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Chapter I

Introduction

The MOLGEN J group has described a process of experiment
planning which made much use of hierarchical problem solving to pre-
plan the experimental steps. These experiments have been classified as
synthesis or anailysis experiments with goals explicitly defined by the
user at the beginning of planning. This report expiores in depth a
series of actual genetics experiments performed in Professcr Joshua
Lederberg “s laboratory over a two month period in order to characterize
both the exXperiment design process and the knowiedge used to puide the
decision making.

In this study, the geneticist is viewed as having a theory in
which various beliefs are held with different degrees of certainty,
His theory describes the limitations of his laboratory and his current
research goals. Given this theory, he must decide what to do next: He
may pian to do certain experiments and perform certain operations, but
unexpected measurements and fortunate observations can steer him in
different directions.

Judging oniy from this single case study, relatively little
time is gspent evajuating experimental alternatives for a fixed
experiment. The art of Successful experimentation involves shrewd

of the theory. A geneticist is an expert at exploiting serendipity and
at generating hypotheses to be tested.

Chapter 1II gives some of the genetics background and
terminoiogy for the experiment . being studied. Chapter 1IIT then
elaborates the steps of the experiment in considerable detaij. Chapter
IV steps through the experiment again and highlights the knowledge
that is used to guide decisions at eritical moments of planning.
Finally, Chapter V makes some general observations about the
knowledge used and the blanning process.

- e - - e 2= - —

See [Martin77] and [Stefik77].

See [Ehriich76] and (Ehrlich77].



Experimental Reasoning April 11, 1977

Chapter 1]
Background and Some Definitions

The experiment described involves two kinds of bacteria --
Escherichia coli (E. coii) and Baciljus subtijis (B, subtilis) and the
bacteriophage Phi-3-T, Phi-3-T carries a thymidylate synthetase gene.
When Phi-3-T infects Thy B, subtijis (i.e. lacking in the abiliity to
synthesize Thymidine), it "transforms it to prototrophy". This means
that the Phi-3-T confers the abiiity to synthesize thymidine to the B,
subtilis by donating its own genetic information. Thy B, subtilis
requires thymidine in the growth medium to survive. We will be
concerned with two plasmids (small, extrachromosomal, circular DNA
molecules) of E, coli 1in addition to the main bacterial chromosome.
These are cailed pSC10! and pMB9. Both plasmids carry a gene for
resistance to the drug tetracycline. When E, coli lacks this gene, it
i1s sensitive to tetracycline and 1is said to have the Te~ phenotype.
The plasmids have the ability to confer resistance to tetracyciine when
they are taken into E, coli -- giving it the Tc phenotype. They are
used as "vectors", that is, carriers for foreign DNA.

B. subtilis The bacterium Bacilius subtilis.

E. coli The bacterium Escherichia coli.

Thy *, Thy Thymidine (T) is a base essential to synthesize
or repair DNA.
Thy -bacteria require it in the growth medium.
Thy+ bacteria can synthesize it from other

r s compounds in the environment.

Te' , Te Resistance (or sensitivity) to tetracyciine.

Phi-3-T Bacteriophage which can+lysogenically convert
Thy ™ Be sub;ili; to Thy .

pSC101 Piasmid of E, coli carrying Tc .

pMB9 Another E, coli plasmid also carrying Tc -

pFT Hybrid plasmid carrying Phi-3-T gene. Such
plasmids wiil hybridize with Phi-3-T cRNA.

ColEl-amp Another plasmid conferring resistance to the
antibiotic ampicillin.

cRNA Radioactively-labeled complementary RNA made
from DNA templates using RNA polymerase.

EcoR A restriction enzyme from E, coli.

BamH{ A restriction enzyme from B, amyloljquefaciens.

T4 ligase A ligase enzyme, which can join together DNA
segments which have been cleaved by EcoR

EM Abbreviation for electron microscopy. Eis
technique ailows viewing many gross features

_ of appropriately stained DNA molecules.
rm

The phenotype of the E, ¢oli used in this
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experiment lacks a restriction/modification
System fopr destroying foreign DNA, This
makes the introduction of Plasmids easiep
technically.

A region of DNA to which RNA poliymerase binds
to initiate transcription.

Bacteria with the ability to grow on a minimaj
medium, ("Wildtype")

Bacteria unablie to grow without nutritionaj
supplements., This is often due to genetic
defects at defined joci.
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Chapter IIL

A Description of the Experiment

For the last two years, Prof., Lederberg’s group has been trying
to transfer a gene from B. subtilis to E. coli. In this experiment,
they modified their goal somewhat by trying instead to transfer a gene
from Phi-3-T, a bacteriophage of B. subtilis. DNA from the
bacteriophage is somewhat easier to handle. It is shorter and easier
to obtain in concentrated and purified amounts. The Thy gene in Phi-3-T
is capable of restoring to prototrophy strains of B. subtilis which are
deficient in either of the thymidine genes -- Thy A or Thy B. This
experiment is significant because it supports the hypothesis that genes
can be transferred between prokaryotes and expressed (ie. produce
functional products in the new host). In addition, several interesting
observations made during this experiment have suggested some directions
for further research.

This chapter describes the experimental steps in detail but
gives only scant motivation for the steps or interpretation of results.
Chapter IV goes through this experiment again emphasizing the
knowiedge used in planning the steps and in analyzing the results.

IiI.1 Overview of the Experiment

I. Extract Phi-3-T DNA from the bacteriophage (and perform various
tests on it).

II. Digest Phi-3-T DNA with the enzyme EcoRI and test for transforming
activity.

III. Ligate the Phi-3-T DNA with EcoR
create hybrid piasmids.

I cleaved pSC101 plasmids to

IV. Transform r~ m~ Thy Tc® E, coli to Thy" Te” with the cloned
plasmids and Isolate the transformants. (This involves reasoning
based on biological function of the genes involved.)

V. Verify that the Thy+ character of the transformants is actually
conferred by the hybrid plasmid. (Other hypotheses are possibie
and must be tested.)

VI. Use heteroduplex analysis to examine the moleculiar structure of
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the hybrid plasmids to determine which segment contains the Thy

gene.

VII. Transfer the hybrid blasmids into B. subtilis and test for
transformation.

VIII, Since the technique of Heterodupiex Anaiysis is s0 time-

consuming and not optimal for large bacteriai chromosomes, a
simple (albeit Jess specific) method for testing for the
presence of DNA sequences by homology was extended. In
particular, the in situ colony hybridization technique was
tested and verified to work for B. subtilis.

IX. Use the extended colony hybridization technique to examine the
molecular structure of the transformed B. subtilis. A surprising

resuit was that the Thy gene was incorporated into the B. subtilis
chromosome but that pSC101 DNA was not.

X. Reverse the hybridization procedure and to check if the hybrid
pPlasmids are homologous to a singie band in the Phi-3-T DNA,

The first four steps constitute the synthesis part of the
experiment. These steps are designed to create colonies of E. coli
with a foreign gene expressed. Steps V and VI are designed to test the
Synthesis steps and could be termed the analysis steps of the
experiment. The final steps continue the analysis and explore some
reiated matters. The next section reviews each of these steps in
greater detail.

I11.2 The Experimental Steps in Detail

I. Extract and purify the Phi-3-T DNA.

A. Verify purity (satisfactory level of protein contamination) by
measuring ratio of UV absorption.,

B. Verify a satisfactory degree of intact molecules and molecuijar
welght using EM.

(@]

Measure transforming ability in B, subtilis. (Adequate
transforming activity is necessary to insure a reasonable
expectation of success in iater steps.)

II1. Digest Phi-3-T DNA with the enzyme EcoRI and test for
transforming activity.
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A.

C.

Perform complete digestion with EcoR.. (The motivation here
is to get Thy gene on a short segment 3ince the compiete phage
is too long for introduction into the plasmid. The resulting
sticky ends will be useful in the later ligation step.)

Use electrophoresis to obtain a cleavage pattern of the
digestion products and to estimate the moiecular weight.

1. Compare the digestion products to published cleavage
pattern.
2. Compare the electrophoresis and EM estimates for molecular

weight. Discrepancy noted in molecular weight measurement.
(EM measurement is higher than electrophoresis measurement
-- 72 million vs. 83 million.)

Generate and test hypotheses for molecular weight discrepancy.
(See Chapter IV for a discussion of the reasoning behind
these hypotheses.) The following hypotheses were formed:

1. Incomplete gel resolution.

2. Loss of small electrophoresis fragments migrating out of
gel.

3. Use of different standards for EM and gel-electrophoresis.

For both techniques, molecular standards need to be used
which will be distinguishable from what is being measured.

y, Repetition in the phage genome. (This hypothesis was
suggested in the paper, but is hard to understand.)

Transforming activity of the Phi-3-T DNA was checked in B,

subtiiis. It was observed that the transforming activity was

reduced by a factor of 1000 after complete EcoR. digestion.

I

Generate hypotheses to explain the 1loss of transforming
activity and test as foliows:

1. Hypothesize that EcoRI damaged the Thy gene. This
hypothesis is disconfirmed by the fact that transforming
activity continues after complete digestion. Complete

digestion was assumed by noticing no change in the
restriction pattern after increasing the digestion time by
a factor of 10, and increasing the enzyme concentration by
a factor of 10.

2. Hypothesize edge effects. (This idea was discussed 1in a
thesis by Ron Harris but the effect has not yet been
completely established.) This hypothesis was not pursued.
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3. Hypothesize that transforming activity decreases if the
DNA pieces are too small.

a. Decide to check the kinetics of EcoRk Phi-3-T DNA
digestion. Its transforming activity was plotted
against digestion time. (A dependence was observed --
thus supporting this hypothesis.)

b. Digest the fragments using BamH1 - which cuts in fewer
places. Again a ten-fold reduction in transforming
activity was observed. This further confirmed that the
loss in transformational ability was due to the size of
the pieces and not due to a property of EcoRI.

F. Repeat the digestion step -~ Limiting the process to partial
digestion.

ITI. Construct hybrid plasmids by mixing the partially EcoR ~digested
Phi-3-T DNA with EcoRI—cut pSC101, foliowed by ligationi with T4

ligase.

1V. Transform E. coli with the plasmids. (See Chapter IV for the
reasoning at this step.)

A. Grow colonies and select for Tcr. A controi is done
simultaneously with no plasmids added.

1. Hypothesize that most of these colonies correspond to
plasmids which have 3imply reclosed under ligase.

2. Test for Phi—3—g DNA. Colony hybridizations indicates 8
percent of the Te colonies have Phi-3-T DNA.

3. Select for Thy+. Two colonies are Thy+.

B. Starting again, grow colonies and 3elect for Thy+. Two
colonies were obtained. Again, a controi is done
simultaneously with no plasmids added.

1. Select for Te'. (Both colonies were Tc')
V. Verify that the Thy+ gene is harbored on a plasmid. Other

plausible hypotheses should be tested, Possible hypotheses are:

1)Thy+ is caused by reversion of Thy  to Thy+, or 2)the Phi-3-T thy

gene has integrated into the E. coli chromosome.

A, Remove the hybrid plasmids from the E. coli using a newlily
developed curing technique. The cured E, coli are
distinguished by being Tc®, Al] of the cured bacteria are also
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VI.

VII.

Thy . This tends to rule out the alternate hypotheses since it
confirms that the 'l‘hy+ character is lost when the plasmid is
lost.

B. Propose further confirmation by reintroducing the piasmids

into the cured bacteria. The same transformation frequency was
observed in the cured bacteria as in the ones in which the
plasmids had not been previously introduced.

C. Propose further confirmation step of introduging plasmid into
B. subtilis and testing for expression of Thy . (Done below.)

Use heteroduplex analysis to examine the moliecular structure of
hybrid pilasmids. (This time-consuming operation uses cRNA and
EM.)

A, Look for segments common to all of the transformed piasmids.
Observe segment A is in all transformed plasmids. Observe
unexplained hairpin in pFT33 in segment corresponding to
Segment A. This segment is longer and has distinct restriction
sSites.

B. Hypothesize that segment A is from Phi-3-T. Confirm with
heteroduplex mapping. Conclude that Thy is carried on segment
A.

C. Ubserve that segment A lies in two different orientations.
Hypothesize that promoter controi for Thy comes from Phi-3-T
DHA and is part of segment A.

D. Propose confirming experiment with Col El-amp plasmid. Choice
of a different plasmid would disambiguate any special aspects
of" the original vector which might be involved.

Transform B. subtilis with the hybrid plasmids.
A, Explore interesting theoretical question: Does the topology of
a plasmid (i.e. Ltinear or circular) have any effect on the

transforming activity of DNA?

B. Test this question using BamH1 to lLinearize the plasmid. No
difference in transforming activity of hybrid plasmids noted.

VIII. Extend the colony hybridization technique to B.: subtilis.

Invoives showing: (1) that DNA can be detected when it is
present and (2) (specificity) that it will not be detected when
it is absent.

A. Snow (1) by hybridizing c¢RNA from Phi-3-T with B. subtilis
strain lysogenized with the Phi-3-T.
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B. Show (2) by demonstrating absence of hybridization wi
CRNA.

IX. Using the (now tested) in situy hybridization procedure
the foilowing measurements:

Resujts

Test Phi-3-T pSC
SB168 +

SB168 (with lysogenic Phi-3-T) ++

SB591 thy~ -

SB591 transformed with Phi-3.T +

SB591 transformed with pFT23 +

SB591 transformed with pFT2Y4 +

E. coli (with pSC101) -

11, 1977

th pSC101

» perform

101

++

Conclude that these results further confirm the hybridization
procedure, Also recognizing that SB591 is a mutated Thy~

derivative of SB168 (a standard strain of B, subtilis

with an

introduced lysogenic Phi-3-T), ?onclude that the mutagenesis has

deleted sequences of Phi-3-T, Also note that B,
transformed with both pFT23 ang PFT24 has kept the Phj-3-

subtijis
T DNA but

not the pSC101 DNa, (Suggests an intriguing Selection process at

the molecujar level,)

X. Reverse the Southern hybridization procedure -. {p
electrophoresing the plasmids and checking for hybridiza

stead of
tion with

Phi-3-T DNA, digest and electrophorese the Phi-3-T and check for
hybridization with the pFT’s (using cRNA made from the PFT s.)

Unexpectedly, hybridization was observed 1ip severa
(Expected only one band corresponding to Thy.) Postulate r
in the Phi-3-T genome« The experimenters attempted to con
result with heteroduplex analysis. This failed and the di
was explained due to difficuities of this technique w
molecules,

(Other hypotheses have been offered since the pa
pPubiished.)

1 Dbands.
epetition
firm this
screpancy
ith large

pers were
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Chapter IV

Review of Knowledge Used in This Experiment

The following paragraphs step through the experiment described
in Chapter III and emphasize the reasoning and the knowledge used to
make the decisions and interpretations. This knowledge 1is highlighted
by indentations in the text below. No attempt has been made to
classify the knowledge here or to put it in a consistent form. The
effort has been directed to writing down a first approximation to the
knowiedge with the intention of doing it more carefully at a later date
after the scope of this knowledge is better understood. Thus, very
high level strategy knowledge has been freely intermixed with very
context specific knowledge in a potpourri of facts, directives, and
rules of inference. We begin with the seliection of the experiment.

Iiv.? Proposing the Experiment

The knowledge used in proposing the basic experiment seems to
be difficult to encapsuiate. Part of the problem is that the
considerations can be very broad -- involving political and regulatory
considerations as well as the directions of long term research goais.
Another problem is that many of the considerations seem to be fairiy
volatile -- what is a '"hot" topic today will likely be less important
tomorrow. 1In what follows, we will present some of the knowledge which
seems to have been important in the proposal of this particular
experiment along with the caveat that the appropriate place for
MOLGEN s activity will undoubtedly be at a much lower levels No ciaim
is made about the completeness of our characterization of the knowledge
used at this level.

Today, gene transfer is interesting --
especially between species.

Today, it is interesting to study whether gene
control signals from one species are operative in
another species.

These considerations derive from part of the long range
research objectives of Lederberg’s group. The particular experiment
also requires a choice of species and genes. As was stated earlier,

10
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attempts by this group to transfer a B, subtilis gene to E., coli had
been unsuccessful. Two members of the group attended a conference at
Cornell University in 1974 and brought back news of the bacteriophage
-- Phi-3-T, This phage was especially interesting because of its
ability to transform Thy ™ B. subtilis to prototrophy. Additionally, a
published referenc was available which analyzed the EcoR restriction
pattern of Phi-3-T'. It was suggested that DNA from this™ phage might
be used as the source of the Thy gene in the gene transfer experiment.
The following knowiedge bears on that suggestion.

It is easier to clone genes which can be
obtained in high concentration ang purity.
Phage DNA can be obtained in high

concentration and purity. 2

A host species must aiso be chosen for a gene transfer
experiment. Much experience has been gained working with E. coii and

B. subtilis. Because so much is known about the genetics and
requirements of these organisms, they are among the organisms of choice
for many genetics experiments. Some particularly relevant facts
follow.

When a spgcies is available in strains with
inactive genes y it may be a useful recipient for
analogous genes from other species in a gene
transfer experiment.

There must be a means for incorporating the
foreign DNA into the species 30 that it wiil be
reproduced when the species grows.

Plasmids and lysogenic viruses are typical
vectors for introducing DNA between strains of
bacteria.

A large number of Plasmids of E. coli have

been characterized and are available.

See [Wilson74],

Phi-3-T DNa weighs 83 million, B. subtilis weighs 2.3 ?%llion_
It is reasonable to get phage DNA in concentrations of 10 pfu/mi
(Plaque forming units per milliliter.) As indicated already, Phi-3-T
was known to have a transferabie Thy region.

3 (that is, it is a well-characterized auxotroph)

11
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The reverse experiment, namely transferring Thy (or some other
marker) from E. coli to B. subtilis 1is also interesting. However, a
cloning vehicle (eg. vector) must be found. This is currently an
active area of interest.

Iv.2 Establishing Some Subgoals

Most recombinant DNA experiments (of which this is an example)
involve the following technical choices:

I. Choice of a Method for cutting DNA. (Alternatives follow.)
A. One of the restriction enzymes.
B. Physicai shearing.

II. Choice of a Method for joining DNA segments,

A. A Ligase (Usually either E. coli ligase or TU-induced E. coli
ligase.)

B. The (A:T) Terminal Transferase Method. This method involves
putting polyA and polyT sequences on the ends of the DNA
segments to be joined. Hydrogen bonds will form and hold the
segments together when they are mixed in solution.

C. Molecular Adapters. This is a recent technique suggested at
the last Miles conference. For situations where the DNA is cut
by different restriction enzymes, the "sticky ends"™ of DNA will
n>t match properly and segments cannot usually be joined.
Moleculiar adapters are short segments of DNA with alternate
sticky ends corresponding to two different restriction enzymes.
Trey may be used to splice together fragments resulting from
digestion by different restriction enzymes.

III. Choice of a vector for introducing the gene.
The following knowiedge is relevant for these selections:
Restriction enzymes are useful for experiments
where repeatable patterns need to be created. They
can be used to create large numbers of identical

DNA segments.

Shearing can be used for situations where all

12
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known restriction enzymes inactivate the desired
gene.

Shearing can be used to obtain a bank of
ad jacent genes.

T4 Ligase is capable of joining Segments which
are both flush-ended or segments with complementary
ends ("sticky-ends").

T4 Ligase of reliable purity 1is currentiy
available in Lederberg’s laboratory.

E. coli ligase (not TU4) can be used to join
sticky ends, but not flush ended DNA.

A big advantage of the Terminal transferase
method is that it insures that exactly one DNA
region will be inserted.

Molecular adapters were not available. 4

In the current experiment, the availability of T4 ligase and
experience with restriction enzymes led to the establishment of the
foilowing subgoals for this experiment:

I. Isolate the gene on a segment of DNA of the right size having
sticky-ends left by a suitable restriction enzyme.

IT. Cut an appropriate plasmid with the same restriction enzyme so it
has the same sticky ends.

ITI. Ligate the gene . segments and plasmid segments to create the
hybrid plasmids.

Iv. Transform the E. coli with the hybrid plasmids.
In addition, the selection of a vector and restriction enzyme

has to be made. The following knowledge appears to bear on the
selection of the plasmid.

There should be good genetic markers for any
genetic transfer method.

The vector should be small and easily

They now are available. See [Scheller77].

13
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incorporated into a cell. (Many plasmids satisfy
this requirement.)

It is a great advantage for purification steps
if there are a large number of copies of the vector
in each cell.

The vector should have a restriction site for
one of the available restriction enzymes.

Punctuation signals must be avaiiabie for the
inserted gene. (These may be provided by the
inserted segment or they can be near the
restriction site of the vector.)

The utility of genetiec markers on the vector derives from the
following considerations:

Three kinds of labeling are typically used in
experiments involiving DNA manipulation -
radicactive labeling, density labeling, and
biological labeling.

Biological labeling (genetic markers) offers
the advantage of amplification via growth and
selection in a medium.

In this experiment the Tcr gene on pSC101 and pMB9 provide this
means by way of the bioiogicai test for tetracycline resistance. The
restriction enzyme should be picked with the following considerations:

If a later ligation step is planned, the
restriction enzyme should cut leaving complementary
("sticky") ends.

If the restriction enzyme is known to cut
(inactivate) a gene, it should probably not be
chosen for wuse in an experiment to transfer that
gene.

A restriction enzyme should be chosen which
has a recognition site compatible with the size of
segments desired (eg. four, five, or six base
pairs).

14
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Iv.3 The First Part of the Experiment

As part of meeting the Subgoal T above, a sub-sub-goal is the
extraction and purification of the Phi-3-T DNA. This should cause a
Selection among DNA-purification procedures. The method used in this
experiment is a standard procedure. Some obvious but important rujes
apply here:

Even if theory predicts something strongly,
if a test is €asy, do it. (You may be surprised.)

Verify any important step (e.g. purification)
with further confirmational tests.

When there is a disagreement among
measurements, or between a local measurement ang a
published measurement, find an alternate way to do
the measurement.

DNA purification steps should be checked for
protein contaminants, RNA, and degree of intact
molecules. Often it is appropriate to check the
biological (e.g. transforming) properties too.

An easy and fast test (OD 260/0D 280) is
available for testing for the presence of protein
in DNA.

Electron microscopy can be used to test the
degree of intact molecules,

The habit of checking and verifying steps is ubiquitous in
experimental procedures. In this experiment, the UV test was performed
aithough it is sp standard that it is usually not reported. In
addition, the degree of intactness and moliecular weight were measured
using EM.,

Following the digestion with EcoR ; it is possible to observe a
restriction pattern and to measure the mofecuiar weight of the Phi-3-T
DNA  using gel electrophoresis. In this tase, a discrepancy was
observed between the EM measurement of the molecular weight and the gel
electrophoresis measurement . The following hypotheses were generated
to explain the discrepancy.

I. Incompiete gel resolution.

15
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II. Loss of small DNA fragments which ran all the way through the
gel.

IIT1. Experimental error in measuring molecular weight.
Iv. Repetition in the phage genome. (See Section IV.6.3.)

The following knowledge was relevant in generating these
hypotheses:

Incomplete gel resolution leads to
underestimation of molecuiar weight. (The usual
assumption 1is that each band in the restriction
pattern contains the same amount of material and
corresponds to a single segment of the molecule. If
resolution is incomplete, at least one band
actually corresponds to more than one segment and
the estimate of total molecular weight will be too
low.)

Loss of small fragments on the gel can lead to
an underestimation of molecular weight. (This
means that the electrophoresis has been run so long
that the smaller fragments have migated all the way
through the gel.)

Accuracy of gel electrophoresis for measuring
molecular weight in the linear part of its range is
usually about two percent.

For both electrophoresis and EM, a DNA
standard must be run simultaneously to calibrate
the measurement. In both cases it must be possible
to unambiguously distinguish the standard from the
molecules being measured. Differegt standards were
suitable for these measurements. There has been
some disagreement about the value of the molecular
weight for the standards.

No further experimental effort was spent on discriminating
between these hypotheses for the discrepancy. An alternate approach to

measuring the molecular weight was proposed based on the following
knowledge:

SPP1 DNA cut with EcoRI for electrophoresis, and pSC101
(circular) for EM.

16
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Incomplete gel resolution is often caused by
having too many bands of DNA on the gel.

The number of bands in the gei is a function
of both the restriction eénzyme used and the DNA
itself. (It depends on the location and number of
restriction sites.)

BamH1 makes fewer cuts in Phi-3-T than EcoRI.
(Four instead of about thirty.)

However, the fragments of Phi-3-T DNA left after digestion with
BamH1 are too large for accurate measurement with electrophoresis. Thus
in this case, this idea does not provide a good alternate source for
the molecular weight measurement .

As noted earlier, it is often worthwhile to check the
transformational activity after g2 purification step and prior to a
cloning step. In this case, the completely EcoR digested Phi-3-T DNA
was observed to transform B. subtilis, but at a 1000-fold decrease in
efficiency compared to the uncut Phi-3-T DNA. The following hypotheses
have been suggested to explain the loss of efficiency:

I, EcoRI cut the Thy gene -- thus damaging its transforming ability.

1I. Transforming activity decreases if the DNA segments are too
small.

III. Edge effects.

The following knowledge is relevant to the generation of these
hypotheses:

A gene which has been modified wiil usualily
function at an impaired efficiency.

Although the transformation process is not
thoroughly understood, it is known that the process
is infliuenced by DNA structural features.,

A recent thesis by one of Lederberg“s students
suggested that some genes funct}on less effectively
if the DNA is cut near the gene ' .

_____ g--=-—--

See [Notani74] for a review of what is known about this
This has not yet been demonstrated conclusively.
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The first hypothesis was disconfirmed using the following knowledge.

If a gene can be shown to functional after its
DNA has been completely digested by a restriction
enzyme, the enzyme probably does not cut the gene.

If no change is observed in the restriction
pattern (in electrophoresis) for some DNA after a
ten-fold increase in digestion time and enzyme
concentration, the DNA _may be assumed to be
digested to completion.

Tne hypothesis about fragment size suggests a course of action
using the knowledge that:

Sometimes experimental parameters can Dbe
changed to maximize efficiency.

The completeness of digestion of DNA by an
enzyme can be controlled by suboptimizing reaction
rates. Many DNA segments after partial digestion
of a restriction enzyme are larger than the
segments left after complete digestion.

Enzyme digestion conditions optimal for
various purposes can be determined by studying the
enzyme kinetics.

The experimenters decided to study the kinetics of transforming
activity versus digestion. Conditions appropriate for a 10-fold
reduction in transforming activity were found and used previous to the
ligation step.

The hypothesis that the transforming activity depended on the
size of the segments (and not on some property of EcoRI) was further
confirmed using the folilowing knowledge:

Different restriction enzymes will cut DNA
into different numbers and sizes of pieces.

Aithough this rule was cited in the papers, some exceptions to
it are generaliy recognized. 1In the first place, there are inherent
resolution limits which prevent some changes in restriction patterns
from being observable in electrophoresis. Secondly, sometimes
restriction sites can be covered by trace proteins.
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This leads to the confirmation Step using BamH1 as an 2lternate
restriction enzyme. The assumption behind this step is that feo and
BamH1 wiil reduce the transforming activity by the same mechanism’.

IV. 4 A Brief Recapitulation

To recapitulate some of the logic here, we started out with an
experiment for using Phi-3-T ang E. coli based in part on some criteria
for interestingness of the the experiment and appropriateness for the
species involved. Criteria such as avaiiability led to the 3election of
pSC101 and the restriction enzyme EcoRI. The following subgonals were
established:

I. Isolate the Thy gene on a segment of DNA, that is, cut the Phi~3-T
DNA so0 that the Thy gene will be located on a shorter segment of
DNA. (Use a restriction enzyme which feaves sticky ends.)

II. Cut the plasmid With the same restriction enzyme.

ITI. Ligate a mixture of the cut Phi-3~T DNA ang some cut pSC101
plasmids resulting in some hybrid plasmids.

Iv. Transform the E. coli with the hybrid plasmids.

The first subgoal led us to a purification step and we paused
to test the purity or this step. An  unexpected discrepancy in
molecuiar weight ied us to some hypothesizing and checking., Then the
necessity to test the transforming activity of the Phi-3-T fragments
took us afield because the activity was unacceptably iow. This led to
the hypothesis that the ioss of activity was related to the size of the

DNA  fragments. This hypothesis was tested and resulted in a
modification to the plan ~- partially instead of completely digesting
the Phi-3-T DNA. (This modifies the 3econd subgoal established

previously.) We are now ready to pursue the last two subgoals.

IV.5 The Second Half of the Experiment

_——— ————men XL xUis

It is possible that the two restriction enzymes could both
reduce transforming activity of  Phi-=3-T DNA, but by different
mechanisms such as eéxonuclease contaminants. The considerations and
hypotheses that were generated and tested on this topiec were not
reported in the papers.
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The third subgoal is to ligate the plasmids. We have already
cited some knowledge necessary for the selection of T4 ligase. After
ligation it is good practice to verify the success of the step. The
following hypotheses could be tested:

I. The Ligase sealed the DNA.
IT. Phi-3-T DNA has been incorporated in the plasmids.

III. The Thy gene from Phi-3-T DNA has been incorporated in the
plasmids.

The following knowiedge 1is relevant to generating and testing
these hypotheses:

If the Ligase has sealed the DNA, it will form
covalently closed circles,.

EM can easily and cheaply test whether
circuiar lLoops of DNA are in the sample.

Ligation theory 10 can be used to predict how
many of the plasmids will incorporate extra DNA.

Most of the plasmids will simply reclose
without incorporating any Phi-3-T DNA.

If circular DNA 1in seen in EM, this will
constitute some evidence for successful ligation.

The following knowledge is relevant to the testing of the third
hypothesi:::

Heteroduplex mapping could be used to confirm
the incorporation of Phi-3-T DNA in the plasmids.

Heteroduplex analysis is most ﬁqplicable to a
homogenous population of molecules.

See [Dugaiczyk75].

i The ligation products are a mixture of linear and reclosed
pSC101 plasmids, Phi-3-T DNA fragments, and hybrid plasmids. The
biological screening in the next step will heip concentrate the
molecuies which inciude the Thy gene.
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If the plasmids are used to transform the E.
coli and amplified by growth (the next step in this
experiment), there will be a large number of hybrid
plasmids available for further testi g,

These considerations led to wusing a simple EM test for
Successful ligation in the current experiment. Testing of the second
and third hypotheses was deferred until after the transformation step.

The finaj subgoal in the basic experiment is to transform the
E, ¢oli with the hybrid plasmids. Like all important steps in an
experiment, transformation needs to be checked. The foliowing

hypotheses about the results of the transformation could be
differentiated:

I. No E, co will pave a Thx+ Tgr phenotype. (ALl coionies will be
Thy™ Te™, Thy Te', or Thy™ Te~).

II. Some E, coli will have Thy+ Te" phenotype.
A, These E, coli have no hybrid plasmids.
B. These E, coli have hybrid plasmids.
1 The phenotype is not conferred by the plasmids,
a. Es coii showing a Thy* phenotype are revertants,

b E, coli showing a Tcr phenotype are the products of
contamination.

2o The Thy+ character 1s conferred by the plasmids.
Testing of the first hypothesis iliustrates the importance of

biological markers on the plasmid -- Te' in this case.,

Biological markers have associated tests for
function deficiencies. 12Plus phenotypes can be
selected for directly.

If bacteria can grow in a medium lacking in an
essential nutrient, they are synthesizing it for
themselves.,

If bacteria can grow in a medium with an

Minus phenotypes can be obtained using replica plating.
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antibiotic present (e.g. Tc), they are resistant to
it at that concentration.

The Tec° phenotypes could arise if none of the plasmids were
incorporated into the E, c¢oil or if the gene for tetracycline
resistance has been inactivated. The Thy phenotype would be expected
if either the Thymidine synthetase gene couid not be activated in gé
coli or if it had been lost or damaged during the preparations. The Tc
Thy phenotype would have been unexpected, but might have resulted if
either the tetracycline gene were damaged or the Thy gene had become
incorporated by some unanticipated mechanism. As discussed in Section
I11.2, colonies with the Thy+ Tcr phenotype in fact were found.

The next hypothesis to be tested is whether the Thy+ Te”
colonies contain hybrid plasmids. Three sources contribute evidence
relevant to this hypothesis -- a biological argument about phenotypes,
a colony hybridization step, and a heteroduplex analysis step.

The biological argument 1is somewhat indirect in that it
provides an opportunity for an easy counterexample. It is based on the
following knowledge:

Genes which are close together will tend to
stay close together through transformation,
transduction, conjugation, etc. Genes which are
far apart (eg. chromosomal vs plasmids) will stay
far apart13 and will generally not be co-

transferred .

The fact that alil of the E. coli which are Thy+ are also Tcr is
indicative that the Thy+ phenotype 1is conferred by the plasmids.
However, the appearancqu of any E, coli that were Thy* Tcs would have
been quite unexpected and a serious challenge to the claim that the
phenotype was conferred by hybrid plasmids. Genes 1linked in this
manner are especially useful 1in other experiments where there 1is no
direct way to select for the gene inserted on the plasmid.

The second source of evidence that there are hybrid plasmids is

- -

13 There are exceptions to this rule that are not relevant here.
For example, there is a sex~-factor found in Hfr and F* E, coli strains.
These factors are conjugative (mobilizable) plasmids which can be

transferred to F recipients. In this experiment, all of the E. coli
were F .)

& They would most likely be due to a reversion of Thy~ to Thy*.

This was disconfirmed by the control plate as discussed beliow.
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from a colony hybridization step. This technique involves using RNA
polymerase to make a template of radioactively labeled RNA which is
complementary to the Sequence we wish to detect, The bacteria are
grown on a filter, lysed (cell walls are burst), fixed, and then washed
and hybridized with the cRNA. The cRNA wil] bind to any complementary
DNA on the filter and can be detected autoradiographicaliy. Again,
this evidence does not conclusively demonstrate that there are hybrid
plasmids -- only that DNA from Phi-3-T has been incorporated into the
Te ‘I‘hy+ cclonies. The DNA could conceivably be incorporated in some
other way,

The third source of evidence for hybrid plasmids is convin ting
but time-consuming to perform -- heteroduplex mapping. This step
demonstrated the existence of hybrid plasmids andg elucidated their
structure. (If either of the previous tests had failed, it might not
have been worthwhile to perform this test.,)

The next hypothesis to be tested is whether the Thy+ phenotype
is actually conferred by the plasmid. Some reason to test this
question is suggested by the following:

Genes can be carried on the bacterial
chromosome or on extra-chromosomajl DNA (episomes)
such as plasmids or non-liysogenic phages.

Plasmids are occasionally picked up as
contaminants from the air or medium.

The hypothesis that the Thy+ character is the result of a
reversion is ruled out by a control plate where no plasmids have been
added (and no Thy+ colonies appeared) along with the following
Knowledge:

The Thy~ E, coli in this experiment have been
characterized as a deletion mutant,

Most deletion mutations very rarely revert.

Similarly, the hypothesis that the Tcr phenotype was the result of
contamination was disconfirmed by an analogous controi plate,

Disconfirming the specific hypotheses of other ways that the
phenotypes could have been achieved does not prove that the phenotype
is necessarily the direct result of the hybrid plasmid because we have
not ruled out all possible contrary hypotheses., However, the following
idea does provide a method for a fairly direct demonstration,
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To show that A is the sole cause of B, Show
(1) that when A then B and (2) that when not A then
not B.

The pSC101 plasmids transform E, coli with
high efficiency.

The pSC101 plasmids may be removed from E.
¢coli by a technique 1involving ethidium bromide,
tetracycline, and ampicililin.

Techniques for removing or transforming
bacteria with particular plasmids are expected to
continue to work after smail segments have been
inserted into the plasmidse.

These considerations led to the experimental step of removing
the hybrid piasmids by the technique aboves E, coli wlthgut the
plasmid are identified by virtue of the fact that they are Tc . The
fact that the cells which were Tc® were also Thy adds further credence
to the hypotheses above by establishing a linkage between the genes.
Finally, the plasmids removed from the Thy+ Tcr celis showed a high
transforming efficiency for both the E. coli which never had the hybrid
plasmids, and for E, ¢oli from which they had been removed. The latter
colonies were in every tested respect identical to the former. 1In
particular, when the latter ceils were mixed with the hybrid piasmids,
they were transformed to Thy+ Te" at the same high efficiency as the
original ceils. '

Iv.6 Some Experimenta} Fishing Trips

At this point the experiment could very well have been
terminated. A great deal of evidence had confirmed the successful
transferring and expression of a gene from Phi-3-T to E., c¢coli. Thus,
although some of the next steps in the research were partiallx
motivated by a search for further confirming evidence that the Thy
gene was on the plasmid, the opportunity was taken to perform some
simple rejated experiments.

IV.6.1 Transforming B, subtilis with the Hybrid Plasmids

Although the experiment as described above has already
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presented strong evidence for the successful transfer of a gene to E,
coli, the following knowledge may have Suggested some further steps.

A gene transferred to a4 new host can be tested
for modifications by reintroduction into its donor.

If a particular gene is known to function in a
particular species of bacteria, attempts to clone
that gene into a deficlent strain will probably
succeed Y%thout complications involving gene
expression ',

The ‘I'hy+ gene 18 carried by the bacteriophage
Phi-3-T and expressed in its host Bs 3ubtilis when
the phage is incorporated lysogenically,

B: subtiiis often incorporates DNA which it
encounters in its environment (ege it is highly
transformable).

It wouid be interesting to know more about
the mechanism which Bs subtilis uses to incorporate
and control foreign DNA.

This suggests that it would be interesting to try to transform
Thy~ By, 3subtilis with the hybrid plasmids (termed pFTs)., Successfui
transformation would also provide further confirmation that the Thy
character of the transformed E, coli was plasmid borne. The experiment
was performed and it was observed the transformational activity was

-

10 . At this point, the following knowledge appears to have been
active,

(It is interesting to know what factors
contribute to the optimization of important
processes.)

The incorporation of DNA by bacteria is a
process which is not well understood. It is not
known what structural features may influence this
process.

EcoRI cut Phi-3-T DNA is linear.

- o - - -

There are sometimes complications involving dosage and
locations of promoter sites.

25



Experimental Reasoning IV.6 April 11, 1977

The pFT’s are circular and contain both pSC101
DNA and Phi-3-T DNA.

The transforming activity of the Phi-3-T was
-5
10 and the transforming activity of the circular
-6
or BamH1 cut pFT's was 10 .

If the pFT s are cut with EcoR_ the pSC101 DNA
will become disconnected from the Phi-3-T DNA
(because the plasmids were ligated at EcoRI sites.)

This suggests that it would be interesting to decide which
factors (differing between the pFT’s and EcoR. cut Phi-3-T DNA)
determine the reduced transforming activity. The <considerations above
led to the experiment of cutting the pFT’s with BamH1. No change in
transforming activity was noted -- although the cutting linearizes the
plasmids. It may be hypothesized that the distinction between linear
and circular DNA segments makes no difference to the B, subtilis in
this case.

1v.6.2 Extending the Colony Hybridization Technique to B.
subtilis

Rapid and reliable assays for important
properties are worth developinge.

In situ hybridization is a good assay for
incorporated DNA and is an important assay for
cloning experiments.

In situ hybridization has only been tested for
DNA incorporated by E. cQil.

Sometimes techniques which are useful for one
species can be extended without much effort to
another species.

These considerations suggest that the in aitu hybridization
technique could be extended to work for B. subtilis as well as E, coli.
Some further experiments related to the step in the previous section
would then become easy to do.
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