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ABSTRACT

An initial approach to the structural organization of DNA is restriction
endonuclease site mapping and gel electrophoretic analysis. This is true for genomes
of the simplest or greatest complexities.

Two techniques are presented in this thesis that facilitate this approach.
The first uses ethidium bromide to limit the action of a restriction endonuclease
on a closed circular DNA in order to derive a set of circularly permuted linear
molecules. These molecules, after appropriate treatment, can be used to orient
the restriction endonuclease sites and to calibrate the relationship between
electrophoretic mobility and DNA fragment size without the introduction of
external standards.

The second technique utilizes a low melting temperature agarose. It
provides a simple system for two-dimensional electrophoretic analysis of DNA
molecules with restriction endonuclease digestion of the DNA vo‘ceurring after
the first electrophoretic separation and before the second.

These techniques and others were used to study mitochondrial DNA from
mice and rats. Some of these data explore the evolutionary divergence of the
mtDNA in these animals. This information can be compared to evolutionary
studies with nuclesr DNA.

Additionally, chromosomal DNA from patients with normal hemoglobin
and hemoglobin Lepore was studied. Using this type of analysis we were able
to demonstrate that a change in the amino acid sequence of some of the B-related

globin chains in hemoglobin Lepore is associated with a change in DNA structure.



vi

TABLE OF CONTENTS

Page

CHAPTER ONE

Mapping of Closed Circular DNAs by Clesvage with
Restriction Endonucleases and Calibration by
Agarose Gel Electrophoresis. . . . . . ¢ ¢« . o .0 0 0 0. . 1

Ilraduetion. « o = » =« » = = % = %= % % % 5 5 5 ® & &« 5 ¥ 8 5 & 2
REPRINT: Proceedings National Academy of Sciences . . . . . . . 4

BBSTEECEe & 5 5 © « 5 5 6 5 % 5 5 & o o o 2 o o2 v o . s .
Introduction . . . ¢ & v i i it e e e e e e e e e e e e
Materials and Methods. . . . . « ¢ ¢ v v ¢ v v v e 4 v . .
Results . & v v v v i e i e e e e e e e e e e e e e e e
DISCUSSION « o o % 5 w « s & » 5 &« ® & & & & & &
References. . . . & v ¢ v v v v v v v v e e w

CO ~I > > >

PREPRINT: Methods in Enzymology . . . « « « « ¢ v v v v o « . g

Introduetion « ¢ ¢ v v v v v e e e e e e e e e e e e ... 10
Results . v v v v v it it e e e e e e e e e e e e e e .11
DiSCUSSION « ¢« ¢ & ¢ & ¢ ¢ ¢ o & o o o o o o o o o o« o« » . 18
References: « o ¢ & v 5 o o 574 5 o s o & & » » o o =« = o« 20
Tablesand Figures . . . . ¢ ¢ ¢ v ¢ v v v v o ¢ o v o o« o 21
APPENOIZ & » v s » w % & 8 5 & w 3 & & ¥ & 8 2 & @ ¥ 5 & 92

CHAPTER TWO

Restriction Endonucleolytic Studies with Animal (Human,
Mouse, and Rat) Mitochondrial DNA . . . . . . « « « « « « . . . 44

INrodiletion s = = & « & o « 5 o & 5 o » & & s & & & & & © & % & 45
REPRINT: Nucleic Acids Research. « v v v v v v v o o o o o o 47

Abstract. . . ¢ ¢ ¢ 0 e e e e e e e e e e e e e e e e e .4
MIFOAUETION. & o = & o & % & % & % % % % & 5 & @ & & % % & 47
Materials and Methods. . . . . ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ v ¢ o « o 48
RestulfS « o« o ¢« « o & o o o« 5 o s 9 s s s » &« 5 &« = « =« « 49
DISCUSSION « o « % o v 4 % & % & % o & & % & & 5 8 © & & o 52
AppendiCes. . .+ ¢ ¢ 4 vt .t e b i e e e e s e s e s e . . 54
References. . . &« ¢ ¢ ¢ ¢ v ¢« ¢ v & 4+ v 4 « v « « o e o« . Bb



vii

REPRINT: Nucleic Acids Research. . « « o« v v v v v o v v o o & 56

ADSIFECE . & & & 6 % & © & & & & & & % 5 ©  w ® o » .
Introduction .. . . & ¢ & ¢ttt e e e e e e e e e e e e 56
Materialsand Methods. . ¢ ¢« ¢« ¢ ¢ ¢ 4« ¢ ¢ ¢ o o o o o o 56
RESUHITS & s & 5 & o & % o % % & o o o o % » o o = T
DiSCUSSION & v ¢ 4 v v ¢ ¢ o o o o o o o o « o o e o " e . 59
References. « « s o o s o 5 5 o % o 5 % 5 5 & & o

CHAPTER THREE

Two-dimensional Gel Electrophoretic Analysis of '
Restriction Endonuclease Cleaved DNA-. . . . . . . . . . . . . . 61

HtroQHEtioN s « » » o ® » = & & = & » = & &
PREPRINT: Methods in Enzymology . . . . . . . . . . . .. . . 64

Introduction . « ¢« ¢ ¢ ¢ ¢ it i e e e e e e e e e e e e
Materials and Methods. . . . « ¢« « &« v v ¢« v « ¢« « « . « . b6
Results . & ¢ v ¢ ¢ ¢ v o i i e e e et et e e e e e ... BY
FIgUres « « 2 « &« v # 2 # # & # # & 8 & ©« % » & % % & & & 14

CHAPTER FOUR

Cloning and Characterization of Normal Adult
Human B-Related GlobinGenes . + « « s« s s« s s s » « s s s =« &« 13

Introduction. .« .« v ¢ v 0 v e e e e e e e e e e e e e e e e 74
PREPRINT: Cell. v v v v e v e e e e o o e o e e e e v e e v 77

BUMINALY « = s & « &« & % & % % & & % = & & % & & & & % & 48
Itroduelion. + w = = & = = & = & & & @ @ © & & © © ® & @« # 09I
RESUItS « 5 5 5 & # o « % & 5 & w % & & ® 5 & & % & & s @ 90
Discuission .
Experimental Procedures. . . . .« « « . + + ¢ . . . . . . . 101
References. . . ¢ v v 4 v o v 6 ot v e e e e e e e . . . 107
Tables and FIZUEES « » » % # » % 2 = % & » « » & &« & s » » A&

PREPRINT: Cellular and Molecular Recognition of
Hemoglobin Switehing. « + - « &« ¢ ¢ ¢« ¢ ¢« & o« &« » - 143

BUMMABLY » + =  © » « 5 # 5 ® 5 = s & 2 s &« & « w & » » 2%
RESUIES o 2 & 2 % o5 o 6 0 &% & & & & & & & o & & 66 @ & 145
DiSCUSSION « « « v « o « o o o o o o o o« o o o« o o + « » o 156
References: « s = o « 5 & s 5 & w s & & 5 & & % & & # & « 158
Tables and PIDUPES. o « o « » » © 2 v & o = = o = & » % » » JoOZ



CHAPTER ONE

Mapping of Closed Circular DNAs by Cleavage with

Restriction Endonucleases and Calibration by Agarose Gel Electrophoresis



INTRODUCTION

Near the end of my first year of graduate school, I decided to prove
that the ribonucleotides present in mouse and human mitochondrial DNA (mtDNA)
were located at specific sites in the genome. Naturally, I recognized that my
experiments might prove the contrary to be true, or even a mixture of these
two possibilities.

Lacking in gel expertise, I turned to Bob Watson and proposed a collaboration.
He readily agreed and we set out to develop suitable assays and gel systems.

Before much time had passed, we were using ethidium bromide (EtdBr) to limit
the action of restriction endonucleases in digestions of covalently closed circular
DNA.

Initially, we intended to make singly nicked molecules that could be
used for developing gel systems capable of resolving Watson and Crick linear DNA
molecules and Watson and Crick circular molecules. As the following paper reports,
we were able to use EtdBr and restriction endonucleases to form singly nicked
circles. However, in the process of our studies, we learned that the singly cleaved
molecules were also very interesting.

Technically, it was very difficult in the Spring of 1976 to isolate large
quantities of Form IIl DNA from an agarose gel in order to digest it with a restriction
endonuclease before re-electrophoresing the DNA. That was one of the largest
drawbacks to using this technique for mapping small eircular DNAs. That is no
longer a problem because of the development of the low melting temperature
agarose two-dimensional analysis technique (see Chapter 3, this thesis).

When we wrote the paper we felt that we had developed an interesting

method for restriction endonuclease site mapping that also allowed for highly



accurate calibration of gel electrophoretiec molecular weight-mobility relationships.
We did not realize that we had developed a powerful technique for in vitro muta-
genesis; although we did begin experiments that used this approach to alter SV40
DNA in Xl_t_l‘g These experiments were discontinued when Jerry died.

Since that time, other investigators have applied this technique to studies
requiring in vitro mutagenesis of pBG-1 DNA (1) and SV40 DNA (2). In the future,
it is quite likely that EtdBr limitation of restriction endonucleases will prove
to be more useful for these experiments thanm for site mapping.

The information included in this paper will be published once again in

Methods in Enzymology. Since this manuseript did not have the page limitations

‘imposed by PNAS, it was possible to present the data in greater detail. This copy
contains two figures that were not published in PNAS in addition to the computer

program that is used for analysis of the cleaved permeated linears. A preprint

of the Methods in Enzymology paper is presented in this chapter.
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Mapping of closed circular DINAs by cleavage with restriction
endonucleases and calibration by agarose gel electrophoresis
(ethidium bromide/DNA of simian virus 40/DNA of bacteriophage PM2)
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* Division of Biology-and ! Division of Chemistry and Chemical Engineering, California Institute of Technology. Pasadena, Calif. 91125

Communicated by Norman Davidson, November 22, 1976

ABSTRACT  The cleavage of DNA by restriction endonucs
leases can be limited by the addition of ethidium bromide.
When closed circular DNA is used as a substrate, DNA with
‘onzite cleavages of one or both strands can be made by adding
appropriate amounts of dye.

The singly cleaved DNA is a complete set of full-length per-
muted linear molecules. Fractionation of the products of a di-
gestion of the permuted linears with a single-hitting restriction
endonuclease Eegel electrophoresis yields a series of bards that
can be used to elenninereﬂlive molecular weights of the DNA
fragments in the gel without the introduction of standards.

It is possible to determine the relative molecular weight of
a fragment to within £2.5%. These molecular weights imme-
diately allow the determination of the Hind1II and Fipa I maps
of simian virus 40. The HindIII map of bacteriophage PM2 was
determined by this method with one ambiguity that was re-
solved by using traditional techniques.

Restriction endonucleases are useful for the analysis of the
structure of DNA. For a review of the techniques developed
for ordering the DNA fragments that result from a DNA/re-
striction endonuclease digest, see the paper by Nathans and
Smith (1). Ideally, a restriction endonuclease map can be de-
termined by knowing the molecular weights of the complete
digest products and of many of the partial digest products. At
present, it is impossible to determine molecular weights with
enough accuracy to reduce mapping to a simple numerical
problem.

Slab gel electrophoresis is a powerful tool for the separation
of DNA molecules of different molecular weights. Much work
has been done in an attempt to describe the electrophoretic
mobility of a linear DNA as a function of its molecular weight
(2, 3).

Molecular weights have been determined by electron mi-
croscopy (4) and radioactivity (4, 5), and by use of synthetic
molecules (2). The relationship has been described as electro-
phoretic mobility being a linear function of the logarithm of
the molecular weight. We believe that this analysis is useful in
sotne cases but does not adequately describe the relationship,
which is more accurately approximated by a third-order ex-
ponertial function.

We have developed sets of DNA molecules te study this re-
lationship. They have known molecular weight relationships
that are not dependent upon measurement by other techniques.
Their inherent relationships also allow for rapid restriction
endonuclease mapping of closed circuit DNAs.

Abbreviations: EtdBr, ethidium bromide; Form I DNA, covalently
closed circular DNA; Form 11 DNA, noncovalently closed circular
DNA; Form 111 DNA, linear DNA; EcoRl, Escherichia coli restriction
endonuclease RI; HindI1l Haemophilus influenzae, strain d, restriction
endonuclease 111; Hpa I and Hpa 11, Haemophtlus parainfluenzae
restriction endonucleases I and H; SY40, simian virus 40.

* Deceased.

MATERIALS AND METHODS

Enzymes and DNA. EcoRI endonuclease was a gift from H.
Boyer. Other restriction endonucleases were purchased from
New England Biolabs. Bacteriophage PM2 DNA was prepared
according to Espejo et al. (6). Bacteriophage A DNA was a gift
from B. Seed. Simian virus 40 (SV40) DNA was a gift from J.
Jordan and H. Kasamatsu and wes later prepared as described
(7). A unit of enzyme will degrade 1 ug of A DNA to completion
in 60 min at 37° in a volume of 50 ul.

Electrophoresis. A modification of the Aquebogue vertical
slab gel electropheresis apparatus was used, allowing long gels
(30 cm) or short gels (15 cm) to be run. A fan was added to cool
the gel during the run; tapered combs improved the sample
wells. This equipment is available from EPT, Pasadena,
Calif.

Agarose (Sea Kem) gels were prepared according to Helling
et al. (3). They were run at a constant voltage of 3.3 V/cm. The
DNA was recovered from preparative gels by the freeze-thaw
technique described by Pulleyblank et al. (8), who also de-
scribed conditions for photographing the gels. Electrophoretic
mobilities were measured from the photegraphs.

Restriction Endonuclease Digests. Reactions were carried
out as previously reported: EcoRI (9), HindIl (4), Hpa I and
Hpa 11 (5). Reaction temperature, amounts of enzyme and
DNA, and concentration of ethidium bromide (EtdBr) varied
according to the experiment.

Dialysis. In sequential enzyme reactions the first enzyre
was inactivated by the addition of 0.1 volume of 10% sodium
dodecyl sulfate. EtdBr was extracted with 1% Sarkosyl in
water-saturated butanol. The DNA was dialyzed by a modifi-
cation of the centrifugation procedure described by Neal and
Florini (10). Volumes of 100-500 ul were dialyzed through an
SW 50.1 tube containing P-2 gel beads, 100200 mesh (Bio-Rad)
equilibrated in the desired buffer. .

RESULTS

In the absence of ethidium bromide, incubation of six units of
restriction enzyme with 1 pug of closed-circular DNA overnight
at 37° gives a complete digest of the DNA. The presence of
ethidiuni bromide inhibits the reaction. By varying the amount
of EtdBr in the reaction it is possible to make many partial di-
gest products, or a mixture that is predominantly open circles
(Form II) and full length linear molecules (Form I1l), or rainly
Form II alone.

A cursory examination of temperature effects for HindIlI
indicated that 55° gave maxiinal astivity and highest conversion
to Form I11. At 4° about half of the DNA was converted to
Form II; most of the rest remained as Form I during a 16-hr
incubation. It was possible to convert greater than 90% of the
DNA to Form II at 20°.
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In studying other enzymes we found different temperature
optimums. To maximize yields it will be necessary to study each
enzyme's activity as a function of temperature. Maximum
yields were not a necessity for our work and 37° incubations
produced enough Form ITI DNA. It is possible in the systems
we studied to find conditions that convert greater than 50% of
the DNA to Form I1]; these systerns utilized HindIi1 with PM2
or SV40 DNA and Hpa I with SY40 DNA.

Optimum ethidium bromide concentrations also varied in
each case. At higher temperatures more EtdBr is needed to
achieve the same effect. For PM2 and HindlIl at 55°, 7.8 pg
of EtdBr are needed per pg of DNA with 4.7 units of enzyme
For SV40 and HindIll the corresponding numbers for 1 ug of
DNA are 55°, 18.4 ug of EtdBr, 5.5 units of HindlII. In the
SV40-Hpa I system 1 ug of DNA was reacted with 20 ug of
EtdBr and 4.55 units of Hpa I at 37°. All incubations were for
at least 8 hr.

Increasing the level of EtdBr lowered the number of male-
cules receiving more than one cut, as did decreasing the amount
of enzyme or DNA in the system. Pre-incubation of the enzyme
with EtdBr had no effect on the results.

The Form Il DNA was analyzed in an alkaline CsCl velocity
experiment (11). It was found to be singly nicked (have one
single-strand break). The Form IlI results from cleavage at any
one of the possible restriction endonuclease sites. The sites are
cleaved with differing frequencies. Each site is recognized often
enough so that a complete set of full length permuted linear
molecules is formed (Fig. 1).

The permuted linears upon cleavage with a single-hitting
restriction endonuclease make it possible to determine the re-
lationship between molecular weight and electrophoretic
mobility, independent of other techniques, assuming that the

miigration of linear DNA in a constant concentration gel is a
smoocth function of the molecular weight of the DNA. They alwo
simplify the problem of restriction enzyme mapping.

In an E{dBr-limited digest HindllI yields seven permuted
Jinears with PM2 DNA and six permuted linears with SV40
DNA; Hpa I gives four permuted linears of SV40 DNA. Upon
cleavage with a single-hitting enzyme in the absence of EtdBr
these systems have 14, 12, and 8 bands. The sets of 14 and 12
bands can be resolved in a 1% agarose stab gel. Only six of the
eight bands (12) formed in the SV40/Hpa 1 system can be re-
solved in 1% agarose because of the closeness of two of the Hpa
I sites.

For any one digest, the resolved electrophoretic bands can
be analyzed in pairs. The Jargest DNA fragment is the slowest
migrating band; when paired with the smallest DNA fragrent,
which is the fastest migrating band in the slot, the result is a
full-length molecule. The next to the fastest can be paired to
make a full-length molecule with the next to the slowest, etc.
We therefore have n equations,

MW, + MWins1-n = MWEgmm (i = 1,2,...,n) [1]
where { = 1 for the slowest band, etc.; MW, is the molecular
weight of band 1, and n is the number of restriction endonu-
clease sites.

We explored various functions in an attempt to relate the
;nolecular weight to mobility. We finally adopted the general
orm:

MW, =exp (a0 + aix; + a2x,2 + asx,) = f(x))

(t=1,2,....,n) 2

in which x, is the distance migrated by band { and the function



Biochemistry: Parker et al.

Table 1. Molecular weighls of restriclion endonuclease
products {rom bacteriophage A

Thomas Wellauer Our values
HindlII B s 5.84 5.97
EcoR1 B 4.74 i 4.79
HindlI1 C = 4.05 4.22
EcoRl C 3.73 F 3.73
EcoRl D 3.48 e 3.69
EcoRl E 3.02 — 3.07
Hindlll D — 2.67 2.73
EcoRI F 2.13 -— 2.18
HindlI1 E = 1.40 1.47

The measurements by Thomas and Davis (9) were done by electron
microscopy using phage ¢X174 DNA as a standard. Wellaver et ol.
(13) also used electron microscopy to determine molecular weights
with SV40 DNA as a standard. They used 3.28 X 10" as the molecular
weight of SV40; we use 3.27 X 10° (3, 5, 13). Our values are averages
from five PM2 calibration curves.

f(x) is defined by the equation. In addition, there is the rela-
tion

MW i = expl@n + ayxin + azxm? + aaxim®) = f(zm)
3]

The above equations lead to the relations
flx) + flxeavi-n) = flrm) (¢ =1,2,....,n) (4]

This provides n equations for determining the four coefficients
ay, a1, az, ay. These coefficients will vary from experiment to
experiment as agarose, buffer, voltage, run length, etc.
change.

An additional equation is obtained by the following proce-
dure. A complete digest by the enzyme for which there are
multiple sites (sample A) is digested by the second single-hitting
enzyme to give sample B. The two samples are run in adjacent
slots of the gel used for resolving the cleaved permuted linears
and measuring x; above. One band (p) from sample A will not
be present in sample B; instead, there will be two bands, p’ and
p”, where p” is the same as band 2n of Egs. 1 and 2. Fragment
p contains the site for the second enzyme. These observations
lead to the equation,

flxp) = flxp) + flxy7) [5)

The (n + 2) Eqs. 3, 4, and 5 (with the normalization that
MW 1 = 1) were used to determine ag, @), a2, and ag. This
over-determined nonlinear system of equations was solved with
the aid of a computer program, by a least squares technique.
The quality of a set of coefficients was determined by using the
ceefficients to solve the equation MW, = explag + a1x; + agx?
+ asx,%) for each of the cleaved permuted linears. The ap-
propriate pairs were then summed. The deviation of the'sum
of each pair from 1 was then squared and the squares of the
deviations were summed. The program then changed the values
forag, < s , ag until the sum of the deviations squared was
minimized.

If it is assumed that the logarithm of the molecular weight
is a linear function of the electrophoretic mobility, the best
values for relative molecular weights of the recleaved permuted
linears give pairs that sum to 1 & 0.06. This is an error of 6%.
By changing the equation, as described, it is possible to obtain
molecular weights that upon summing are within %1.5%. The
gel data from the PM2/Hindlll system were used to solve for
the coefficients ag, . . . , ay. From the general Eq. 2 it was then

Proc. Natl. Acad. Sci. USA 74 (1977) 853

Table 2. Molecular weights of cleaved permuted linears
and complete digest products

SV40/

PM2/(EtdBr) PM2/ (EtdBr) SV40/ SV40/
Hpa I*

Hindlll/Hpa 11 Hindlll Hpa l/EcoRl  lipal

111 6.27

3.53 111 3.22 A 133 1.353

A
1495 A 198 1277 B 1.24 1.261
24,65 A" 1.48 2253 A 075 0.785
3435 B 142 3208 C 063 0.656
4399 C 061 4120 A"053 0572
53.80 D 0.265 50.75
6374 E 0.245 60.53
7345 F 0.18
828 G -

9 2.59
10 2.52
11 2.34
121.98
13 1.72
14 1.48

All data have been converted to molecular weights X 107, We de-
termined from our curves that SV40 = 51.6% of PM2. The Form 111
values in the table are less than 100% because of the mathématical
function used. All fragments smaller than 1.42 X 10” were measured
from SV40 calibration curves. The SV40 curves slightly overestimated
molecular weights of fragments greaier than 50% of SY40 and slightly
underestimuted smaller fragments. The PM2 data are accurate to
within £2.5%. IL is not possible to determine the molecular weights
of the smallest HindIll complete digest products because they are
smaller than any of the cleaved permuted linears. Colurans 1 and 3
are cleaved permuted linears; 2, 4, and 5 are complete digests.

* These values for the complete digest products are from ref. 5.

possible to determine the molecular weights of A restriction
endonuclease fragments run in a parallel slot in the gel (sce
Table 1). The calibration curve can also be used to map the
cleaved permuted linears.

Each of the 2n cleaved permuted linears has one end of the
molecule in common—the site for the second, single-hitting
restriction endonuclease (Fig. 1). The other end of these mol-
ecules is a restriction site for the first, EtdBr-limited enzyme.
All possible permutations are represented. Each molecule dif-
fers in size from one of the other molecules by the size of a
complete digest product of the DNA with the first enzyme.

By calculating the differences in the relative molecular
weights of the cleaved permuted linears and by knowing ap-
proximate molecular weights of the complete digest products
(these can often be determined from Eq. 2) it is possible to orient
the complete digest fragments with respect to the single-hitting
enzyme. There may be sorne ambiguity when some complete
digest products are very similar in size. It may be necessary to
orient those final few pieces by more traditional methods (14).
It was necessary to resolve one ambiguity in the HindIil map
of PM2 by cutting out a PM2/HindlII partial digest fragment
and redigesting it with HindIIl. The map that had already been
developed from the cleaved permuted linears clearly indicated
which partial digest fragment had to be isolated from a gel and
cleaved.

The relative sizes of the cleaved permuted linears and the
maps this information leads to are shown in Table 2 and Fig.
2. The data presented in Table 2 are averages from many gels.
Each gel contained the cleaved permuted linears, the double
enzyme digest, and Form 111 DNA. For brevity, the $V40/
HindIll data are not presented in Table 2. The map and the
fragment sizes that the data imply are shown in Fig. 2.
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PM2/Hind | Maps

A

Fic. 2. Upper left. PM2/Hindlll map from the information
in the sizes of the smaller half of the cleaved permuted linears. Upper
right. PM2/Hindlll map from the information in the sizes of the
larger half of the cleaved permuted linears»-note that fragments D
and B are reversed comparéd to the first map. Lower right. SV40/
Hindll map from the information in the sizes of the smaller half of
the cleaved permuted linears--the information in the larger half gives
the same map. Lower left. SV40/Hpa I map from the infurmation
in the sizes of the smaller half of the cleaved permuted linears—-the
information in the larger half gives the same map.

In order to map the DNA, the molecular weight data de-
scribing the cleaved permuted linears can be analyzed by de-
termining the differences in the molecular weights of either the
smaller half of the malecules or the larger half. These differ-
ences should be sizes of complete digest products and, in prin-
ciple, these approaches should give the same map.

Digestion of PM2 DNA with HindIIl gives two pieces
(fragments D and E) (Table 2) that are very similar in size.
When the smaller half of the cleaved permuted linears is ana-
lyzed the resulting map places F, the smaller of D and E, beside
the largest fragment in the complete digest, A, and fragment
D beside fragment B. The larger half of the cleaved permuted
linears indicates that fragment D is connected to fragment A
and E is connected to B (Fig. 2).

To clarify the situation we partially digested PM2 with
Hindlll and isolated the fragment containing A and its
neighbor and the fragment containing B and its neighbor. Upon
digestion of the partials with HindI1I the map derived from the
larger half of the cleaved permuted linears, which placed D
beside A and E beside B, was proven to be correct.

While this manuscript was in preparation Brack et al. pub-
lished a map of the HindIil and Hpa 1 sites of PM2 DNA (15).
Our map is in agreement with theirs. The SV40/HindIll and
$V40/Hpa 1 maps confirm data published elsewhere (16,
17).

It is possible to map the sizes of DNA fragments from the
calibration curve because the electrophoretic mobility of a

Proc. Natl. Aca(_l, Sci. USA 74 (1977)

linear DNA does not change from one slot of the gel to the next
when certain precautions are taken. Mapping and gel calibra-
tion are dependent upon being able to compare samples in one
gel slot with those in other slots. We minimized slot-to-slot
variation in mobility as a function of molecular weight by
modifying the equipment, which reduced the uneven heating
in the gel that leads to DNA in the center slots running faster
than in the side slots. Sample concentration is also important.
If the mass of an individual sample of DNA is too great, the
band that it forms in a gel will run faster than a smaller amount
of the same material. For a sample run halfway into our 4 mm
thick, 1% agaruse short gels (running distance =7.5 cm) the
band preferably should contain less than 50 ng of DNA. We
found that bund shape after the run was a function of the vol-
ume of the sample applied. Our sample wells had a minimal
crass-sectional area of 10 mm?, so we limited our sample vol-
umes to 25 pl.

DISCUSSION

The function we have used to relate electrophoretic mobility
and molecular weight was arbitrarily chosen. A linear loga-
rithinic function was used with less satisfactory results. A cubic
polynomial was almost as successful as the cubic exponential
function.

Regardless of which function is chosen, the methodology will
only yield reliable data if mobility is a smooth function of mo-
lecular weight. This precludes the possibility that different
DNAs within the sample may have greatly varying G+C
composition if, as has been reported (9, 18), G+C bias alters
mobility in gel electrophoresis. Assuming that mobility is a
smooth function of molecular weight, the experiments pre-
sented here offer a simple methed for gel calibration without
the introduction of standards and provide a rapid mapping
technique for circular DNAs.

It is possible to derive molecular weights of fragments only
within the range determined by the mobility of Form 1il and
the mobility of the smallest cleaved permuted linear. An ad-
ditional point, as noted in the legend to Table 2, is that our SV40
curves slightly underestimate the size of fragments smaller than
50% of the DNA and overestimate the larger fragments. The
complementary nature of the problem is due to the constraint
imposed by Eq. 4, demanding that pairs sum to 100%. In our
experience so far, the error is never greater than 2% of the total
size of the DNA.

A partial remedy for this problem is provided by using the
added constraint MW, + MW - = MW,, (Eq. 5). The useful-
ness of this constraint is-dependent upon the size of the “p”
fragment. In the SV40 HindIl system “p” equals the C frag-
ment, which is approximately 20% of the genome. The cali-
bration curve in this system deviates from expected values by
as much as 2% of the full length of SV40 DNA. In the cases
where the “p” fragment was either 40% or 55% of the genome,
as in the SV40/Hpa I or PM2/HindlIl systems, respectively,
the resulting calibration curves were very good. They give
SV40/Hpa 1 complete digest product sizes that are less than 1%
smaller than accepted molecular weights. Additional constraints
may further improve the mathernatics. One is readily available:
the sum of the molecular weights of comnplete digest products
equals 1; another, the sum of two products equals a partial,
requires knowing the map of the calibrating DNA. $V40 DNA
is so well mapped this need not be a problem.

The calibration curve from the PM2/Hindlll system is also
very good. All of the A restriction endonuclease fragment sizes
presented in Table 1 were determined from PM2 calibration
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curves. Our values, which span the range of the calibration
curve, are greater than or equal to previously published values;
but do not deviate greatly from those values. If the curves were
failing in the overestimating/underestimating maoner, some
of our values would be higher than literature values while others
would be lower.

There is further evidence for the accuracy of the PM2 cali-
bration curve. The six largest cleaved permuted linears from
the SV40/HindllI system and the three largest cleaved per-
muted linears from the SV40/Hpa 1 system fall within the
range defined by the PM2/HindlIl system. Therefore, it is
possible to determine the molecular weights of those nine SV40
fragments from $V40 calibration curves and from PM2 cali-
bration curves. This is done by using Eq. 2.

These nine fragments are ull greater than 50% of SV40. Their
sizes are slightly overestimated by the SV40 calibration curves.
The PM2 calibration curves give lower values for all of the
fragments. All of these lower values, when compared to ex-
pected values, are within the 1.5% error margin that is inherent
in the best fit for Eq. 2. This error margin is much smaller than
the normal standard deviation in sizes of large fragments
measured by other methods. Therefore, we recommend the use
of cleaved permuted linears for the mapping of closed circular
DNAs and molecular weight determinations of linear DNA
molecules. Our 1% agarose gel only resolved six of the 8
SV40/Hpa I-cleaved permuted linears. Those nurnbered 2 and
5 in Table 2 are doublets that did not resolve. We treated them
accordingly and therefore our Hpa 1 map of SV40 contains only
three fragments. The fourth fragment is located between the
A and C fragments.

Even with all inathematical problems solved, DNA with
many restriction enzyme sites will not be easy to analyze with
this technique until gels with better resolution are developed.
A gradient agarose gel system may expand the permissible size
range for cleaved permuted linears.

While this manuscript was in preparation Nosikov et al. re-
ported that distamycin A and actinomycin D can inhibit re-
striction endonuclease activity (19). We have also used propi-
dium diicdide and actinomycin D. Site preference, but not
exclusion, is vbserved in the EtdBr-limited systems at the dye
levels we have explored. We have not determined whether this
differs from the site specificity that often occurs in the absence
of EtdBr. -

Proc. Natl. Acad. Sci. USA 74 (1977) 855
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Circular DNA molecules are a suitable substrate for restrietion endo-
nucleases. When properly treated, covalently closed circular DNAs (Form I DNA)
can be converted by a multi-hitting restriction endonuclease to full-length linear
molecules (Form IIl DNA). After a subsequent reaction, the resulting molecules
contain the information necessary to form a restriction endonuclease site map
of the DNA and to ascertain the relative molecular weights of DNA fragments
resolved by gel electrophoresis without the introduction of external standards.1

A restriction endonuclease digestion of DNA can be inhibited by Ethidium
Bromide (EtdBr). Altering the concentration of EtdBr in a reaction permits co-
valently closed circular DNA to be singly nicked or singly cleaved by an enzyme
that in the absence of EtdBr would cut the DNA many times.

The singly cleaved DNA molecules form a complete set of full-length
permuted linear molecules. This set of molecules, each of which contains the
entire genome, contains members with ends formed by cleavage at any site
recognized by the restriction endonuclease. If there are six sites in the circular
DNA, there will be six types of full-length linears, each with a different 5'end,
formed by cleavage in the presence of EtdBr. This is the case with SV40 DNA
and Hind III.

Digesticn of the permuted linears with a restriction endonuclease that
has only one recognition site in the DNA (a single-hitting enzyme) will yield twice
as many fragments as there are types of linear molecules in the population.
Therefore, digestion of a circular DNA in the presence of EtdBr with an enzyme
that can cleave the DNA n times yields n types of permuted linears. Cleavage
of the n types of permuted linears with a single-hitting enzyme will give 2n

fragments.
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After electrophoretic separation of the 2n fragments, the inherent size
relationships of the fragments makes it possible to determine a réstriction endo-
nuclease map of the DNA. It is also possible to independently determine the

relative size of the fragments to within + 2.5%.

Conversion of Form I DNA to Form IIl DNA

The optimal concentration of ethidium bromide required to limit the
cleavage of covalently closed circular DNA by a multi-hitting restriction endo--
nuclease can only be determined by titration. In order to obtain optimal yields,
it is necessary to determine the temperature at whieh the restriction endonuclease
is most active. A simple examination showed that different enzymes have enhanced
activities at widely varying temperatures: Pst I (23°), Eco RI (37°), Hind III (55°).

After determining the optimal temperature, the yield of Form HI can
be maximized by titrating the EtdBr while maintaining all other variables (temper-
ature, buffer, enzyme and DNA concentrations) constant. Increasing the level
of EtdBr minimizes the number of molecules receiving more than one cut. The
same effect can be achieved by decreasing the amount of enzyme or DNA in the
reaction. If too mueh EtdBr is present, very little double-stranded cleavage will
occur and most of the molecules formed in the reaction will be singly nicked non-
covalently closed circles (Form II DNA). It is possible to obtain over 90% of the
population as Form II DNA. These molecules can be shown to be singly nicked
by the presence of approximately equal amounts of single~-stranded linear molecules
and single-stranded circles in alkaline CsCl velocity experiments.

If the temperature is changed to optimize enzymatic activity, the level
of EtdBr will also have to be changed. At temperatures with greater enzymatic

activity, more EtdBr is required to produce similar effects to those achieved at



12

other temperatures. In no case does preincubation of the enzyme with EtdBr

affect the results.

Sizing and Mapping of Cleaved Permuted Linears

Cleavage of the permuted linears with a single-hitting enzyme, followed
by electrophoretic separation of the resulting fragments, makes it possible to
determine the relative molecular weights of the fragments in the gel as a function

- of electrophoretic mobility. These sizes are determined independent of other
techniques, assuming that the mobility of a linear DNA in a constant concentration
gel is a smooth function of its molecular weight.

The resolved bands can be analyzed in pairs. The smallest DNA fragment
migrates faster than the others. Its complement, the largest DNA fragment,
migrates slower than the others. When these two fragments aré paired, the result
is a full-length molecule. The next to the fastest can be paired with the next to
the slowest to form a full-length molecule, ete. Therefore<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>