPPNT.1.i.20 THEN 5010
NELT MAPPNT
FAINT "MEMORY OVERTLGY ERROR
PRINT “"Cuttent memory aliocation o' MIITM
iNPUT “Change aliocation te? *  MIITM
FRINT “Reteying with new allocation.
ERABE BLOMAP ,LAST ROOT.STACK , TMPLET TMPSTH

L& ]

e od s B Bl B B s P B B B B B v A B d- ML B . BB &
AR N s DWW o WSO U RO EN RO ) D P g mP s~ By
o P v et BT i D ANE I PR T p A D AN e e B e

C i P P AT DV D L O TV AL VRV LI Cs Cr R FI T Y ED v D v P 15 53
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w70 3930
TOR Le] TG 2
ECR Mmi TO NODLVL-1
BLOMAP(MAPPNT . M.L)sRLOMAPIOPNNGD .M. L
HEXT M
HIAT o
Fo] Lsl TO N
LAST  MAPPNT . L)eTMFLET L
NEIT L
1F MAPENT  uNMXISTOR THEN $312¢
MISTORaMAPPNT
AEM STORE & UPDATE

FLAGal
BLDMAP (MAPPNT .NODLVL . 1) «THPSTK (D . JRANCH)
BLOMAP (MAPPNT . NODLVL. 3, aENIM
IF NODLVLaP<($.0) THEN $33¢
LAST (MAPPNT.ENZM,sNODLVL +1
FOR Xeld TO N
FOR Ls! TO FiX.O)
STACK (MAPPNT .K,L )« THPETX (K, L.
NEXT L

NEXT K
REN  POP N-DIGEST FRAGMENT
POPDIGad
FOPFRGsTHMESTX (2 BRANCH)
GOSUB 5930
IF TYPEsi THEN 3290
1F TMPLSTC(ININ) a0 THEN 335¢
REM  POP SINGLE DICEST FRAGMENT
POPDIGENIM
POPFRGSUM
SO3UR 5950
IT NODLVLe! TMIN 5540
GOTO $350
NEXT J
MEXT ENZM
NEXT BRANCH
RZM IF NSV BRANCH AS8;GNZD, LEAVE NODL OPEN
SEM  EL3E CLEAR FATH AND 3TACKS TOR CURRENT NGDE
If FLAGa1 THIN 5830
TOR Jal TO i
FOR Kei TO NODLVL
BLOMAF (OPNNOD.K,J) d
NEXT X
NEXT J
TOR Jel TGN
LASTOPNNGD. J) b
NEXT J
TOR JeJ TO N
FON Ksi TO FiJ.0»
3TACK(OPNNOD.J . X) a0
HEXT X
NEXT J
NEXT OPKNCD
NEXT NODLVL
IT TYPEsl TAEN $7:0
REM CKECK WRAP-AROUND FRAGMENTS AGAINST SINGLE DIGEST STACKS
FOR Jal TO MXITM
iF BLDMAF(J,1.1,a0 THEN $750
FOA ZNIMai TO N
3UNu O
TOR Kal TG F({,0)
SUM.SUMeBLOMAP (J . K. 1)
if BLOMAP(J.K,2)sBENZM THEN 5650

K
KaF(0.0) TO | 2TEP =)
IF BLDMAPUJ . K« .33 eENEM THEN Se90
NRIT X
FOR L1 70 F.EINSNK.O)
T1eBTACK(J,BNINM. L.
iF BUM aTiv(i=BR) AND SUM.aTiv t.BR) THEN $740
NEIT L
qtzTi%QF:PiJ.i.lluo
] & )
NEZT 4 -
REM  COPY COMPLETED MAPS INTO FiNAL 30LUTION SET
FOR Jal TO MXITM
iF BLDMAP(J,1.1.:e0 THEN S8%59
FOR Xsi TO 2

NRAT
FOR
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fOR Lsl TU FeD.3)
MAPSOL{SOLANT.L . XiaBLOMAR(J ., K.
NEXT L
NEXT X
SOLFNTa30LPNT.
NELT J
[ ]

F TYPLsl THEN 3380
IF _30LPnT)1 THEN 509
NEXT TREL

L ]

FRINT CHRO (10, . " Number of non-deqgensrate solutions caiculated =«

BRINT SOLPNT-1.CHR$:(10)
IRA%INILBHAP.LIIT,IOOT.lTACl.THPL!?.TH?STK

RETUR
REN SURROUTINES
REM  FCP FRAGMENT OFF S8TACX
FOR Jui TO FCFOFDIC. 0
17 POPTRG( STACK(MAPPNT.POPDIC.J) THIN 129
ATACK(MAPPNT . POPDIC. J) o
COTO o000
HEXT J
RETURN
RN
REM *¥0t END FROGCRAM snee
At
FRINT CHR8 (1)) . DINE"

37
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Valiedie Name

AUTOMATIC AZSTRICTION 3ITE MAPPIHC 2R00RAN
version 1 3 VAI-11 FORTRAN=?T VAZ/IVMS

by

Notber: §. Baumuattnet
Jniveristy of (.linois at Urbana-Champaign
Jesartment of Biochemintyy
Apris. 1704

COPYRIGKT (C) 1984 BY NORBEAT k. BAUMGARTNER
ALL RiGHTS RESERVED

Ll B R W R W SRR e R DES S e o W *Tweesasess e*eSsyacmaw

VARIABLES

Function

FPRUGRAN

AVIIG Avetage digest langth
SRANCH Fointer to Dranches at current open node
< Progran command vatiable
ENZM Ensyme ausber
LR §rror 1n fragment measvranent
FLAG Flag vatiadle
ioJ KoM Looping vatiavles
MAPENT fointer to map 1N Use
MXITH dazinua nunbe:r of stotage stems
MX3STOR Moztmun storage used 0 far
N Nuader of testriction ensymes
NullVL Pointer to node Javel :n t7ee
GENNGE Fointar '2 search tor aopen nodes
ECR5: Digest to pop ftom
PCOFERS Fragaent to pop (rom stack
SOLENT Pointer to next cpen soiution stotage
EX ) | 3us of tragmeants
Te T1.72 Temporacry storsge vattadles
TRACE Pointer for tracing back in tres
TiPE Specifies soutcs DNA type

TYPEaC Citeular

TYPEa) Lineat

aboitAria.b. ¢l

Storage for saps under construttion
e » RiIP NURBDe:
& 0= 1 to MIITH
b o fraguent numbdes
€ » fraguent/node code.
ts! fragment iength

tad node iensyme site)
Fin.bdj List of digest fragments
Note
Fin,0) « numbder of fragments :n
digest on
n e digest nuader.
n o« 0 n-digast «sii onsvaes.,

«ASTLa . 8

MAPSOLIa,.D. ¢

ROOT(e. &3

STACK{a.n,0)

n s )1-N singie digests of
shsymes | through N
b o [ragnent nundet
Node luvel last assigned fo6r sach eansyme
& = Rap numbder
¢ = antyme numbaer.
¢ » | thraugh N
$olution stornge mateix
& = 2sp numdes
b =« {tagnent nunbdes
¢ » fraguent: node ¢ode
Root fcragrant & node for,iinear maps
¢ = Lo6t nuURmber
¢ = fragment/node code
Stack of unassigned (cagaents
2 v BAp Numbder
n e di1gest nunber
b » fragaent number

Tenl Total digest lengtns
n s digest nunbsr
TMILIT( ) Tempotsary list of node lovel last

assigned o2 each ensvme
d « ansvae nunder




NI al s I IR RIS

£+

[ 24
[ ] <]

LW S
oo

s180
0l
2182

«ied

eres
vree

b I
Ll = 4

$370
ik
bR 2

$%Kin b. Tempatary statk of ynassigned fragnants
R s digest numbert
P » fragnent nunber
Answer chitacter f(or input
Plural chasnciar for dutput
) List cf resttiction eRsYRe nines
4 s enayns nuabder
Temporaty str;ng vatiable
Titie iine tog vtion display

LR I R A ] LA B R N R K X K ¥ 1 WOPEL SRR eERESE SISO HEADSOEEE Sy

tvrr PROGCGRAN COHTARAOL e
FRCGRAM RESTRIC

COMMON %lgﬂiarﬂnﬂ SCLENT . TYPE.F<0 20.0. 20, MAPSOL¢100.23.2).
S } (R _I¥]

IRTEGER C. MIITM. M. JOLFNT.??PE

RoAL'4  BR.F.MAPSOL.T

CHARACTER R0 30,410

CHARACTER*7Z TL

MIITMs100

BRAINT 1040

FORMAT ¢2iT13. RESTRICTION BITE MAPFING PROGRAM' /.
PRINT *. 'Selec proqran function '

t
PRINT . H Create new data
PRINT *+. 2 e Caiculate restriction site Rapa (2om
FRINT o, entered data’
PRINT », 3 « Print results of caleculations’
FRINT 1+, 4 » Ex)t progras’
FRINT 214t
FCRMAT /7 ‘sCommand? '
ACCEPT . C

IF ¢ € LT 1 OR C GCT & &OTO t140
«OTO {(3140.23t40.3142,2142), C
CALL DATENT

GOTC 2146

CALL MAPCEN

GOTO 1140

CALL DATOUT

o9TO 2140

FRINT *+. DONE

3TCP

END

222 D ATA ERTRIT temn
SJBROUTING LATENT

COMMON KR .MIITM.N.3OLPNT.TVFE.F(0 20.0 20, MAFSGL10C . 20.12:,
Ti0 23, TL

INTEGER [.J.X . N.TIPE

REAL*4 AVDIG.ER.TV.F.T

«HARACTER®]L AP

CHARACTIR R0 ZO)'IO.TH!‘iO

CHAI&»TSI'?!

PRINT .-

PRINT *, Topography of source DNA
BRINT » 1 o CIRCULAR (Piasmid)’
PRINTY . 1 w» LiNEAR®

PRINT 2:i71

FOURMAT (" $30lect )} 02 2 *
ACCRPT . TYPE
JF (TYPE LT 1 OR TYPE GT 2) THEN
GOTOC 2i7¢
ILst
TYPETYFE~!
IND iF
PRINT 23310
FORMAT </ 'SNumber of restricticn enzymes usad® )
ACCZPT . N

S0 Jel N
PRINT 2373 )
FORMAT ¢/ tlant:zat:on ensyme 0 .12, ¥ )
ACC"T $3d¢ .1,
PORMAT A
PAINT 3380
FCRMAT ' SNuabsr 3f lragments in digest? '




AvSE2T YL FvSL 0
FRINT =, Enter lragment s:1109.

3" yﬁ.l f\J U.l
PH.NT 24i3.K
AR TORMAT « .l L
ACCEPT «.F.J.K,
END LG
INL DO

FAINT 3478
P Il FCRMAT /' bn-giyest o
03 Jal N
PAINT 2450 .R¢Js
MR FuRMAT « o AL,
iF () EG Ny SQTO 2520
PRINT 2312
FORMAT - +:' .3,
END DO
R0 s n
PRINT 23%3
. FORMAT (1 annbor ¢f lragments o2tained?® ')
. t
*F

[Ty
i8 ¢n
*re-
s

.
LY ]

AC:BP‘ F a u:
MIiTMa=d
PRINT «, 'k t ftagment sites
Ba Jl 0

3

EhD DO

- BUBBLL SCRT FRACMENT LISTS - 3MALLEST 1O LARGEST
«d) 00 ia0.N

LE Fil.KelJ:s SOTO 2490
H
{
\
st ¥ END D

. $§JM CiCZaTs

FRINT 2740
$T8) FORMAT /° Digest . T21. Fragwent l.ist .Ted, Totael iength .
DG J=b.N
TiJra
PRINT 1770.0: 4,
FORMAT 8 A%,
00 Xel ,F(J.0)
PRINT 2790.F¢J.X)
2 TORMAT '« P8 2.X.4%,
Tleta‘JIt'(J  K)

Ly

END
LO 1m1.5¢=<FJ.2)%0,
'I:NT if0o
«300 FOAMAT (¢ ',
EIND DO
FRINT 2801
23618 FORMAT ¢ o &« ', 4,
PRINT 2020.T7.J}
+820 tORMAT « o .73 23/
END LO
. TE8T FCR MISSING tRAGMENTS
Tisl
20 Iaf,N
T.eTiel L. 0
tND DO
iF T1 O EQ. (Fu0.0)+TYPE*(N- 1.0 GOTO 32%9
Ti=F(). 01#?7?5*\N-1J-Tl
IF (ABB(TI) 3T 1, THEN
Pe s
eL3E
Pe
gND IF
PRINT o, DATA M185:%NG
10ABR(TL,
PRINT 29%0.1



JRUL FIRMAT Traguent Inaivsis InCicates ... BiIsSSing 41
FRANT L331.9 . F
PR FLRMAT « fragment .A. Hissing lragaent A, otivurs
o7 T4 et L THEN
PRINT . 4n nedigest
% 14
FRIWT *. 1n single enzyne digent
Bie it
kI FRINT 311.°
3ot PORMAT « Data avasrjable to correct missing fragment A
PR:NT :Ji.
vina FoRAMAT « 3¢ ar N
ACCERT 332 ¥
Tead FORMAT (M.

£ A BG Y GITO 308
fF A NHE ‘N ) GOTs 360
R . Unable t¢ continua due to insufficient uvata'

=
-

For each 3t the missing fragasnts, enter the'
. Glgest name (antyme name {or singiv digests or “"n’
.'tot R-digest) and the dissing {ragment sise
L llltl by » tomm '
0o lstl. AlS(
AP PRINT 1410
ACCEPT J:oG.THQ.Tz
iles FTORMAT A . FO V)
Lv Juu . N
if Ry 20 TMP. GOTO 5320
END 00
FRINT *. Unrecognited cigest name. teentay’
ed7T0 31440
A Foo . 0afid.0oel
FeJd . Fud. 0,072
£ND D2
WTS 20

. FINC AVIRAGE DIGE3T LENCTHM. TZ3T FCOR DICE3TE QUT3IDE
. oI ERROR RAlivE

AVDIGed
20 iad H
AVDIG=AVDICT( I
ENE DO
AVDIGwAVLIG: (Ne 1}
3ide PRINT *, 'Relative arror in fraghent S1te massulenent’'
FRINT $3el
13e8 FORMAT ('3 % total fragment .engih?* i
ACCEFT <. ER
ak«ER/ I QY
PRINT *. Lenygth of scurce DRA will be sssumed to bo-
PRINT 3410 ,AVDIC.ER*AVDIG
3400 FGRMAT (F3 2. i+ ' FO 2.
D0 Jal N
iF (Tivr GE AVDIG~(1-FBR: AND. T<J. LE. AVBIG*(i1+ER,)
i GOTO 34
FRINT 3430.R\ )
I+8d FORMAT (' Length of '.A, digest is ouvtlside error tange '/
PRINT *. Belett a now error vaiue or stop progtram and
FRINT *+. creevaivate data
GCTC 33490
4% tHE 20
FAINT 3%14%
2810 FOAMAT (/'8Ti1le line for dispiay?
ACCEPT 13%20.TL
1840 FORMAT (A,
PRINT » -
PRINT * . 'DATA ENTRY CONPLITE
AETURN
END

98 FRINT

-
x
-

> " -

L
»3
K
[

rre JUTPUT FECTION ten
JUBRSUTINE JATOVT

COMMON KB . MXITM.N, BOLENT. TYPE.F«d 20,0 20, MNAPBCL(100.40.3:,
H Ti0.20) . R, TL

i"T‘ctu ‘lJI""';QLP”?'?YP:

REALME AR, P MAPSOL .Y

CHARACTRR R¢Q 26.+32

CHARACSTER 72 T4

C»



A2

FRINT 580
i3 1:3 FOAMAT (/:* HOTE. The tollowing ste all possible restriction’

FRINT . s5%e 2aps {ron the Quven data. lettars
PRINT . Indicaie TOAtTICtiIOR Pites (pen KIY). nym-
FRINT bers indicate distance between sites. '
PRINT 340

Jedi  TORMAT (/  DATA BUMMARY /)
FAINT 3400
Jbev FORMAT ( dS8curce DONA topography = '
iF (TYPE EG 3 THEN
FRINT *. CIRCULAR-
1% }
PRINT *, "LINEAR
ENC ITF
PRINT 3730
31730 FORMAT (/7 Digest .T1:. Fragmant list'.T¢3, Total length !

BO [ad.N
PRINT 3? Jl R¢l.
31701 iOlHl- | .l.x)

DO Kel.54-0Fil.0)%0,
PRINT 3703

st FORMAT (o ' ¥}
eND U0
FRIRT 1704
sT04 FORMAT ¢ » & ' . 1)
PRINT J730, T i
KPR T FORMAT (o' BB
IND 30

JRINT 3780 ER 108
R I FORMAT 7' Ettor in (ragment measurenent o . FO8 3. % 1/4)
o0 iel,it0-LENTLI 2,

eRINT 3790
K B FORMAT ¢ '» .4}
END DO

FRINT 3830.T¢
3% FORMAT ('+* .2,
BRINT 3010
2830 FORMAT 7' KEV 1.
20 Kal .}
issdek
PRAINT 3050 CHAR . ! . R;
1890 FIRMAT « ' A, = " .A
ENC 00
o) ICI.SOL’NT-I
PRINT 300D !
883 ?0‘"‘? v BCLUTION 8. 12, 1)
iF (TYPE 20 1) THEN
PRINT 3930
it FORMAT ( 3. ")
£.38
ZRINT 391
R B FORMAT ' 8A)
END it
Lo J.l'r\o'o)
PRINT 3733 MAP3GLLI.J. %
b N FORMAT ( =" FB 3. « .81
IF ¢<J EQ F:0,0), GOTC 3ve8
FaMARIOL(I . J.3)2+44
PRINT IVS50.CHAR(K)

A
}

3884 FORMAT ('#'.A,3:
1% IND DO
iF (TYPE EG 1., THEN
PRINT 3%
ita! FORMAT {'#i ")
ELAZ
PRINT 3742
342 FORMAT < «d '
END IF
END D0
ﬁlgURN

#2405 M AP GCENEZRATOR sen

[ ]




a0
SUBROUTINE MARGEH | _ . -
COMMON sa.xx: TN, SCLENT. TYPR.PtD.26.0.20), MAPSOL 1D, zo’z

Ti).28) .4, 00
Iﬂ*tﬁll llluﬁﬁ ENIN. i, J.K, L. M. MAPPNT NRITH, ﬂi‘?bl.ﬂ RODLVL
INTLS ll OPNROD ., SOLINT, Tllﬁl ?Y’l.&kl? T™MILS
REAL*4 LN . JUNM.TH.T:.T2.DLDNAS.T . MAPSOL. IOO? STACK. THPSTX
LO&ZCIL'! TLAG

DIMENSION LAST(100.40, THPLST <20  BLOMAP(100.230,2;
DIMEHSION ROOT 20,23) 3TACR(100.0.30.230) THPSTK:0.20.20)

iF TYPE EQ. 0, GOTO 4240

TIND ALL POSSIBLE ROOTS. NMOCT « DOUBLE LIGEST FRAAGNENT THAT
ALSO APPEARS IN SINGLE DIGEAT

Tis:
LG Jes) . PO, &
D3 Kol .N
LO Leti.FIK. D)
i (P8, LT (PR B0CI-BR:, OR. F(0.J) GT. (F(K.L»
§ *(leRR: ) GOTO §300
RGOT(TO.}1.eF K. L)
noortra.z Y S

Y130 END DO
END LO
INd DO
n 3ET POINTER FOR FINAL SOLUTION JET
S RY SCLPNTa,
: START ESAMINING TRELS

LO TREEe: . ABS((TO-1.%¢(TYPE BO 1 )oF(Q.3,0(TYPR §Q. 0.9
IV (TYPE 24 G GOTO QOO0

«HECK LAST FRAGMENT OF COMPLETED MAPS TFOR DUPLICATE BOLUTION

DO Jai, SOLZNT-)
"DigotNA!SOL(J.IGG.GI.t) B0, ROOT(TRES.1), GOTO $*%D

[ Xl

€3

» CLEAR TEMPORARY BSOLUTION MATRIZ

140 30 Jsi . MRITH
1T (BLOMARCJ.1.1) .BQ. §) COTO 4390
0 Kth“..h :
431 D DO

NX3TORs 1
PR { srr!; .30, 13 coru “n
¢ CLEAR LAST NODI MATRIX

DO Jei. N
LAST(1.3)ed
D §0

¢ CORY DIGEST PRAGMEINTS INTO FRAGNENT STACE

5o Kli.F(J.Ib
lg;cttt J.KisliJd,X)

1 cgg!l 8. ) 6o%0 bn




. LASTVLL ) Al . .
END 0O o | Y

¢ 33T FARMIRTERS FoR iu\'a-zm wo?

JUM ek ﬂf\
NIMsROGY: i i

T STAAT BUAMINING ROD LEVELS

a6 il BC NODLVLwi . F(Q &,

3EARCN PSR OPEN NOGED AT CURRENT LRVEL
23 omm.s NX$TOR

" LINOBL WL 1. num?(w.:.:» 84 3.
PR | xttbéhtcaliiéithSLV£ iy 87 &, $0W

SAEATY TEMPORARY SYACK ANL LAST FQR TNIS WOOE

B Jau . N
Do K.‘l'iJlb‘
THESTK (J.K:sSTACKI{CPNNOD .V . X!
END DO
ERD DO
20 Jal.N
TMPLET(J)eLAST{OPNNOD.J)
IND D0

SREATE BRANCHES AT CURRENT OPEN NODE

GO BRANCHa»1 .F(0.0)

IE (TMPATX(O.BRANCH, EG. 0, GITO %440

iF «NODLVL 0T 1) GLTO 4470

IF (TYPE 3G 1, GOTO 4450

iF (TMPOTK(O.BRANCH) BG F(O.TREE). THEN
G0TO 44679

L3t
GOTO S48¢8

END 1f

650 IT (TMBBTKi0.BRANCK) EQ ROCT(TREL.1.. THEN

GOTO %616

ELSE
070 S48

ND IF

-
y

)

)

€ CONSILIR TACH INIVME AS A SOLUTION
sy | DO BNINsi.N

© SUR BRANCHZS BACKL TO LAST XODR

" | SUNSTNRSTX (0, BRANCH)

IF (TYPE .20 1) GOTO 4918 |
zt msﬂmm> .80, ¢) GOTO 3048

m& ?(‘”t“‘ 0"
508-!0!0 LOMAR (OPNNCO . TRALE . 1)

_'ﬂ.sﬁ
£ SHECK JUR ACAINST SiNﬁti DIGEST STACK

TiaTHRATR (BNZN, J)
IF ((BUM .LT. Tist(t-ER;2 OCOR. (3UM GT.

I TisdleBR) 0 GOTO S440
€ CHICK 17 CUII!NT FATH &LISADY ASSICNED AT THIS NODE LEVEL

mg MNODAVE. 1) 6T iﬂfo 80« A




DO Ma: MOILEL-1
BLOMAS  MAPPRT % ' . «BLIMMPF ( CPHNOD M. L
t%h B0
INd DO
Do La:.N .
LAST MMEPNT L., «TMPLET o
iRD DO
if (MAPENT LE MX3TOR, GOTO 3i43
WISTOI2NAPPHT

. dTURE AT JEDATE

ML B4 FLAGs TRUE.
BLOMAP (MAPPNT  NUGDLVL . 1 «TMPSTR (0. BRANLH )
BLDWAP (MAPPNT .NODLUL . 2) s ENCR
iT INOOLVL EQ F«0.0)) GQOTO 5450
LAl AP PIST. SIS o MBS L Vi e |
GI Seel., U
W lx! . T#%.
SIS0 NPT & L «THESTY K o

wE In
mE DO
¢ FUP N-DICTIT TRACHEMT
DO let.FiG.3:
P (TROSTX (0. BRANCK: NE  STHCK (MRPPNT.
1 6.1 GOTO 5389
3TACK {RAPPNT . 0. 1)s0
GOTO 3381
Sidv f'
AR R H T (TME R8. . : GOTO S410
1F < LT EM2M) BGC 93) GOTO $47¢
€ PGP SINGLE DICEST RAGMSNT
e %0 ;iiiéénmaliﬁiut ney
- : . Y
. BRI Ti~()-MR)) SR (SUm &8 Ti*
P (be@R: LOTR 318 _ - -
534k
€310 i
8313 W W 1) WP Yesd
Basi ‘s , ¢ :
2447 _
uﬁé EM% '
S Wy PRENd ASBICNED, | NODE OFEN QAL ({408 Padn
: . #05 TOR CURRENE YOOt
548d ¥ £
Sssd lﬁg
iF TUPE B0 1 GO0 3880

& CHRCK WRAY-MAUVND TRASONENTS AGAINAT SINGLE DIGRST 3TACKS

v&fﬁJ.s.s: EG. 0, GOTC 3840

LEMAR (J. X

bi Ll W .
53 Ro. mNEm GOm0 sT78




IND 50
Do ll'(ﬂ.ﬂ).l.-l
3UMaSUNDLDOMAR () . K,
I {DLDMAR:J K-1.4., .EG.
IND DO
g9 DO Lsi,Fi{ENIN, Q)
TIeBTACK (v (ENIM.L)
IF ((BUX GE Tivil-EN))
1 QOTO 5859

END B0

BLOMAP (J, .. 11e8
M END 0O
] END BC

L
~8
-%
<»

BHZTN COTO S810

AND

c CCFY COMFLETED MAPS INTO FINAL BOLUTION SET

iF (BLOMAFtY,1.3) EQ 0) GOTO §%40

DO Kal,2
BG Lai.Ftd.0)

{8UN

thlOLthLPNT.L.Ki-lLDHhP(J.L.K)

')il

IND D

EHd DO

JOLINT#80LPINT, !
'_"ﬂ ENC DO
* If (TYPE Q. 1) COTO $%%90

IT (SOLPNT .GT. 1) GOTO 4000

cetl EHD DO
2500 MIRT ¢00).30LPNT-.
5908 FORMAT (/' Numbetr of non-degenecate sciutions caiculated o ',13)
ali0 EﬁgURN

teet END FROGRANM

L]

ta




AUN RE3TRIC

REITRICTION 31TE MAFPING PROGAAM

de.00t progran function
1 s {restes new data
¢ w Calecuiate rastriction si1te Baps from
entered data
3 s Praint tesults of calculations
s Bait progran

«ORAMARJ? |

Topography ot source DNA
{ o CIRCULAR (Plasni:
¢ o LINEAR

Beiect § or 2 9 3

Number of testriction entymes vsed® 3

Restrzraction enzyne 0 | A
Numbar of fraqments in digest’® 3}
Inter tragment stses.

L Y )

¢ 1Y i

o 3 3 30

tiction entyns ¢ 3 0 §

t

smber of fragnents tn digest? 3
l; fragnant siser.

'

)

n-d19e8t s A 2 |
Humbe: of fragments obdtained? §

Iater fragmant sises
{3 3P
12 50
IRIR AR
L B BRAEE 1
s %) 200
Digest Fragnest list
' 30.¢0 s!.:& !‘.00 180 .00 200.3¢
A 3. 00 120 00 300.00
$ §00.0¢ 180 .00 200.00

aizaizvo atto:'tn fragment aise Ressutenent
i tetel tragnant leagih)t
&ts!ta of seuzce DHA will bo asevmed to 2o
40 .00 +/e 4.5¢0
Title Line for display? Linsar DNA Test Dasts
BATA BNTAY CONFLITE
:g;u;ae? 3 .
NERdOT of nen-feagonerote selutions caleviated o |
- CeBmsnd? )

bowing arp 41l pennidie remtrieties

47

Total lengir
s “‘-.‘

. 430 06
a  450.0¢




Sile maps ftom the given dacta. Letters 48
indscate restrsction sitep tpee KEY/. num-
bets indicate distance betwasn sites.

SATA 3UMMARY

Sout e DNA topography

LINEAR
Digest Fragment list Totel ;on
n 30 %0 $6.90 76 00 100.90 200 00 . uﬂ 1]
A S0 3¢ 120 00 360 0O . 430 00
B 190 .00 150.00 200.00 . 50 0¢
Error an {ragment measutement s 1 00%

Linesi DNA Tesi Datas
XLY
A s A
i= )

S0LUTION ¢

‘. 30 90-h- 0 . 60-B- $0 00-A- 100 00-B- 200.00-:
~onmand? ¢

DONE

FORTRAN STO?




]
$ RUN RESTRIZ

RESTRICTION SITE MAPPING PROCRAM

Select program function.
1 s Create new data
~ » Caleulate restriction site maps ires

enteted data

3 &« Print cesuits of caleulations

4 s Ixit progeram

Command? |

TepoqQraphy of source DNA:
1 » CIACULAR (Plasmid)
: s LINEAR

Select § or 3 v §

Humder of restriction ensymes used’ 3

AastTiction ensyme ¢ | ¥ A
tiamber of fragmenis 1n digest? 3
Enter fzagment sites:

(I TANY

¢ 3 70

3 128

Restriction onsyme 8 5 ' }
Number of {raqnents in $rge0tl? 3
Enter {ragmetit sises:

*1 4 130

LI SRR I ¥

nediqest = A 1y |

Humbet of fragments obtained® §
Eater
"5
* 3
'}

- =t - w

Digest Feagnent iist
. 310.60 0 .00 6. 0¢ ob. 00 .85

A o .00 70 00 130.00

! 130 .00 130.00

Reiativs sties in fLraghant 2ise measurenest
o otetal fragment lengtalt 1

Lin!th of source DNA will be sssvned to bp
380.00 o/ 1.8

e
Tetie ftne for dioplay? Cireninr DNA Test Data
DATA ENTRY COMPLETE

Command? 3

Rusber of nencdeqensarate soivtions cajoulated o |
Conmenes 3

Totsl length

338. ¢
350 .09
i80.04

49




Indicate testristion sites isee KEY,. nume

beis indicate distance between sitan.
ATA 3UMMARY
Sosrie UNA tobography
SiRCULAR
Digest Feagmant Jist Tots! ionith
Lt iv 00 ¢ 00 $0 00 ¢80 G0 8¢ 00 » 350 &0
A 60 90 73 30 3120 Q0 » ¢80 O
] i20.00 130 00 . 2%3.00
Error n (ragment messurement « ) 00%

Citeular DNA Test Data

KE§
A s A
3« §
SGLUTION # 1.
Ao 30 00-12- 80 d0-A- 80 00-B- 40 00«A- 40 00-A
coRlAnGY
Laig

FORTRAN 8TOF
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