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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 occurring 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 nuclear 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 $-related 

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

Mapping of Closed Circular DNAs by Cleavage with 

Restriction Endonucleases and Calibration by Agarose Gel Electrophoresis 
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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 t~ 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 III 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 circular DNAs. That is no 

longer a problem because of the development of ttie 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 
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accurate calibration of gel electrophoretic 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 vitro. 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 than for site mapping. 

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

Methods in Enzymol~. Since this manuscript 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 vvere 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. 

References 

1. Weissman, C., Benzon Symposium, in press (1978). 

2. Shortle, D. and Nathans, D., Proc. Nat. Acad. Sci. USA 75, 2170-217 4 (1978). 
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Mapping of closed circular DNAs by cleavage with restriction 
end_onucleases and calibration by agarose gel electrophoresis 

(elhidimn b,omide/DNA of simian viru~ 40/DNA of bacltriophage PM2) 

RICHAHD C. PARKER•, ROBE!IT M. WATSON\ AND JEROME .VINOGRAO•H 

• ~)ivi)im~ u£ Iliologp11wl t Division of Che,niJtry and Chcmil-:il £nginf'"in!{, C:..li!urnia lnstituh- of TN.·hrt<>lotty. P;asaJl'nii. (:alif.9112-5 

Conm1"'nicatt-d by Norman Dav-tdlan, Nooem}Jet' 22, 1976 

ABSfRA(:f The cleavage of DNA by restriction endonuc­
le,ses can be limited by lhe addition of ethidium bromide. 
When closed circ,,tar DNA is used aJ a substrate, DNA with 
·oH~itc cl-eavages of one or bo1h strafld, can be made hr adding 
appropriate amounts 0£ dye. 

The ,ingly cleaved DNA is• complete set of fuJl.)englh per· 
muted line.ar molecules. Fractionation of the producb of :1 di• 
gestion or the ~rmuted lineA..rs with a ,ing.le-hittins reJtriction 
endonudea.re by gel electrophl"lresis yields a sr.ries of hondJ that 
can ht> used to determine rela.tive molecular weights of the DNA 
fragm~nls in the gel without the intxo<luction of standards. 

It is po . ..sible .to determine the relative molecular weight of 
a fragment to within ±2.5%. These mo1ecular weights imme• 
diately allow the Jeterminalion of the Hind!II and I/pa I map, 
of simi :rn virus 40. The Hindlll map of bacteriophage PM2 was 
determined by this method with one ambiguity that was re~ 
solved by using tnuHtional techniques. 

Restriction endt)nucle~ are useful for the analysis of the 
structure of DNA. For a r;-view of the technique, develope<I 
for ordering the DNA fragments that result frorn a DNA/re­
striclion endonuclea.se digest, see _the paper by Nathans ond 
Smilh (I). Ideally, a restriction endonuclease map con be de­
termined by howing the molc-cu!ar weights of lhe complete 
digest products and of many of the partial digest products. At 
present, it is impossible lo determine molecular weights with 
enough accuracy to reduce mapping lo a simple numerical 
problem. 

Slab gel eleclrophoresis ;s a powerful tool for the separation 
of DNA molecules of difierent molecuhr weights. Much work 
has been done in an at tempt lo 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, S). and by use of synthetic 
molecules (2). The relationship has been described as electro­
phoretic mobility being a linear fu nction of the logarithm of 
the molecular weight. We bdieve that this analysis is useful in 
some case'S but-does not adequately describe the relationship, 
which is more accurately approximated by a third-order ex­
ponential function. 

We have developed sets·of DNA molecules lo study this re­
lationship. They have known molecular weight relationships 
that are not <lep<'mlent upon measurement by other techniques. 
Their inherent rdationships also al.low for rapid restriction 
endon11cleasc mapping of closed circuit DNA,. 

Ahlm•Yiation.s: Ett!Br, cthidium brPmide; Form T DNA, cov;.ilrntly 
cloSt:-<I circular DNA; Form JI DNA. norh..-ovalrnt ly clo:.t:d t·ircUlar 
ONA: Form Ill DNA, lin~ar DNA; Eco RI, Escherich!a coli restriction 
t'mlfmudea..•;e HI ; /JimlllI Haemo,JhiltlS ln/luenute, ~lr:dn d. r~triction 
endm1ud,•a.,;e Ill ; I/pa I :md'f/pa II, llaemophilus pandnjluen:(:e 
rt~tridion endonudcas-t·5 I :ind II ; SV40, simian virus '10. 
t Oeceal·ed.. 
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MATERIALS AND METHODS 
Enzymes and DNA .. EcoRl endonuclea.se was a gilt from H. 

Boyer .. Other restriction endonucleas,,s were purchase<! from 
New England Biolab.s. Bacteriophage PM2 DNA was prcp-Jred 
according to Espejo et al. (6). Bacteriophage>. 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 I µ1; of>. DNA to c-ornpletion 
in 60 min at 37° in a volnme of 50 µI. 

Electrophoresis. A modification of the Aquebogue vertical 
,lab gel elcdrophoresis app.oratu:,_was used, allowing long gels 
(30 cm) or short gels (15 cm) to be run. A fan was atlclt'<i 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 ol. (3). They were nm at a constant voltage of 3.3 V /cm. The 
DNA was recovered from preparative gels by the freeze-thaw 
technique described by l'ulleyblank et al. (8), who also de­
scribed conditions for photographing the gtls. Electrophoretic 
mQhilities were measured from the photographs. 

Restriction Endonuclease Digests. Reactions were c.arried 
out as previously reported: EcoRI (9), /llndlll (4), Hp,, I and 
Hpa JI (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 enzyme 
was inactivated by the addition of 0.1 volume of 10% sodium 
dodecyl sulfate. EtdBr was extracted with rn Sarlccx;y) in 
water-saturated butanol. The DNA was dialyzed by a modifi­
cation of the centrifugation procedure described by Ne:.I and 
Fiorini (10). Volumes of 100-500 µ) were dialyzed through au 
SW 50.1 tube containing P-2 gel beads, 100-200 mesh (Bie>-Rad) 
equilibrated in the desired buffer. 

RESULTS 
In the absence of ethiclium bromide, incubation of six units of 
restriction enzyme with l µg of close<l-circular DNA overnight 
at 37° gives a complete digest of the DNA. The presence of 
ethidlum bromide inhibits the reaction. By vuryini( the amount 
of Eld Br in the reaction it is possible to make many partial di­
gest products, or a mixture that is prt~<:lominantly open circ!es 
(Form II) and full lenglh linear molecules (Form Ill), or maiuly 
Form II alone. 

A cursory examination of temperature efk-cts for Hlndlll 
indicated that 55' gave ma, iinal activity and highest c-onversion 
to Form Ill. At 4° ob<J1-1t half of the DNA was converted to 
Form II; most of the rest remained as Form I during a 16-hr 
incuoolion. It was possible lo convert grea ter than 90% of the 
DNA to Form II al 20' . 
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In study ing other enzyme< we found different temperature 
opt imums. To maximiw y;elds it will be nt.-res.<ary to study each 
en1.ymt"

0

s activity as a function of tempernture .. Maximum 
yiPlds were not a necessity for our work and 37" incubations 
produced enough Form Ill DNA. It is possible in the systems 
we stuclie<I to find conditions that convert greater than 50% of 
the DNA to Form III; these systems uti lized Htndlll with PM2 
,;r SV40 DNA and flpa I with S\'40 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 Htndlll at 55° , 7.8 µg 
of Etdflr are needed per µg of DNA with 4. 7 unitsof enzyme 
For SV40 and lltndlll the corresponding numbe1' for I µgof 
DNA are 55°, 18.4 µg of EtdBr, 5.5 units of Htndlll. In the 
SV 40-llpa I system I µg of DNA was reacted with 20 µg of 
Eid Br and 4.55 units of flpa I at 37°. All incubations were for 
at least 8 hr. 

Increasing the level of EtdBr lowered the number of mole­
cu1f'5 rerei,1ing 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 resu lts. 

The Form II DNA was analyzed i11 an alkaline CsCI veloci ty 
experiment (11). It was founJ to be singly nicked (have one 
single-strand break). The Form Ill results from cleavage at any 
one of the possible restriction endonuc!ease sites. The sites are 
clt'aved with differing fretiuencies Each site is recognized often 
enough so th.it a complete set of lull length permuted linear 
molecules· is formed (Fig. I). 

The perm uted line:m upon cleavage with a single-hitting 
rest riction endonuclease make it possible to determine the re­
lationship between molecular weight and electrophoretic 
mol,ility, independent of other techniques, assuming that the 

m'igration of linear DNA in a constant con.;e.ntration gel is a 
smooth function of the molecular weight of the DNA. They abo 
simplify the problem of restriction enzyme mapping. 

In an Et<lDr-limited digest H!ndlll yields seven permuted 
linears with PM2 DNA and six permuted linears with SV40 
DNA; flpa I gives four permuted linears of SV40 DNA. Upon 
cleavage with a single-hitting enzyme in the absence of Etdflr 
these system.< have 14, 12, and 8 bands. The sets of 14 and 12 
bands can be resolved in a I% agarose slab gel. Only six of the 
eight bands (12) formed in the SV40/flpc I system can be re­
solved in I% agarose because of the closeness of two of the Hr.a 
I si tes. 

For any one digest, the resolved electrophoretic bands can 
be analyzed in pairs. The largest DNA fragm ent is the slowest 
migrating band; when paired with the smallest DNA fragment, 
which is the fastest migrating band in the slot, the result is a 

full-length molecule. The next to the fastest can be paired lo 
make a full-length molecule with the next to the slowest, etc. 
We therefore haven equations, 

MW,+ MW(2.+HJ = MW~• ... mm (i = I, 2, ... , n) III 

where t = I for the slowest band, etc.; MW, is the molecular 
weight of band t, and n is the number of restriction endo,rn­
clease sites. 

We explored v.arious functions in an attempt to relate the 
molecular weight to mobility. We finally adopted the genern l 
form: 

MW, = exp (a0 + a1x, + a2x,Z ·+ a:ix, 3) = f(x,) 
(I= 1,2, .... ,n) 121 

in which x, is the dis•.anc,· migratt'd by band I and the functi on 
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Tablt> 1. Molecular weight..s of restricLion endonuclea.se 
products rrom bacteriophage>,. 

Thomas Wt-llauer Our value:l 

flindlII B 5.84 5.97 
1:.'coRI B 4.74 4.79 
llindllI C 4.06 4.22 
1:.'coRI C 3.73 3.73 
EcoRI D 3.48 3.59 
l:.'coRJ E 3.02 3.07 
flindlll D 2.67 2.73 
EcoRI F 2.13 2.18 
flindIIJ E L40 1A7 

Th~ met1 .. r;urement., by Thomilll and Davis (9) wer.e don& by eleclr:m 
mtcroscupy u:tin~ phage ¢X 174 UNA a!!. a standard. Wtillauer et al. 
(1 :1) Rl!io U!ied electron microscopy to dt'lermine molecular weight.., 
with SV40 DNA ns a sui.ndard. They wed :J.28 X 1()1' a~ the molecul~r 
wt i){hl of SV 40; we u::,e 3.27 X l()" (3, 5, 1:J). Our value~ are avern~P.il 
from five PM 2 calihration.curv~. 

J(x, ) is <lefined by the equation. l_n addition, there Is the re_la­
tion 

MW..-..,m 111 = e.11.p{ao+ aI:c111 + a2.x ,112 + a:1x111:'J) = /(:cm) 

131 
The above equations lead to the relations 

f(x,) + J(x<u,. ,-ol = f(x,,,) (f = I, 2, .... , n) 141 

This provides n equations for determining the four coefficients 
a 0 , a 1, a,, a,1. These coefficients will vary from cxperiment·to 
experiment as agarose, buffer, voltage, run length, etc. 
change. 

An 3dditional equation is obtained by the followiug pnx:e­
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 adjt.cent 
slots of the gel use<I for resolving the cleav, -cl permuted linears 
and measuring x, above. One band (p) from sample A will not 
ht, present in sample 8; instead, there will be two b.uds, p' and 
p", where p" is the same as band Zn of Eq~ I and 2, Fragment 
p contains th,: site for the second enzyme. These-observations 
lead to the equation, 

151 
The (n + 2) Eqs. 3, 4, and 5 {with the normalization that 

MW11 1 = I) were used to determine ao, a,. a2, and a3. This 
over-dd:~rmined nonlinear system of equations wa'i solved with 
the aid of a computer program, by a least squares technique. 
The qu,lity of a sd of coefficients was determined by using the 
coefficients to solve the equation MW,= exp(ao + a,x, + azX, 2 

+ a ,,x,3) for each of the cleaved permuted linears. The ap­
propriate pairs were then summed. The d~viatinn of the·sum 
of each pair from I was then squared and the squares of the 
deviations were summed. The program then changed the values 
for a 0 . .... , a:i until the sum of the deviations .squart!d was 
minimized . 

If it is assume<! that the .logarithm of the molecular weight 
is a linea r function of the electrophoretic mobility, the best 
values for relat ive molecular weights of the rndeawxl permuted 
Ii nears give pairs that sum to I ± 0.06. This is an error of 6%. 
By changing th~ equation, as dcscrihe<l, it is possible to obtain 
molecular wei~hts that upon st1mming are within± 1.5%. The 
gel data from the PM2/ 1-finulll system were used to solve for 
the coefficients ao, ... , a:1. From the general Eq. 2 it was then 

6 
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Table 2 . Molecular weiMhls or cleaved permuted linear.. 
and completP digest produd.~ 

SV40/ 
PM2/(EtdBr) PM2/ (EtdBr) 

llindlll/1/pa I! Hindlll Hpa 1/EcoRI 

Ill 6.27 
I 4.95 
2 4,65 
3 4.35 
4 3,99 
5 3.80 
6 3,74 
7 3.45 
8 2.86 
9 2.59 

10 2.52 
• 11 2.34 

12 1.98 
13 1.72 
14 1.48 

A 3.53 
A' 1.98 
A" 1.48 
B 1.42 
C 0.61 
D 0.~65 
E 0.245 
F 0.18 
G 

Ill 3.22 
I 2.77 
2 2,53 
3 2.08 
4 1.20 
5 0.75 
6 0.53 

SV40/ 
llpa I 

A 1.33 
B 1.24 
A' 0.75 
C 0.63 
A" 0.53 

SV40/ 
I/pa 1• 

1.353 
1.261 
0.785 
0.656 
0.572 

All data have been converted tu mola:culerWeighL"'I X 10-•;_ We dl'· 
t~rmined from our cu rves that SV40""' f;l.6% of PM2. The Form Ill 

·v,,lue!I in lht• tnhle nrc lcs.1 than 10()% hec.·auiH" of thti mnth\! mALirnl 
Function used. All frH)(ment.s !lmtt!ler thnn 1.42 X l(f werl! measured 
from SV401·nlihratinn curves. Tht SV-10 curve~ !1li1<htly overe:ttinu-t.tf-tl 
nHl1<'Cular WC'i.!'hts of frAl{ment'i ~rC'!t~r than f,0.1(, of sv.10 enrl slightly 
undert>!l tirnattd !lmnlle,r frnKments. The PM2 dato are accurnte lo 
within ±2.f>'X,. It i~ nut po!inihle to determine the molecular weighL" 
of the i-malle:-it Hindi II complete dil(~t producl'I becatl.~t- the-y ure 
smaller th;rn nny of Lhe cleaved permuted lineB.rs. Colurnn1-t l nnd :l 
are cleaved permute-d liuears; 2, 4, and fl are complete digestq. 
• The~e values for the compl~te di~Psl products are from ref. f). 

possible to determine the mQlecular weights of Is restriction 
endonuclease fragments run in a parallel slot in the gel (see 
Table I). The calibration curve-C'an also be used to map the 
cleaved permuted lincars. 

Each of the 2n cleaved permuted linears has one end of the 
molecule in c,,mrnon-the site for the second, s:ng!e-hitting 
restriction endonucl,,,,..., {Fig. I). The other end of these mol­
ecules is a restriction site for the fi rst, EtdBr-limited enzyme. 
All possible permutations are represented. Each molecule dif­
lers in size from one of the other molecules by the size of a 
complete digest product ol the DNA with the first enzyme. 

By calculating the difference-,; in the relative molecular 
weights of the cleaved permuted linears and by knowing ap­
proximate molecular weights of the complete digest product, 
(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 some ambiguity when some compl~te 
digest products are very similar in size. It may be necessary lo 
orient those final few pieces by more traditirmal methods ( 14). 
It wos necess,.ry to resolve one ambiguity in the Hindlll map 
of PM2 hy cutting out a PM2/ l-ffndlll partial digest fragment 
and redigesting it with HtndIII. The map that had already been 
developed from the cleaved permuted linears clearly indicated 
which partial digest fragment had to be isolated lrom a gel and 
cleave<!. 

The relative si,e< of the cleaved permuted Ii nears and the 
mops this information leads to are shown in Table 2 and Fig. 
2. The data pres.,nte<I in Table 2 are averages from many gels. 
Each gel l'Ontairw<l the cleaved permuted linears, th~· doublt 
enzyme dig~st, and Form Ill DNA. For brevity, the SV40/ 
1-/fndlll data arc nut presented in Table 2. The map and the 
fragm ent sizes that the data imply are show n in Fig. 2. 
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PM2/Hindlll J\,1;ips 

A 

•.4~ A' 

c o.62 

1.98 

0.1I 

D 

1.4 7 B 

SV40/Hpa 1,Map 

A 

A' 

0 .7~ 

1. 23 
B 

A 
A" 

f.49 A' 
2 .09 

D o.,o 

c 0 .6s 

0.19 0. 

F G 

S\(40/Hi_ndlll .Map 

Frc . :!. llpµ,•r IP/t . PM:!/1/in'cllll map from the information 
in the si1.~uf thesmttller half of the cleaved perm~1 Ll-d linesrs. llpp..r 
riJ.:hl. l'Ml/H imllll map from Lh e information in the ~izes of tht> 
larJ!t-r half of the t·lt•nve,t permuted lineArS" ••4 note thHl frngmen t~ I) 
and E are reversed c:ompnri'!d tu the fi rst mnp. L,iw"r rixht. SV4U/ 
llindllf mop from the inf11rmation in thti !iiZt!I of the !lmaller half of 
th1:.denved rwrmuted linears-- thc informatiun in the larger half gives 
lht! !-Rme mnp. Luuwr ft,ft . SV.10/ Hpa I mtJp from the information 
in the size~ of the smaller half of the cleaved permuted line1m-1•--lhe 
information in the lor)(er huff J{ivt~ thf! ~ame map. 

In order to map the DNA, the molecular weight data de­
scribing the cleaved permuted linears can be analyzed by de­
termining the clifferen= in the molecular weights of either the 
smaller half of the molecules or the larger half. These diffcr­
t'nces should be sizes of complete digest products and, in prin­
c iple, these approaches should give the same map. 

Digestion of PM2 DNA with Hlndlll gives two pieces 
{fragments D and E) {Table 2) that are very similar in size. 
When the smaller half of the cleaved permuted Ii nea rs is ana­
ly1.ecl the resulting map places F., the smaller of O and E, beside 
the largest fragment in the complete digest, A, and fragm ent 
D heside fragment Fl. The larger half of the cleaved permuted 
linears indicates that fragment O is connected to fragment A 
and E is connected to Fl. {Fig. 2). 

To clarify the situation we partially digested PM2 with 
Hlndlll and isolated the fragment containing A and its 
neighbor and the fragment containing B and its neighbor. Upon 
digestion of the partia ls with lltndlll the map derived from the 
larger half of the clt,,1ved permuted linears, which placed 0 
beside A and E beside R, was proven lo be correct. 

Whil(! this m3nuscript was in preparation Brack et al. pub­
lished a map of the 1/indlll and llpa II si tes of PM2.0NA (15). 
Our m:ip is in agreemunl wilh thc-irs. The SV40/ Htndlll nnd 
SV40/ Hpa I maps confirm data published elsewhere (16, 
17). 

It is possibl~ lo map the si1.es of ONA fragments from the 
calibration curve OO<'ause the e lt·c trophoretic mobility of a 
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lineur ONA does not change from one slot of the gel lo the next 
whf"n ct'rtain prtt·a utions are tah•n. Mapping and y:el c3 1ibra­
tion are dt!~ml~ut upon being able to compare ~mples in om· 
gd slot with those in other slots. We mini mized slot-lo-slot 
variation in mobility as a functi on of moleeular weight by 
·modifying tlu~ r<pcipment, whid1 rffi11eed tht' 11nr-ven hraling 
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 loo great, the 
banJ that ii forms in a gel will nw foster than a smaller amm111I 
of the same matnial. For a samplt' run halfw:iy into our 4 mrn 
thick, 1% agarnse ,horl gels (running dislantt' o.7.5 cm) the 
band preferably should contain less than 50 ng of ONA. We 
found that band shape after the run wasa function of th ,• vol­
ume of the sample applied. Our sample wells had a minimal 
cross•.~tional area of 10 mm 2, so we limi~ed our sampli: vol• 
Uffi t:} to 25 µ.I. • 

DISCUSSION 

The function we have used lo relate eleclrophorelic mobility 
and molecular w~ight was arbitrarily chosen. A linear loga­
rithmic fum·tion was ust.-d with lt·ss satisfa ctory results. A l 0 11 bic;· 
polynomial was almost as successful as the cubic exponential 
funct ion. 

Ht•gardlt•!-i.~ uf whi(:h fu11ctio11 is c·ho::.t•n, the ttll'lhodol1 ,gy wi ll 
only yield rdiable data if mobility is a smooth fund ion of m<>­
lecnlar wright. This precludes the possibility that diffen ·nl 
DNAs within the sample may have greatly va ryin)( G+C 
composition if. as has been reported (9, 18). G+C bias alters 
mobility in gt'I clt'ctrophoresis. Assuming that mobility is a 
smooth furn:tio11 of molecular weight, the experiments prt•· 
sented her<· offer a simple method for gel calibration without 
the introduction of standards and provide a rapid mapping 
technique for circular ON As. 

It is possihle lo derive molecular weights of fragment, only 
within the range determined by the mobility of Form Ill and 
the mobility of the smalles t cleaved permuted linear. An ad­
dit ional point, as noted in the legend to Table 2, is that our SV40 
curves slightly underestimate the size of fragme nts sma!ler than 
50% of the DNA and overestirn3le the larger fragments. The 
complementary nature of the problem is due lo the constraint 
imposed by Eq. 4, demand ing that pairs sum to 100%. In our 
experiencr so far, the ~rror is never gre-~1ter than 2% of tht.• total 
size of the ONA. 

A partial ;emedy for this problem is provided by using the 
added constraint MWe• + MWe• = MWp(Eq. 5). The usefol­
ness of this constraint is-dependent upon the size of the .. p .. 
fragment. In the SV40 Hin d Ill system .. p .. equa ls the C frag­
ment, which is appro., imately 20% of the genome. The ca li­
hration curve in this system deviates from exr.cted va lues hy 
as much as 2% of the full length of SV40 DNA. In the cases 
where the " p" fragment wasei ther 40% or 55% of the genome, 
as in the SV40/ Hpa I or PM2/ Hindlll systems, respectively, 
the resulting calibration curves were very good. They give 
SV40/ Hpa I complete digest product sius that are less than 1% 
smaller than accepted molecular weights. Additional conslrainls 
may further improve the mathematics. One is readily available: 
the sum of the molecular weights of complelt· digest prod11cls 
equals I ; another. the s11m of two products equals a pa rtial, 
requires knowing the map of th,, ca libra ting DNA. SV 40 D NA 
is so well mapped this 11eed not 1,., a prohlem. 

The calibration curve from the PM2/ Hlndlll system is a lso 
very good. All of the It restriction endoouclease fragment sizes 
presente,I in Table l we-re detc-rmined rrom Plv12 cal ibra tion 
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curves. Our values, which span the range of the calibration 
curve, are greater than or e<1ual to previously publishtd va lues~ 
but do not deviate greatly from those values. If the curves were 
failing in the overestimating/underestimating manner, some 
of our values would be higher than literature values while others 
would be lower. 

There is further evidence for the at'curacy of the PM2 cali­
bration curve. The si., largest cleaved permuted linears from 
the SV40/Hindl!I system and the three largest cleaved per­
mute<l linears from the SV40/llpa I system fall within the 
range defined by the PM2/ Hlndlll system. Therefore, it is 
possible to determine the molc,,-ular weight, of those nine SV40 
fragments from SV 40 calibration curves and from PM2 cali­
bration curves. This is done hy using F.q. 2. 

These nine fragment, are all greater than 50% of SV40. Their 
sizes are slightly overestimated by the SV40 calibration curves. 
The PM2 calibration curves give luwer 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 Ii nears for the mapping of clo:.e<l circular 
DNAs and molecular weight determination, of lin~ar DNA 
molecules. Our I% agar"se gel only resolved six of the 8 
SV40/Hpa I-cleaved permuted linea r~ Those munbered ·2 and 
5 in Table 2 ar~ doublets th,t did not resolve. We treated them 
accordingly and therefore our Hpa I map of SV40 contains only 
three fragme11ts. 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 ~tter resolution are developed. 
A gradient agarose gel system may expand the permissible size 
range for cle,t ve<l permuted linears. 

While this manuscript was in preparation Nosikov et al. re• 
ported that dist:unycin A and ac:tinomycin D can inhibit re­
striction cnclonuclease activity (19). We have also used propi­
dium diiodide and aclinomycin D. Site preference, hut not 
,exclusion, is observed in the EtdBr-limited systems at the dye 
levels we have e.llplort"<l \.V<> have not determined whether this 
differs from the site specificity that often occurs in the absence 
of Etdllr. 
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Circular DNA molecules are a suitable substrate for restriction 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 III 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 externalstandards.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-leng th 

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. 

Digestion 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 circula r DNA in the presence of EtdBr with an enzyme 

that can cleave the DNA n times yields n types of permuted J.inea_rs. Cleavage 

of then 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 restriction 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 III DNA 

The optimal concentration ofethidium bromide required to limit the 

cleavage of covalently closed circular DNA. by a multi-hittiJ1g restriction endo­

nuclease can only be determined by titration. In order to obtain optimal yields, 

it is necessary to determine the temperature at which 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 III 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 much 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 9096 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 singk--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 
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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 are 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, etc. Therefore, the following n equations 

can be formed: 

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

where i = 1 for the slowest band, MW. = the molecular weight of band i, and n is 
l 

the number of sites recognized by the restriction endonuclease in the EtclBr limited 

digest. 

After exploring many functions that related molecular weight to. mobility, 

we adopted the general form: 

(2) MW ( + + 2 + 3.) _ f ( ) 
1. • = exp a a1x. a2x. a3x. - x. 

l O l l 1 1 
(i = 1,2, ..... ,n) 

where x. is the distance migrated by band i. The mobility of full-length linear 
1 
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molecules (Form III DNA) can be applied to Eq. (2) yielding: 

The preceding equations and the information from the electrophoretic separation 

of the n cleaved permuted linears lead to the following n equations: 

(4) (i = 1,2, ..... ;n) 

These n equations can be used to determin~ the four coefficients a
0

, a1, a 2 and 

a 3. In different experiments, these coefficients will change as agarose, buffer, 

run length, voltage, etc., vary. 

To obtain the best curve relating molecular weight to mobility, it is 

necessary to introduce one additional equation. This equation is derived from 

fractionating the products of a complete digest of the DNA with the multi--hitting 

enzyme that is used in the EtdBr limited reaction (sample A) and the products 

of a complete digest from a reaction containing both the multi-hitting enzyme 

and the single-hitting enzyme that was used to cleave the permuted linears (sample 

B). The two samples are run in two slots of the gel that was used for fractionating 

and determining the mobilities (xi above) of the cleaved permuted linears. 

One of the bands (p) present in sample A will not be present in sample B. 

In sample B, band p will have been cleaved by the single-hitting enzyme giving 

rise to two bands not present in sample A, p' and p11
• The smaller of these bands, 

p', will be present in the cleaved permuted linears as band 2n. These relationships 

lead to the equation: 
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Equations 3, 4 and 5 provide n + 2 relationships that were used (with the 

normalization that MWIII = 1) to determine the coefficients in Eq. (2), a0, ai, 

a2, and a3. That is an over-determined nonlinear set of equations. It was solved 

by a least squares technique with the aid of a computer program (see Appendix). 

In order to solve for the coefficients a0, a1, a2' and a 3, the program 

first solves the linear fit: 

(6) 

After determining the best coefficients for this equation, the program adds another 

term and using the predetermined a0 and a1, solves the equation: 

(7) 

In the process of solving this quadratic exponential, the values of a0 and a1 are 

not maintained as they were when solving Eq. (6). However, their values for Eq. (6) 

are the starting point, along with a 2 = O, for solving Eq. (7). 

Finally, the values of a 0, a1, and a 2 that best fit Eq. (7) are used as 

the starting point, along with a 3 = O, for solving the cubic exponential that is 

Eq. (2). The quality of the fit improves greatly between Eqs. (6) and (7} but changes 

very little from the quadratic Eq. (2) to the cubic Eq. (3). 

The computer output consists of the coefficients that solve Eqs. (2), 

(6) and (7), the relative sizes of each of the cleaved permuted linears, Form III 

DNA and band p of Eq. (6), an error term which equals the difference between 

1 and the sum of the relative sizes of the pair of bands _that form a full-length 

molecule, and the sum of the error squared for the entire population. A sample 

of the output is presented with the program in the Appendix. 
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Mobilities of the relevant DNA fragments were determined from negative 

photographs of EtdBr staine_d gels (Fig. 1). The negatives were optically scanned 

and mobilities were measured as the distance from the top of the gel to the peak 

of the band on the trace (Fig. 2). 

Each set of coefficients was tested by using them to solve the equation 

MWi = (a0 + a1xi + a2x/ + a3x/) for each of the cleaved permuted linears. The 

molecular weights for the appropriate pairs were then summed. The deviation 

of this sum from 1 (the desired total) was then squared and the squares of the 

deviations were summed. The program then changed the values for a0, ... ,a3 until 

the sum of the deviations squared was minimized. 

Using this approach, it is possible to obtain molecular weights that sum 

to within± 1.5% of the expected value. If it is assumed that the logarithm of 

the molecular weight is a linear function of the electrophoretic mobility (as 

opposed to the cubic function in Equation 2), it is only possible to sum within 6% 

in the systems tested. 

Hind III cleaves SV40 DNA six times while Hpa II cleaves this DNA only 

once. Digestion of 1 µg of SV40 Form I DNA with 5.5 units of Hind III at 55°C 

in the presence of 18.4 µg of EtdBr in a 50 µl reaction maximizes the yield of 

permuted linears. These molecules when cut with Hpa II produce 12 cleaved per­

muted linears that can be electrophoretically resolved on a 1 % agarose gel (Fig. 1). 

The sizes of the fragments formed, along with similar data from experiments 

with other systems, are presented in Table I. 

The fragment sizes, determined by the third order exponential function, 

can be used to construct a restriction endonuclease map. Each of the 2n molecules 

formed in the second digest has one end in common, the site of the single-hitting 
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enzyme. The other end of the molecule is a restriction endonuclease site for 

the first, multi-hitting enzyme (Fig. 1). Each of the possible permutations is 

represented. Additionally, any given molecule differs in size from one of the 

other molecules by the size of a complete digest product of the DNA with the 

first enzyme. In Fig. ld, cleaved permuted linear #12 differs in size from cleaved 

permuted linear #8 by the size of complete digest product "B." Similarly, frag­

ments #10 and #11 differ only by complete digest product "E.11 

By calculating the differences in the relative molecular weights of the 

cleaved permuted linears and by knowing approximate molecular weights of the 

complete digest products (these can be determined from Eq. 2), it is possible to 

construct a restriction endonuclease map of the DNA. There may be some ambiguity 

in the final map if complete digest products are similar- in size. If such ambiguities 

arise, they can be resolved by other methods, such as the isolation of a specific 

partial digest product. 

Equation (2) can also be used to size additional DNA fragments run on 

the same gel as the cleaved permuted linears. The molecular weights of the Eco RI 

and the Hind III complete digest products of A DNA were determined using the 

data from the analysis of cleaved permuted linears of PM2 DNA. These fragments 

were resolved on a 1 % agarose gel (Fig. 1), and the fragment molecular weights 

were determined according to Eqs. (1)-(5) (Tables I and II). The form of Eq. (2) 

as determined by these data is shown in Fig. 3. 

The data presented in Table II allow for the determination of three 

restriction endonuclease maps. The Hind III map of SV40 DNA presented in Fig. 1 

can be ascertained from these data. The size of smallest fragment, 0.24 x 106 

daltons (which equals .36 kilobases), implies that there is a Hind III site that 
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distance from the Hpa II site. This fragm ent is also found in the double enzyme 

complete digest and is labeled C'. Fragment #11 of the cleaved permuted linears 

is fragment C" of the double enzyme digest and implies that there is a Hind III 

site approximately .54 kb from the Hpa II site. These two Hind III sites define 

the "C" fragment. 

Cleaved permuted linear #10 has a molecular weight of 0.62 x 106 daltons 

(.93 kb). That is the distance between a Hind III site and the sole Hpa II site in 

SV40 DNA. Between those two sites, however, there is another Hind III site which 

is either .54 kb away from the Hpa II site (fragment #11) or .36 kb away (frag­

·ment #12). Therefore, placement of a Hind III site .93 kb away from the Hpa II 

site will form a Hind III to Hind III distance of either .39 kb (.93 - .54) or .57 kb 

(.93 - .36). Table II indicates that there is a Hind III complete digest product 

of 0.25 x 106 daltons (approximately .39 kb) and there is not a Hind III complete 

digest product of 0.38 x 106 daltons. Therefore, the next Hind III site has been 

mapped; fragment E (0.25 x 106 daltons) is beside fragment C" (0.37 x 106 daltons) 

and their molecular weights sum to 0.62 x 106 daltons, the size of cleaved permuted 

linear #10. The next largest cleaved permuted linear has a molecular weight 

of 0. 76 daltons. When complete digest fragment F is placed adjacent to cleaved 

permuted linear 10, the result is a fragment that is approximately 0. 76 x 106 daltons. 

The size of fragment F is not shown in Table II. It is smaller than 0.24 x 106 daltons 

and is outside of the range of accurate fragment sizing. It is apparent, however, 

that it should be placed adjacent to cleaved permuted linear #10 in order to form 

cleaved permuted linear #9 because the alternative would require forming fragment 

#9 by placing a complete digest fragment beside fragment #12. This would be 

impossible for the complete digest fragment would have to be 0.52 x 106 daltons 
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(0. 76 x 106 - 0.24 x 106). This assignment can be confirmed by other approaches 

or by more accurate sizing of complete digest F. The next piece to be added 

must form a cleaved permuted linear of 0.91 x 106 daltom;. This can be accom­

plished by placing fragment B (0. 70 x 106 daltons) beside fragment C1 (0.24 x 106 

daltons) which is cleaved permuted linear #12. At this point, the following order 

has been established: 

- F - E - en - C' - B -

where C1 and en are formed by cleavage of Hind III fragment C with Hpa II. 

By continuing this analysis of the data in Table II and extending it to 

the other information provided, it is possible to determine the restriction maps 

for SV40 DNA with Hind III, Hpa I, and Hpa II; additionally, the restriction map 

of PM2 DNA with Hind III can be determined (Fig. 4). The data for the latter 

map leave one assignment ambiguous, that is, the positioning of fragments D 

and E which are very similar in size. As published before, the final location of 

these fragments places D beside A and E beside B. 

DISCUSSION 

The third order exponential function that is used in this paper to study 

the relationship between electrophoretic mobility and molecular weight was 

arbitrarily chosen. Other, non-exponential functions could have been employed; 

a cubic polynomial met with only slightly less success. 

Regardless of which ma thematical relationship is used, the methodology 

contains the inherent assumption that mobility is a smooth function of molecular 

weight. If this assumption is valid (to date there is not sufficient evidence to 

assess the quality of the assumption), the method presented here offers a simple 
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method for gel calibration and restriction endonuclease site mapping of close 

circular DNAs. 

A limitation of the technique is that it only allows for gel calibration 

over a defined range of molecular weight. Fragments that migrate faster than 

the smallest cleaved permuted linear, or slower than Form III DNA, cannot be 

accurately sized using Eq. (2). It is possible, however, to size DNAs of widely 

differing origins when they are electrophoresed simultaneously in different slots 

of a gel. 

If DN As are to be sized in this manner, it is necessary to minimize 

slot-to-slot variation in fragment mobility. Many factors involved in the mobility 

of a DNA fragment in a gel must be controlled before sample mobilities can be 

used to infer molecular weights. 

Uneven heating in gels fr equently leads to samples in center slots migra ting 

faster than identical samples in side slots. Heating can be reduced by using thin 

glass plates, by having water or air circulation, and by running at low voltages. 

High sample concentrations can lead to overloaded bands which migrate anomalously 

rapidly. To prevent rapid migration due to overloading, we tried to load less than 

50 nanograms of DNA with a sample run halfway (running distance J'7.5 cm) into 

our 4 mm thick, 1% agarose gels. 

It is also possible to alter DNA mobility by placing too great a sample 

volume on the gel. Band shape after the run is a function of the sample volume 

applied. With sample wells having a cross-sectional area of 10 mn/, it is desirable 

to load no more than 25 µl. Finally, band shape is also altered by salt concen­

tration. When sample mobility is going to be compared, the different DNAs should 

be layered on in approximately the same salt and it should be less than 100 mM. 
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The technique presented allows for gel calibration and restriction endo­

nuclease site mapping of circular DNAs without the introduction of external 

standards. This can most easily be accomplished by: 

1) An EtdBr titration designed to find a reasonable level of conversion 

to Form III DNA. "Reasonable" is partially determined by the availability of the 

DNA. Greater than 50% conversion to Form III was obtained in the systems 

described in this paper. 

2) Fractionation of the permuted linears formed by EtdBr limitation 

of the restriction endonuclease digest on a low melting temperature agarose gel. 

3) Cleavage of the permuted linears in the presence of the low melting 

temperature agarose (see Parker and Seed, this volume). 

4) Fractionation of the cleaved permuted linears and complete digest 

products by gel electrophoresis. 

5) Analysis of mobilities and determination of fragment sizes by a non­

linear, least squares analysis with the aid of a computer. 

6) Determination of restriction endonuclease sites from the relative 

fragment sizes. 
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Table I 

Molecular Weights of Bacteriophage Lambda Restriction Eridonuclease Products 

Thomas a Wellauerb Our Values 

Hind III B 5.84 5.97 

Eco RI B 4.74 4.79 

Hind III C 4.05 4.22 

Eco RI C 3.73 3.73 

Eco RI D 3.48 3.59 

Eco RI E 3.02 3.07 

Hind III D 2.67 2.73 

Eco RI F 2.13 2.18 

Hind III E 1.40 1.47 

The measurements by Thomas and Davis were done by electron microscopy 

using 0Xl 7 4 DNA as a standard. Wellauer et al. also used electron microscopy 

to determine molecular weights with SV40 DNA as a standard. 

They used 3.28 x 106 as the molecular weight of SV40; we use 3.27 x 106. 

Our values are averages from five PM2 calibration curves. 

aM. Thomas and R. W. Davis, J. Mol. Biol. 91, 315 (1975). 

bP. K. Wellauer, R. H. Reeder, D. Carroll, D. D. Brown, A. Deutch, T. Higashinakagawa, 

and I. B. Dawid, PNAS (USA) 71, 2823 (197 4). 
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Table II 

Molecular Weights of Cleaved Permuted Linears and Complete Digest Products 

PM2/(EtdBr) PM2/ SV40/(EtdBr) SV40/ SV40/(EtdBr) SV40/ SV40/ 
Hpa Ia Hind III/Hpa II Hind III Hind III/Hpa II Hind III Hpa I/Eco RI I-Ipa I 

III 6.27 A 3.53 III 3.26 A 1.08 III 3.22 A 1.33 

1 4.95 A" 1. 98 1 3.07 B 0.70 1 2.77 B 1.24 

2 4.65 A' 1.48 2 2.89 C 0.66 2 2.53 A" 0.75 

3 4.35 B 1.42 3 2.63 C" 0.37 3 2.08 C 0.63 

4 3.99 C 0.61 4 2.50 D 0.29 4 1. 20 A' 0.53 

5 3.80 D 0.265 5 2.35 E 0.25 5 0.75 

6 3.74 E 0.245 6 2.01 C' 0.24 6 0.53 

7 3.45 F 0.18 7 1. 28 F 

8 2.86 G 8 0.91 

9 2.59 9 0.76 

10 2.52 10 0.62 

11 2.34 11 0.37 

12 1.98 12 0.24 

13 1. 72 

14 1.48 

-6 All data have been converted to daltons x 10 . We determined from our 

curves that SV40 = 51.6% of PM2. The Form III values in the table 8. re less than 100% 

6 
because of the mathematical function used. All fragments smaller than 1.42 x 10 

1.353 

1. 261 

0.785 

0.656 

0.572 
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Table II (continued) 

were measured from SV40 calibration curves. The SV40 curves slightly overestimated 

molecular weights of fragments greater than 50% of SV40 and slightly underestimated 

smaller fragments. The PM2 data are accurate to within ± 2.5%. It is not possible to 

determine the molecular weights of the smallest Hind m complete digest products because 

they are smaller than any of the cleaved permuted linears. Columns 1, 3 and 5 are 

cleaved permuted linears; 2, 4, 6, and 7 are complete digests. 

aK. N. Subramanian, J. Pan, S. Zain, and S. M. Weissman, Nucleic Acids ,Research 1, 

727 (1974). 
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Figure .! 

a) Hind III (slashes) and Hpa II (triangle) restriction enzyme sites on SV40 DNA. 

b) Complete digestion products from a Hind III digestion of SV40 DNA. 

c) Permuted linears from an EtdBr limited Hind III digestion of SV40 DNA. 

d) The permuted linears after digestion with Hpa II. The 12 fragments are ordered, 

as they would be resolved in a gel, from largest to smallest. Note that fragment 

12 differs from fragment 8 by complete digest product B; similar reasoning 

yields the map that appears in (a). 

e) Gel photograph 

Slot 1: SV40/Hind III and SV40/Hind III/Hpa II complete digests. 

Slot 2: SV40/(EtdBr) Hind III after cleavage of permuted linears with Hpa II -

the slowest migra ting band is SV40 Form III. 

Slot 3: ;,_/Eco RI a nd A/Hind III complete digests. 

Slot 4: PM2/(EtdBr) Hind III after cleavage of permuted linears with Hpa II -

the slowest migra ting band is PM2 Form III. 

Slot 5: PM2/Hind III and PM2/Hind III/Hpa II complete digests. 
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Figure 2. Slot 2 of the negative for the photograph in Figure le was optically 

scanned yielding this trace of the SV40/Hind III permuted linears after cleavage 

with Hpa II. Note that the peaks corresponding to fragments 4 and 9 are 

disproportionately small. This indicates that the rate of the EtdBr limited cleavage 

of SV40 DNA with Hind IIIis not the same at each of the enzyme's recognition 

sites. 
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Figure 3. This is a graph of the third order exponential function describing the 

electrophoretic mobility molecular weight relationship. The data used to derive 

this curve come from the PM2 fragments in slots 4 and 5 of Figure le. 
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Figure 4 

a) PM2/Hind III map from the information in the sizes of the smaller half of the 

cleaved permuted linears. 

b) PM2/Hind III map from the information in the sizes of the larger half of the 

cleaved permuted linears - note that fragments D and E are reversed compared 

to Figure 4a. 

c) SV40/Hpa I 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. 

d) SV40/Hind III 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. 
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CHAPTER TWO 

Restriction Endonucleolytic Studies with 

Animal (Human, Mouse and Rat) Mitochondrial DNA 
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INTRODUCTION 

After Jerry died, Bob Watson and I shifted our attention to an evolutionary 

study of mtDNA. We decided to study the DNA from Old World and New World 

rodents by restriction endonuclease analysis. 

We began by studying the standard lab mouse (Mus musculus), a mouse 

cell line (LA9), the lab rat (Rattus norvegicus), and two rat cell lines that were 

a kind gift from Dr. Murray Gardner of USC (Rattus rattus and Rattus ~gicus). 

Early in the studies, we found that our cell line, LA9, was contaminated 

with HeLa cells. That led to a brief communication in Nucleic Acids Research 

about the sensitivity of mtDNA restriction endonuclease patterns as an assay 

for cell contamination. 

After solving that problem and re-establishing pure lines of LA9 cells, 

we determined in a rapid screening with restriction endonucleases that mtDN A 

from LA9 cells produced the same patterns as mtDNA from the lab mouse. 

Although the cell line (LA9) was derived from the lab mouse (1), it seemed possible 

that mtDNA from these two sources might not be identical. 

mtDNA was isolated from three sources of rat cells. One was the lab 

animal (R. norvegicus) and two were cell lines (R. norvegicus and R. rattus). The 

DNAs from these three sources produced three distinct cleavage patterns after 

digestion with Hae III. These results were reported in the following paper. They 

were put aside while the detailed restriction endonuclease maps presented in that 

paper were constructed. We never returned to the problem of evolutionary diver­

gence, however, those maps do provide a foundation for studies investigating this 

problem. 



46 

While constructing the restriction endonuclease maps, we were able 

to learn more about mtDNA than simply where enzyme recognition sites exist. 

This paper demonstrated mtDNA heterogeneity within an inbred line of rats. 

The heterogeneity, later confirmed by Francisco and Simpson (2), could h ave occurred 

within one individual or simply within the population. Our experiments were done 

with DNA isolated from a pool of 20 rat livers; therefore, we could not determine 

which of these models was correct. 

The second important point that should be stressed is that by restriction 

endonuclease analysis, approximately 24% base divergence occurs between these 

mtDNAs. This number is essentially the same as that reported by Kohne et al. 

(3) for nuclear, single-copy DNA. Therefore, mtDNA seems to be diverging at 

a rate similar to that of nuclear DNA although there are thousands of mtDNA 

molecules per cell (4). 
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ABSTRACT 

• Mitochondrial DNA from an Old World mouse, Mus musculus.J and 
from an Old World rat, Rattus norveff<icus, contain 19 and~istinct sites, 
respectively, for the 8 restriction en onucleases, BamHI, EcoRI, Haen, 
HhaI, HincII, HindIII, !fj)_a.I and PstI. The relative positions of the sIT'es 
have been mapped by tnestudy oTpartial and double enzyme digests. Some 
sites may have been conserved between the mous.e and rat mitochondrial 
genomes. 

INTRODUCTION 

Animal mtDNA is a closed circular molecule of approximately 15000 

base pairs. It contains genes that code for tRNAs (7), poly (A) containing 

RNA (8, 9), and two rRNAs. The development of restriction endonuclease 

maps should facilitate the process of locating these genes. 

This technique is a valuable tool for studying, among other things, 

genome organization and expression (1, 2) and evolution (3). Various tech­

niques have been employed for ordering the fragments produced in a re­

striction endonuclease digest (4, 5, 6). Among the simplest of these tech­

niques is a gel electrophoretic analysis of pieces formed in partial enzyme 

and double enzyme digests. We have relied predominantly upon such analy­

sis for the determination of 8 sets of restriction endonuclease sites in 

mtDNA isolated from mice and rats. 

The genes coding for the two rRNAs have been shown to be adjacent 

to one another in mtDNA from X. laevis (10), Hela cells (11), and D. me­

lanogaster (12). It has been reported that the 16S RNA and 12S RNA mole­

cules are almost 180° apart on the rat mtDNA genome (13). The restric­

tion endonucleases maps for Rattus norvegicus presented here differ from 

those in the previous study. Our restriction endonuclease map~, combined 

with the hybridization data presented by Saccone et al. (13), permit the 

1291 
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inference that the genes for 16S RNA and 12S RNA are also adjacent in rat 
mtDNA .. 

MATERLALS AND METHODS 
Enzvmes and DNA 

EcoRI endonuclease was a .gift from Dr. H. Boyer. All other restric­
tion endonucleases were purchased from New England Biolabs. PM2 DNA 

was prepared according to Espejo et al. (14). :\ DNA was a gift from B. 

Seed. SV40 DNA was prepared as described (15). Mitochondrial DNA was 

prepared from LA9 cells and livers from white mice (Mus musculus, Swiss 
Webster) and white rats (Rattus norvegicus, Sprague Dawley) by the pro­

cedures of Smith et al. (16}; the sucrose gradient purification of mitocl10n­

dria was eliminated. 

Electronhoresis 

A modification of the Aquebogue vertical slab gel electrophoresis 

apparatus was used. In the modified apparatus the upper reservoir is 

supported by two side panels. The panels are removable and can be inter­

changed with ones of different lengths. Changing the side panels alters the 

distance between the upper and lower reservoirs allowing long gels (30 cm} 

or short gels (15 cm) to be run. A fan was placed beneath the upper reser­

voir to cool the gel during the run. Tapered combs were made to improve 

the sample well. This equipment is now available from EPT, Pasadena, 

California. 

Agarose (SeaKem,Marine Colloids} gels with concentrations from 0. 4 

to 2. 5% were prepared in 40 mM Tris, 5 mM sodium ~cetate, 1 mM EDTA 

with the pH adjusted to 7. 4 by addition of glacial acetic acid (E buffer). 

Acrylamide gradient gels (all supplies from Biorad) were made by 

mixing equal volumes of 4% and 20% acrylamide solutions in a linear gradi­

ent maker; a 0-5% sucrose gradient was included to provide density stabili­

zation. The 4% solution contained: 2. 5 ml 10 x E buffer, 2. 5 ml 40% acry­

lamide (acrylamide to bis~acrylamide ratio of 20:1), 25 µ1100% TEMED, 

75 µl 10% ammonium persulfate (APS), and 20 ml of water. The 20% solu­
tion contained: 2. 5 ml 10 x E buffer, 10 ml 50% acrylamide (acrylamide to 

bis-acrylamide ratio of 50:1), 7. 5 µ1100% TEMED, 20 µ110% APS, 1. 25 

gm sucrose, and 12. 5 ml of water. Samples (10-50 µl for analytical gels 

and 500-1000 µl for preparative gels) were layered into the sample wells in 

a solution containing approximately 10% Ficoll 70 (Pharmacia) and 2 mM 

EDTA at pH 8. The gels were run at a constant voltage of 3. 3 v/cm. 

After electrophoresis the gels were stained for 10 min. in EtdBr 
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(2 µg/ml) and then de-stained for 10 min. in water. They were photo­

graphed with Kodak Plus-X film under short wave ultraviolet light excita­

tion. 

DNA was recovered from preparative gels after staining by cutting 
out the band of interest. The agarose was then minced and frozen at -20°C 

for at least 8 hours. After thawing, the expelled supernatant was collected 

and the DNA was ethanol precipitated by addition of two volumes of cold 

(-20°C) ethanol. NaCl was added to a final concentration of 0.15 M. After 

a 20 min. incubation at -20°C the DNA was pelleted in a Beckman SW 50.1 

rotor at 40, 000 RPM for 30 min. The pellet was then suspended in 10 mM 

Tris (pH 7. 5), 1 mM EDTA. 
Restriction Endonuclease Digests 

Reactions were carried out in 0. 1 M Tris (pH 7. 4), 50 rnM NaCl, 7 

mM MgC12 (EcoRI); in 7 mM Tris (pH 7. 5), 7 mM MgC12 , 60 mM NaCl, 5. 7 
mM /3-mercaptoethanol (BamHI, HincII, and HindIII); in 10 mM Tris (pH 
7. 5 ), 10 mM MgC12, 6 mM KCl, 1 mM DTT (HpaI); in 6 mM Tris (pH 7. 5 ), 

6 mM NaCl, 6 mM MgC12 , 6 mM /3-mercaptoethanol (Haen, Haem and Hha!). 

Electron MicroscopJ'. 
The location of the D-loop was determined by measurement of micro­

graphs of BamHI and Ha~II restricted, glyoxal-fixed rat mtDNA as described 
in Brown and Vinograd (3). 

RESULTS 
Complete double enzyme digests and partial single enzyme digests 

were used to construct the restriction endonuclease maps presented in 

Figures 1 and 2. The site locations presented in Tables I and II were de­

termined from log molecular weight versus electrophoretic mobility in 
either agarose or gradient acrylamide gels. The relationship in agarose 

gels is best approximated by a 3rd order exponential function as is de­
scribed in detail (6). Standards of known molecular weights--PM2 digested 

with HindIII (6), .\ digested with either HindIII or EcoRI (6), and SV40 di­

gested with Hae III (17)- -were used for calibration. 
When mtDNA replicates a D-loop is formed. It expands unidirection­

ally from a fixed point (18) which is defined as 0/100 map units. One map 

unit equals 1% of the full length DNA molecule. Map units increase from 0 

to 100 in the direction of D-loop expansion. 
Maps were compiled by analysis of the sizes of partial enzyme digest 

products or double enzyme digest products. All fragments produced in a 
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Restriction endonucleose sites in mouse mlDNA 

Barn HI _____ __ L _____ - __ ___ 1 11 

EcaRI __________ ___ _ __ .. ll ... ___ , _ 

Hae IT 

HhaI ---- --------"----

Hine II ---------~ It 

Hind m __ ~__,_,'--_._ ______ _ 

Hpa I 

Psi I 
-------~---J.. ____ _J___ 

TABLE I. Restriction Endonuclease Sites in Mouse mtDNA 

BamHI 29, 72, 77, 79 

EcoRI 1i, 75, 87 

HaeII 82 

HhaI 82, 83.5 

HincII ~ 65, g 86. 5, 95 

HindIII 25, 30, 42 

I-I al ~ 67, 86.5 

PstI 23, 47 

Figure 1 and Table I. Site locations are presented in map units and have 
an error of ± 1 map unit. Underlined sites are considered to be conserved 
through evolution. 

partial enzyme digest must be combinations of complete digest products 

formed by the same enzyme. 

Partial Enzyme Digest Analysis 

One of the techniques used to determine restriction endonuclease 

maps was the analysis of the sizes of partial digest products. As an ex­

ample of this technique the results of a _!:IincII digest of mouse mtDNA will 

be described in detail. 

HincII cleaves mouse mtDNA five times. The sizes of the complete 

digest products are: A = 55%, B = 20%, C = 14%, D = 9%, and E = 2%. _A 

partial digest of HincII yields 6 partial products smaller than the 55% piece. 

Since only the 4 smallest fragments can be used to make these partial 

products (any partial product containing the 5th fragment would be larger 

than that fragment) all possible partial products are present. Therefore, 
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Restriction endonucleose sites in rat mtDNA 

Barn HI _ _ J __ ___ _____ L ______ ___ .. 

Eco RL___ ___,.___Ju . __ __ L _ _ 

Hae IT _..cc..J_ _____ _ 

Hha I ___ 1._ __ 1_. __ 

Hmc II ..1 ________ ___ __ ..L_ __ tL ___ _ _ 

Hind m ______ ____ lLJ_ - ·· ___ J_ __ 

TABLE II. Restriction Endonuclease Sites in Rat mtDNA 

BamHI 10, 42 

55, 2i, 76. 5, 77. 5, 93 

11, 72. 5 

11, 22, 66. 5, 72. 5, 84 

1, ~~ 67. 5, 69 

~ 32, 36. 5, 52. 5, 66, 91 

g 69 

No Sites 

Figure 2 and Table II. Site locations are presented in map units and have 
an error of± 1 map unit. Underlined sites are considered to be conserved 
through evolution. 

the largest of the partials must contain the 4 smallest fragments. The 

approximate sizes of the Hincll partial products of LA9 mtDNA are: 16, 22 

29, 31, 36, and 45%. One can immediately deduce that the smallest partial 

contains the "C" and "E" complete digest fragments. Analysis of the 

possible permutations of the fragments leads to the conclusion that A joins 

D which abuts B which is adjacent to E which is connected to C which is 

joined to A (-A-D-B-E-C-) because mitochondrial DNA is circular. 

Double Enzyme Digest Analysis 

Analysis of the sizes of double enzyme digest products was extensive­

ly used to determine restriction endonuclease sites. An iliustration of this 

technique is the development of the !{__el map of rat mtDNA. !!~I cleaves 

rat mtDNA twice, forming pieces approximately 83% and 17% in length. In 

order to determine the HpaI map of rat mtDNA, by use of double enzyme 
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digests, it is necessary to know that BamHI cleaves rat mtDNA at 10 and 42 

map .units and that Haen cleaves rat mtDNA at 11 and 73 map units. 

A HpaI/HaeII double digest produces 4 fragments, 41 %, 38%, 17%, 

and 4% in length. This implies that there are no HpaI sites in the 38% frag­

ment produced by a Haen digest of rat mtDNA which begins at 73 map units 

and ends at 11 map units. 

A double digest of rat mtDNA with BamHI and Hpal also produces 4 

fragments. They are approximately 41 %, 32%, 17%, and 10% in length. 

This implies that there are no Hpal sites in the 32% fragment produced by 

a BamHI digest of rat mtDNA which begins at 10 map units and ends at 42 

niap units. Therefore, both of the Hpal sites must be between 42 and 73 

map units. The presence of two sites within this region implies that a 

double enzyme digest of Hpal with either HaeII or BamHI must form a com­

plete digest product from this region and a double digest product having 

one Hpal site and either the Haen site at 73 map units or the BamHI site 

at 42 map units as its ends. There is only one possible placement of HpaI 

sites within this region that can produce a BamHI/HpaI double digest prod­

uct of 10%, a Hae_II/HpaI double digest product of 4%, and a HpaI complete 

diges.t product of 17%. The H~ sites must be at 69 map units and 52 map 

unit s. 

Arguments similar to those presented in the sections on partial en­

zyme digests and double enzyme digests were used to deduce all of the 

maps presented in Figures 1 and 2. The information that was used is pre­

sented in the appendices. They contain the sizes of the fragments produced 

by partial enzyme digests and double enzyme digests. 

DISCUSSION 

Tissue culture cells from Mus musculus (LA9) and Rattus norvegicus 

(Amsterdam rat, Schmidt-Ruppin sarcoma) were also used as sources of 

mtDNA. The EcoRI, HinII and III, and HaeIII restriction patterns of mtDNA 

from these cells were compared with those patterns obtained from live ani­

mal mtDNA. No differences were observed in any of the mouse digests nor 

in the HinII and III digests of the rat DNA. Slight changes were noted in the 

rat/Haem system. 

The E coRI digest of the rat tissue culture line produced 6 bands (any 

small bands would not have been detected in the system employed). These 

are the same 6 fragments whose locations were mapped by Kroon et al. 

(19). We disagree with their map. 

The animal DNA contains a fragment of approximately 150 base pairs 
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that was not cited by Kroon et al. Their maps were determined by size 

analysis of partial digest products. The presence of this small fragment 

might resolve the differences between our map and theirs. While the EcoRI 

digest of the animal DNA produced all of the bands that the tissue culture 

DNA produced, 4 of these bands appeared as minor species. Two new bands 

appeared: one seems to be the sum of the two largest minor species and the 

other seems to be the sum of the two smaller species. 

The minor species that appear in the animal DNA may be due to 

heterogeneous DNA; we pooled DNA isolated from 20 rats. If a small per­

centage of the DNA contained one or two additional EcoRI sites, sites that 

are contained in all of the tissue culture DNA, the four extra bands would 

appear. The content of the minor species is so low ( < 5%) that if their 

presence is due to heterogeneous DNA there must either be heterogeneity 

within an individual or the unusual individual(s) must have yielded greatly 

lowered amounts of mtDNA. 

The alternatives, that these min.or species were caused by a con­

taminating enzy1natic activity or a difficult to hit EcoRI site, were exam •· 

ined by an incubation with a 20 fold excess of enzyme for a 70 fold increase 

in time. It did not change the results. Other DNAs (SV40, ¢X174-RF) 
were digested with the rat mtDNA and gave traditional. EcoRI patterns. 

The HindIII map of rat mtDNA presented in this paper also differs 

from that in Kroon et al. Our map was determined by analysis of the data. 

presented in the appendices and confirmed by the isolation of the fragments 

produced by a Haen digest of rat mtDNA followed by di gestion of those 

fragments with HindIII. 

The two maps presented here allow for an estimation of sequence 

divergence between rat and mouse mtDNA. Previous work (21) has i ndi­

cated between 21% and 37% mismatch by analysis of thermal denaturation of 

hybrids between the heavy and light strands of rat and mouse mtDNA. 

By assuming restriction endonucleases recognize sites that have 

neither an unusual selective advantage nor an unusual selective disadvan­

tage the data presented here can be used with a binomial analysis to deter­

mine the percentage of base divergence between these two animals. 

Of the 8 restriction endonucleases studied one, HhaI, recognizes a 

tetranucleotide sequence; two, HinclI and Haen, have rela..xed specificities 

within their recognition sequences and at some sites they do not differenti­

ate between the two purines; the other five enzymes, BamHI, EcoRI, Hi ndIII, 

HpaI, and PstI, recognized unique hexanucleotides. 
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The set of five enzymes cleave both mouse and rat mtDNA 15 times. 

Three of the 15 sites are approximately the same distance from the origin 
of replication in both . systems. 

If the probability of a base change equals "p" the probability that a 
base will not change is (1 - p). Of the 15 unique hexanucleotide sites 

studied 3 are not changed, therefore, "p" which is an estimate of sequence 

divergence is appr oximately 24%. Further werk can now be done to deter­

mine whether or n0t limited regions of the genome are highly conserved. 
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APPENDIX 1: Approximate fragment sizes (in% of genome) of restriction 

endonuclease products of mouse mtDNA. 

Ecq_RI 87, 12, 1; EcoRI/HaeII 87, 8, 4, 1; HindIII 83, 12, 5; HindIII/ 
Haen 42, 41, 12, 5; HhaI (a subset of Haen) 98. 5, 1. 5; HhaI/EcoRI 87, 8, 

2. 5, 1. 5, 1; HpaI 64, 20, 16; HpaI/EcoRI 64, 16, 11. 5, 7, 1, 0. 5; HpaI/ 
Haerr 64, 16, 15, 5; Hindi! 55, 20, 14, 9, 2; HindII (partial) ... , 45, 36, 

29, 22, 16; HinU and III 30, 20, 14, 12, 9, 8, 5, 2; BamI 49, 45, 4, 2; 

BamI (partial) ... , 6; Ba~I/HaeII 46, 45, 4, 3, 2; BamI/EcoRI 44, 42, 8, 

2, 2, 1, 1; BamI/HindIII cleaves 5% HindIII piece into 4% and 1%; PstI 76, 

24; PstI/HaeII 40, 36, 24; PstI/HhaI 40, 34, 24, 1. 5. 

APPENDIX 2: Approximate fragment sizes (in% of genome) of restriction 

endonuclease products of rat mtDNA. 
Haerr 62, 38; BamHI 68, 32; BamHI/HaeII 37, 31; 31, 1; H,12aI 83, 17; 

HpaI/HaeII 41, 38, 17, 4; HpaI/BamHI 41, 32, 17, 10; HindIII 39, 25, 16, 

13, 5, 2; HindIII (partial) ... , 6; HindIII/BamHI 24, 20. 5, 19. 5, 13, 10. 5, 

5. 5, 5.1; HindIII/H~J1 21. 5, 18. 5, 18, 16, 13, 7. 5, 5, 1; HincII 51, 32, 
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15. 5, 1. 5; HincII/HhaI 30, 17, 14. 5, 12, 11, 9, 4, 1. 5, 1; HincII/BamHI 
32, 32, 15. 5, l.O, 8, 1. 5; EcoRI 62. 5, 19. 5, 15. 5, 2. 5, ·1. O; EcoRI (partial) 

... , 22, ... , 4; EcoRI/HaeII 43. 5, 19, 18. 5, 15. 5, 2. 5, 1. 0, 1. O; EcoRI/ 

Baml 32, 19.5, 17, 15.5, 12.5, 2.5, 1.0; Pstl does not cleave. 
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ABSTRACT 

A putative HeLa cell culture line was discovered to be 
contaminated with mouse cells by examination of agarose gel 
profiles of restriction endonuclease digests of mitochondrial 
DNA. The contamination was confirmed by karyotypi c analysis, 
and by obs e rvation of the mous e satellite b a nd in an analyti­
cal buoyant density centrifugation of total cellular DNA. 
Restriction endonuclease analysis of mitochondrial DNA is 
suggested as a useful method fo r monitoring the species of 
cells in culture . 

INTRODUCTION 

Numerous reports have documented the accidental contam­

ination of long-term cell cultures with unrelated cell lines 

(1 , 2). Various methods have bee n applied for monitoring cell 

lines for clonal purity . Among methods in common use are bio­

chemical procedures, karyotypic analysis and surface antigen 

identification (3). These are reviewe d by Stulberg (4). 

We suggest here the use of restriction endonuclease 

cleavage patterns of mitochondrial DNA (mtDNA) for species 

identification of cells in culture . A contamination of a HeLa 

cell line by mouse cells was de tected in our labora tor ies 

using this method . This contamination was subsequently con­

firmed by two other procedures. 

MATERIALS AND METHODS 

Gtr.ow,th 06 Ceil.-'l. Cells were grown in. suspension culture 

with Dulbecco's modification of Eagle's Phosphate Medium 

(Grand Island Biological Co.) and 5% calf serum. 

I-'lof.CLl<.on 06 M,i,,toc.hond«al. VNA, Rv.,ruc.-ti.on Endonuc.f.ecu,e Vi­

gu.tion6 and Gef. Ef.ectJr.ophOJreJ.>.iA were carried out· as described 

(5, 6). 

© Information Retrieval Limited 1 Falconberg Court London W1 V 5FG England 
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Ana..lyti.ca..l Buoyant Ve.M-U".!f Ce.n-tJu.fiugati.on. A 1 ml cell pellet 

was mixed with 8 ml of buffer (10 mM Tris-HCl [pH 7.5), 50 mH 

NaCl, 1 mM EDTA) and lysed by the addition of 1 ml 10% sodium 

dodecyl sulphate. After vigorous mixing the viscosity was re­

duced by several passages through a 25 gauge needle. An ali­

quot was mixed with a CsCl solution and centrifuged at 44,770 

rev . /min, 25° C for 24 hr in a Beckman model E ultracentrifu­

ge equipped with a photoelectric scanner. 

KOJtyotiJpe. Ana.£.y1:,,U,. Preparations for karyotype analysis 

were carried out by a modification of a standard method (7). 

RESlJLTS 

A cell line putatively identified as HeLa was in use in 

one of our laboratories for the construction of restriction 

endonuclease cleavage maps. This cell line wa s sent to the 

second laboratory for similar studies. Both laboratories iso ­

lated mtDNA from these cells, digested it with severa l re­

striction enzymes, and analyzed the digestion products by 

agarose gel electrophoresis. 

The results of the ana lysis in the first laboratory 

are shown in Fig. 1. Slots 3 and 6 show the cleavage products 

generated by. tµe enzymes HinTll and HaelI, respectively. The 

molecular weights of the fragments in each of these slots 

total approximately twic e those of mouse and human mtDNAs. 

Dimer mtD NA is known to consist of a head-to-tail arrangement 

of monomer molecules (8). 

The HaelI digest of mtDNA from the cell line in ques­

tion in slot 6 is bordere d by a HaeII digest o f LA9 mtDNA 

(slot 5) and HeLa mtDNA (slot 7) . The l a rgest s pecies in slot 

6 migrates indistinguishably from the products of HaeII on LA9 

mtDNA . The latter DNA cont ains a single HaeIT site (5) . The 

remaining species in slot 6 co-migra te with the produc t s of 

HaeII on He La mtDNA (slot 7). 

The HinIII digest of the cell line in question in slot 

3 is similarly compared to digests by this enzyme of mous e LA9 

(slot 2) and HeLa (slot 4) mtDNAs. It is clear that the bands 

in slot 3 are composed of the HinIII products of each DNA 

alone. 
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~- Gel electrophoresis of 
restriction endonuclease digests 
of mtDNA. Electrophoresis was 
carried out at SO volts, 6 hr in 
1% agarose. 

(1) Ax EcoRI +Ax HinIII. 
(2) LA9 mtDNA x HinIII. 
(3) "HeLa" mtDNA x HinlII. 
(4) HeLa mtDNA x HinIII. 
(S) LA9 mtDNA x HaeII. 
(6) "HeLa" mtDNA x HaelI. 
(7) HeLa mtDNA x HaeII. 
(8) PM2 DNA x HinIII. 

The HeLa mtDNA used for comparison with the mtDNA from 

the contaminated cell line was not extensively purified. The 

streak near the bottom of slots 4 and 7 is nuclear DNA. Slots 

1 and 8 contain molecular weight standards. The EcoRI and 

HinIII products of bacteriophage A DNA are shown in slot 1 

(9, 10); the HinIII products of bacteriophage PM2 DNA are shovrn 

in slot 8 (10). 

Approximately equal masses of mouse and human mtDNA are 

present in the isolate from the contaminated cell line, as 

judged by the relative intensities of appropriate DNA species 

in slots 3 and 6. The mtDNA content of a HeLa cell has been 

shown to be at least eight times that of a mouse cell (11). 

Assuming equal efficiencies of extraction of mtDNA from the 

mixed cell population, we estimate that the "HeLa" cell line 

contained 90% mouse cells at the time of DNA isolation. 

The cleavage patterns in the recipient laboratory were 

generated with EcoRI and HinIII. The digests consisted exclu­

sively of species generated by these enzymes on mouse mtDNA. 

We attribute the loss of the human cells to inadvertent selec­

tion during initial growth in culture dishes. 

Two additional procedures were used to confirm the re­

striction endonuclease analysis. First, total cell DNA was 

extracted from the contaminated cell line and analyz e d by 
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buoyant centrifugation in a CsCl solution, as described in 

Materials and Methods. The satellite DNA found in mouse cells 

was observed. 

In addition, metaphase chromosome preparations were exam­

ined. Most spreads showed the same characteristics as those 

of the abnormal mouse cells (LA9) being carried in our labora­

tories. These cells are distinguishable from HeLa cells on 

the basis of several karyotypic features, including fewer to­

tal chromosomes and, most strikingly, a much higher proportion 

of acrocentric forms --approximately 60% versus 20% in HeLa 

cells (unpublished results). 

DISCUSSION 

The necessity for periodic monitoring of long-term cell 

cultures for contamination by other cell lines is now well es­

tablished. The choice of an available method is often deter-

mined by the expertise in a given laboratory. Increasing use 

of restriction endonucleases and their commercial availability, 

as well as the widespread use of gel electrophoresis, makes 

the application of mtDNA cleavag e patterns practical as a rou­

tine procedure, particularly in laboratories growing cells for 

studies with nucleic acids. The possibility of using several 

restriction endonucleases to more closely define a cleavage 

pattern enhances the appeal of this method, which has also 

been suggested by others (12, 13). The growing availability 

of restriction endonuclease cleava8 e maps of various mtDNAs 

may allow positive identification of contaminant cell species. 

Variations in the cleavage patterns of mtDNAs within 

the same species have been documented (12). Thus, the produc­

tion of reference cleavage patterns with several enzymes for 

cell lines in use in a given laboratory is recommended. It 

may be possible in this way to monitor contamination between 

cells of the same species. 
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INTRODUCTION 

The following paper is a preprint of an article that will appear in Methods 

in Enz~mology. It explains how one can use a low melting temperature (LMT) 

agarose to facilitate two-dimensional electrophoretic analysis of restriction 

endonuclease cleaved DNA. This is possible because DNA electrophoretically 

isolated and maintained in low melting temperature agarose can be digested to 

completion with restriction endonucleases and electrophoresed on a second gel. 

The power of this technique is very great and still untapped. It has been 

used extensively in our laboratory to facilitate restriction endonuclease site mapping 

of simple DNAs. However, this is just one of many potential uses. 

Various experiments can and should be tried using low melting temperature 

agarosc. Among them are experiments dealing with: 

1) Hybridization - a driver or a probe could be added to an LMT agarose 

solution containing an isolated nucleic acid. 

2) Other enzymatic reactions - Sl, polynucleotide kinase, DNA ligase. 

3) Characterization of eukaryotic chromosomes. 

a) Isolation of DNA fragments in LMT agarose known (e.g., by blotting 

experiments) to contain a gene followed by restriction endonuclease diges tion, 

gel electrophoresis, and blotting. This simplifies the interpretation of double 

digest results. 

b) Two-dimensional analysis of wild-'-type versus mutant eukaryotic 

chromosomes. Restriction digests of each DNA can be run in adjacent lanes of 

an LMT agarose gel. Slices of the gel can be removed from the adjacent slots, 

redigested with a different restriction endonuclease and re-run on a second gel. 
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Adjacent lanes of the second gel can then be compared to find differences in the 

wild type and mutant patterns. Polymorphisms, of course, will complicate 

interpretation. 

Some of these experiments can be done immediately using the follov11ing 

protocol. Others demand that experiments be done to test the feasibility of the 

ideas. 
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There ar-e many techniques currently available for mapping the restriction 

endonuclease sites of various DNAs. Most of these involve gel electrophoretic 

fractionation of the products of enzymatic digestion. Though the simplicity and 

resolution of gel electrophoresis are unrivalled, it is often difficult . to manipulate 

or isolate DNA electrophoretically embedded in gel media. When large numbers 

of restriction fragments are to be analyzed, enzymatic redigestion of DNA electro­

phoresed through gels becomes an unprofitable approach to restriction mapping. 

Methods for the in situ digestion of fragments trapped in gels have been presented 

elsewhere. In general, these techniques have not become popular because they 

require large amounts of enzyme for complete digestion, and either have Eot been 

shown to be applicable, or have been shown to be inapplicable to a broad range 

of enzymes with different specificities. 

In the following we present a simple method for redigestion of restriction 

fragments electrophoresed through a low melting temperature agarose. The 

technique is both easy to use and economical of the second-dimension enzyme. 

It is applicable to all the enzymes we have tested and does not require extensive 

modification of conventional electrophoretic apparatuses. The resolving 

characteristics of the low melting temperature (LMT) agarose used are essentially 

identical to those of ordinary agaroses; however, the low melting temperature 

agarose is both more expensive and more fragile than commonly used agaroses. 

In the following procedure, restriction endonuclease products are fractionated 

in a gel made from hydroxyethyl agarose (SeaPlaque Agarose, Marine Colloids, 

Inc.). SeaPlaque Agarose melts at 65° and remains in solution at 37°, allowing 

the gel to be dissolved without denaturing DNA. It is possible to find conditions 

which permit complete digestion of DNA with restriction endonucleases in the 
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presence of SeaPlaque Agarose at 37°. Enzyme efficiencies are not greatly reduced 

under these conditions. Following fractionation, the bands of interest can be 

visualized either by ethidium bromide fluorescence or autoradiography. Discrete 

regions of the gel are excised and placed in tubes, the agarose melted, buffers 

and restriction endonucleases added, and the DNA cleaved by the added enzymes. 

Pouring the Gel 

Gels for the first dimension of two-dimensional DNA electrophoresis 

are made by dissolving hydroxyethyl agarose in E buffer (40 mM Tris, 5 mM sodium 

acetate, 1 mM EDTA, pH adjusted to 7.4 with glacial acetic acid) by heating to 

at least 65°c. Before the gel is poured, the agarose should be cooled to 37°c 

to minimize shrinkage while the gel solidifies. If this is not done, the gel may 

crack or detach from the apparatus. 

Pouring an LMT agarose gel in a horizontal apparatus presents no special 

problems. When pouring vertical gels in forms with insertable combs, however, 

care must be taken to remove the comb without tearing the gel. Two steps may 

be taken to accomplish this. The first is to clamp the comb a few millimeters 

above the top of the gel. The second is to chill the gel in a refrigerator before 

removing the comb. After the gel has solidified, buffer can be pipetted around 

the exposed teeth and the comb removed without damage to the gel. 

LMT agarose gels are more slippery than ordinary gels, and tend to slide 

from vertical holders more easily. Depending on the design of the apparatus, 

a mechanical support at the bottom of the gel, or a conventional agarose plug, 

may be necessary. 
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Running the Gel 

The gel should berun for at least 10 minutes before samples are applied. 

During this time, the voltage should be gradually increased. LMT agarose gels 

frequently crack when high voltage gradients (5 V /cm) are applied to the gel without 

this gradual increase. If the voltage is slowly increased, the gels are stable to at 

least 6.6 V /cm. In our apparatus, this gradient spans a 15 cm long, 4 mm thick 

gel and requires approximately 60 milliamps of current. Horizontal apparatuses 

with thin (e.g., paper) wicks may exhibit sufficient ohmic heating at the ends 

of the gel to melt LMT agarose. Running at lower voltages, or in the cold, can 

avoid melting. 

Samples are layered cm LMT agarose gels in the same manner as on other 

agarose or acrylamide gels. Mobilities of both circular and linear DNA molecules 

in this agarose are similar to their mobilities in gels made from more commonly 

used agaroses. 

Band Detection and Isolation 

Depending upon the quantity of DNA available, it may be more convenient 

to determine the location of the DNA in the gel by autoradiography of 32P-labeled 

DNA or by ethidium bromide (EtdBr) fluorescence. If bands are to be detected 

by autoradiography, the gel should be soaked for 10 minutes in dH2o in buffer. 

The bands can be cut out of the gel by measuring their mobility on the autoradio­

gram and removing that region of the gel. If bands are to be detected by EtdBr 

fluorescence, the gel should be stained for 10 minutes in 0. 2 µg/ ml of EtclBr and 

then destained for 10 minutes without EtdBr. The solutions for staining and de­

staining can be made in distilled water or in a buffer appropciate for the second 

restriction endonuclease. 
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The bands can then be visualized by either long wave or short wave ultra­

violet light depending upon the quantity of DNA in the bands. It is preferable 

to use long wave light in order to minimize nicking of the DNA. The bands should 

be c~t from the gel in slices that are as thin as possible so that the entire volume 

of the slice can be loaded on the next gel. 

Restriction Endonuclease Digestion in SeaPlaque 

After slices of the gel have been placed into individual test tubes, their 

volume should be estimated and 1/9 volume of a stock of ten times concentrated 

enzyme buff er added. This step is unnecessary if the gel was already soaked in 

buffer. 

The samples are then placed at 65°C until the agat'Ose melts. When 

liquid, the sample is placed at 37°C and allowed to thermally equilibrate. After 

it has equilibrated, a sterile solution of nuclease-free bovine serum albumin (Pentex 

BSA, Miles Laboratories) is added to a final concentration of 0.1 %. The addition 

of BSA is essential for complete digestion. 

The presence of agarose does not seem to greatly inhibit restriction 

endonucleases under these conditions. To insure complete digestion, two to three 

times more enzyme should be added than would be used to digest the DNA under 

standard conditions. If the number of restriction sites in the DNA is known, we 

generally normalize the amount of enzyme per microgram of DNA so that the 

ratio of enzyme to concentration of sites is equivalent to that found in the standard 

assay with lambda DNA. When the number of sites in lambda is known, we calculate 

the amount of enzyme required by the following formula: 

(1) 
Xsites 

A ·t s1 es 

= units of enzyme 
lµgofXDNA 
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The Second Dimension 

If the second gel is a vertical gel, it is important that the LMT agarose 

remain as a liquid until the DNA has migrated into the gel. If the agaeose is allowed 

to set up, the bands in the second dimension will be very broad. If the second 

gel is a horizontal gel, the agarose may be allowed to set up. In the event that 

a vertical gel is used, there are two ways to insure that the agarnse stays in 

solution. The first, and easiest, is to heat both the sa.mples arid the running (11 E11
) 

buffer for the upper reservoir to 65°C. Alternatively, the samples may be loaded 

in 3396 formamide. The latter has the disadvantage of increasing the sample volume. 

RESULTS 

Four of the enzymes that work well under our standard second dimension 

conditions were used to obtain the patterns shown in Figure 1. This gel contains 

the electrophoretically resolved products of digestions of \c 1857 DNA in the 

presence or absence of SeaPlaque agarose. The restriction endonucleases used were: 

Ava I, Barn HI, Eco RI, and Hind III. In all cases, the complete digest products 

obtained in the presence of LMT agarose were identical to those in the parallel 

digestion. 

At the time of writing, we have tested the following seventeen enzymes: 

Alu I, Ava I, Barn HI, Eco RI, Hae II, Hae III, Hha I, Hine II, Hind III, Hpa I, Hpa II, 

Kpn I, Pst I, Pvu II, Sal I, Sma I, and Xho I. All were capable of producing complete 

digests in the presence of LMT agarose. 

The poten tial uses of LMT agarose are clearly broader than those pre­

sented here. We anticipate tha t as the neecl arises, va rious other applications 

will be devised. In our experience, the single most important step for obtaining 
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good enzymatic activity, in the presence of LMT agarose, has been the addition 

of bovine serum albumin to 1 mg/ml. This knowledge may be helpful in the 

design of future applications. 
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Figure 1. A 0. 7% agarose gel was used to electrophoretically resolve the products 

of restriction endonuclease digests of ).c 1857 DNA in the presence (slots 1,3,5, 7) 

and absence (slots 2,4,6,8) of SeaPlaque agarose. The enzymes used were: Ava I 

(slots 1,2), Barn HI (slots 3,4), Eco RI (slots 5,6), and Hind III (slots 7,8). 
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INTRODUCTION 

About a year ago, I went to Tom Maniatis and asked him if he would 

be interes ted in my working on the organization of human globin genes. As expected, 

he had given a great deal of thought to the project and shortly after Thanksgiving 

I began working on this problem. 

We decided that our immediate need was an understanding of the location 

of restriction endonuclease sites in and around the genes. Our collaborator, 

Bernard Forget of Yale University, provided us with human chromosomal DNA 

and sequenced cDNA plasmids corresponding to the a- , S-, and y-globin mRNAs. 

When the project began, it was not possible to clone recombinant DNA 

molecules containing human DNA. Therefore, our first experiments involved 

chromosomal blots of DNA isolated from a patient with normal hemoglobin. 

Shortly after I began working on this project, two post-docs, Dick Lawn 

and Ed Fritsch, joined our lab and began working with me. Together with Tom, 

we decided what experiments needed to be done and by whom. 

Dick and Ed were invaluable collaborators. We were also helped 

by a freshman, Geoff Blake, who spent about eight months in our lab learning 

about biochemistry and molecular biology. 

The globin genes in human beings present an interesting system to the 

basic researchers because of the wide variety of mutants that exist. Until very 

recently, it has been impossible to study the DNA of an eukaryote at a very 

detailed level. 

It has been possible to study certain RNAs and proteins. Experiments 

with human hemoglobin have demonstrated that a wide vadety of mutants exist 
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and that the mutants probably contain many varying DNA sequences. 

The proposed changes in DNA structure that we hoped to study were 

manifested by many changes in globin mRNA and in globin proteins. Diseases 

had been characterized where: 

1) Neither globin mRNA nor globin protein was found (l); 

2) The RNA was present as was a very low amount of protein (2); 

3) No DNA was detected by hybridization experiments (3); 

4) The globin protein contained one altered amino acid (4); 

5) The globin protein contained many extra amino acids at the C-terminal 

probably due to either a point or a frameshift mutation (5a,b); and 

6) The globin protein contained the N-terminal amino acids of one globin 

protein and the C-terminal amino acids of another globin protein (6). 

This wide variety of mutations makes human hemoglobin a very attractive 

system as do the applied aspects which are also of great interest. The first 

abnormal DNA that we chose to study came from a patient with hemoglobin Lepore. 

This patient did not produce any of the normal adult s - related globin 

chains (the a -protein and the S-protein). Instead, the only adult S-rela ted protein 

found in this person's blood was the Lepore protein. This polypeptide contains 

the N-terminal amino acids of the a-protein and the C-terminal amino acids 

of the S-protein. 

We decided to explore whether this protein was coded for by a fused 

gene containing 5'-end a-gene sequences and 31-end s-gene sequences or by som e 

alternative mechanism. The results of that work are not presented in this 

thesis. 
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There is one other preprint in this chapter. It is a copy of a manuscript 

that will appear in two symposia volumes. All of the data on human globin gene 

information presented in this paper were also presented in the previous ar ticle 

found in this chapter. I have decided to include this paper because it provides 

a valuable insight into the basic research of globin genes and the rest of the globin 

work that was done while I was in the Maniatis laboratory. 
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Summary 

A cloned library of large, random embryonic human DNA fragments was constructed 

and screened for S-globin sequences using the cloned human S-globin cDNA plasmid 

pJW102 (Wilson et al., 1978) as a hybridization probe. Two independent clones 

were obtained and then characterized by restriction endonuclease cleavage analysis, 

hybridization experiments and partial DNA sequencing. Each of the clones carry 

both the adult o- and S-globin genes. The two genes are separated by approximately 

5.4 kilobases (kb) of DNA and their orientaton with respect to the direction of 

transcription is 51 
- o - S - 31

• Both the o- and s-globin genes contain a large 

non-coding intervening sequence (950 and 900 bp, respectively) located between 

the codons for amino acids 104 (arginine) and 105 (leucine). Although the location 

of the large intervening sequence within the coding regions of the two genes is 

identical, the two non-coding sequences bear little sequence homology. A second, 

smaller intervening sequence similar to that found in other mam malian S-globin 

genes was detected near the 51 end of the human S-'-globin gene. The two independently 

isolated S-globin clones differ from each other by the presence of a Pst I restriction 

enzyme cleavage site within the large intervening sequence of the o-globin 

gene of one of the clones. This suggests that the human DNA carried in the two 

clones was derived from two homologous chromosomes which were heterozygous 

for the Pst I restriction enzyme recognition sequence. 
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Introduction 

We have recently established a procedure for isolating eukaryotic genes which 

involves the construction and direct screening of permanent, cloned libraries of 

large (15-20 kb), random fragments of genomic DNA (Maniatis et al., 1978). The 

feasibility of isolating single copy mammalian genes by this approach was demonstrated 

by purifying S-globin genes from a library of rabbit DNA. With this procedure, 

different members of a gene family can be isolated by screening a libra ry with 

a mixed hybridization probe. ln addition, if enough independent recombinants 

are screened, it is possible to obtain a set of overlapping chromosomal segments 

which contain the gene of interest plus adjacent sequences extending many kilobases 

from the gene in the 5' and 3' directions. Thus, it is possible that two or more 

closely linked genes will be carried in a single recombinant clone. For exa mple, 

a clone containing both an adult S-globin gene and a S-rela ted globin gene was 

obtained from a library of rabbit DNA by hybridization to an adult S-globin probe 

(Maniatis et al., 1978; Lacy et al., 1978). 

The human globin gene family, comprised of 3 a-related and 5 non-a genes, 

is an example of a small group of functionally and evolutionarily related genes 

that are differentially expressed during development (see Bunn, Forget and Ranney, 

1977; and Nienhuis and Benz, 1977 for reviews). Most individuals carry two adult 

a-globin genes (Hollan et al., 1972; DeJong et al., 1975) which are located on 

chromosome 16 (Deisseroth, 1977). The chromosomal locations of 1'; and E:, 

the a-related and non-a embryonic globin genes, respectively, are not known. 

The remaining non-a genes (Gy, AY, o and S) are thought to be closely linked 

(Weatherall and Clegg, 1972; Bunn et al., 1977) on chromosome 11 (Deisseroth 

et al., 1978). The close linkage of the o- and S-globin genes (the minor and 
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major S-related adult globin genes, respectively) was deduced from studies of 

the mutant Hb Lepore which is a fusion protein containing N-terminal o and 

C-terminal S amino acids (Baglioni, 1962). Similarly, the linkage of the AY_ 

(one of the two non-allelic fetal genes) and S-globin genes was deduced from 

structural and genetic analysis of the mutant Hb Kenya, a fused protein whose 

N-terminal and C-terminal amino acids are derived from the AY_ and S--globin 

genes, respectively (Huisman et al., 1972; Kendall et al., 1973). Assuming that 

these fused proteins result from unequal crossing over between homologous genes 

at meiosis, the 5' - GY - AY - o - S - 3' or 5' - AY - o - S - GY - 3' configura tions 

are both consistent with the structural data. 

In this paper, we provide definitive evidence for the close physical linkage 

of the human o- and S-globin genes in the order: 5' - o - S - 3'. This is 

accomplished by isola ting and charac terizing a cloned human DNA fragment which 

carries both the o- and S-globin genes. 

Results 

Construction of a Human Genome Library 

A library of approximately 1 x 106 independently derived bacteriophage ;\ clones 

consisting of large (15-20 kb) fragments of human DNA covalently joined to a 

bacteriophage :x. vector was prepared as previously described (Mania tis et al., 

1978). In brief, human fetal liver DNA was subjected to a non-limit digestion 

with the restriction endonucleases Hae III and Alu I and the products size fractionated 

by sucrose gradient centrifugation. Large fragments (15-20 kb) were isolated, 

and treated with Eco RI methylase to render Eco RI sites within the human DNA 

resistant to cleavage with Eco RI . Synthe tic dodecameric DNA molecules bearing 
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an Eco RI cleavage site (Eco RI linkers) were ligated to the methylated DNA, 

and digested with Eco RI to generate Eco RI cohesive ends. Following an additional 

size selection (15-20 kb), the human DNA was suitable for insertion into the bacterio­

phage "cloning vector, Charon 4A (;\Ch4A) (Blattner et al., 1977). 

Foreign DNA can be inserted into the " Ch4A vector after removal of two 

internal Eco RI fragments which contain genes nonessential for phage growth 

(Blattner et al., 1977). The two "arms" of the bacteriophage DNA are annealed 

through their 12 base pair cohesive ends and joined to the human DNA by ligation 

of the Eco RI cohesive ends. The ligation reaction is performed at a high DNA 

concentration to promote the formation of long concatemeric DNA molecules 

which are the substrate for in vitro packaging (Sternberg et al., 19'/'/). Approximately 

1 x 106 in vitro packaged phage were amplified 106-fold by low density growth 

on agar plates to establish a permanent library of cloned human DNA fragments. 

Table 1 presents a brief summary of the essential features of the human library. 

Isolation and Characterization of Genomic DNA Clones Bearing S-globin Sequences 

The human library was screened for clones containing globin sequences using the 

in situ plaque hybridization procedure of Benton and Davis (1977) (see also Maniatis 

et al., 1978). 32P-labeled nick-translated cDNA plasmids containing the human 

a-, s- or y-globin genes (Wilson et al., 1978) were used as hybridization probes. 

On the first screening of 300,000 recombinant phage, two independently derived 

clones bearing S-globin sequences were identified and plaque purified. We have 

designated these clones HSGl and HSG2. 

The location of various restriction endonuclease sites in the recombinant 

DNA was determined as a means of characterizing the DNA sequence organization 
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of the human 6-globin gene. Figure lA shows the agarose gel electrophoresis pattern 

of H!3Gl and H!3G2 DNA digested with six different enzymes. Although the two 

clones are similar, they clearly are not identical. For example, digestion of H!3Gl . 

DNA with Xba I generates 4 fragments, while only 3 Xba I fragments are found 

in H!3G2 DNA. Two of the Xba I fragments are common to both clones. Similarly, 

Eco RI digestion of the two DN As produces 7 fragments in each case but only 

5 are common to both clones. The size of the Eco RI fragments present in the 

two clones indicates that HSGl and H!3G2 contain 15.9 and 14.5 kb of human DNA, 

respectively. 

Localization of e-globin Sequences in HSGl and HSG2 

The position of S-globin sequences within the cloned human DNA was determined 

by digesting the DNA with various restriction enzymes, fractiona ting the products 

by agarose gel electrophoresis, blotting the DNA directly from the gel onto nitro­

cellulose filter paper (Southern, 1975) and hybridizing the filter with the human 

6-globin cDNA plasmid pJW102 (Wilson et al., 1978) labeled with 32P by nick 

translation (Maniatis et al., 1975a). H!3Gl and HSG2 DNA were first digested 

with four restriction endonucleases which do not cleave within the human 13-:-globin 

coding sequence (Xba I, Hha I, Hind III, Bgl I) (Marrota et al., 1977). As seen in 

the autoradiogram of Figure lB, the S-globin probe hybridizes to only one fragment 

in the Bgl I, Hha I and Xba I digests. The 10. 75 kb Xba I fragment is genera ted 

by two Xba I sites within the inserted human DNA since this enzyme does not 

cleave" Ch4A DNA (data not shown). The Hha I fragment which hybridizes the 

13-globin probe is larger than the human DNA inserts of HSGl and H!3G2. Unexpectedly, 

two Hind III fragments hybridize to the S-globin probe even though no Hind III 

sites are present in the S-globin mRN A sequence. 
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When the experiment was performed using restriction enzymes known 

to cleave only once within the B-globin mRN A sequence, more than two hybridizing 

fragments were observed. For example, Eco RI recognizes a single site in the 

B-globin mRNA sequence corresponding to the codons for amino acids 121 and 

122. Thus, when the cloned DNAs are digested with Eco RI, two fragments which 

hybridize to the B-globin probe are expected. However, as shown in Figure lB, 

Eco RI digestion of HSGl and HBG2 DNA produces four fragments which hybridize 

the 8-globin probe. In HBG2 the sizes are: C (5.2 kb), D (3.2 kb), E (2.25 kb), 

and G (1. 75 kb). Similarly, Barn HI recognizes a single site in the 8-globin mRNA 

sequence corresponding to the codons for amino acids 98 to 100. Digestion of 

both DNAs with Barn HI also produces four fragments which hybridize to the B-globin 

probe. In HSG2 the sizes are: A (19 kb), B (8.3 kb), D (4.4 kb), and F (1.8 kb). 

There are at least two possible explanations for these unexpected results. First, 

the cloned B-globin gene may contain at least two non-coding intervening sequences, 

two of which are cleaved at least once by Eco RI and Barn HI, and one of which 

is cleaved by Hind III. Alternatively, the human DNA insert in both clones may 

contain two closely linked 8-globin related gene sequences. 

To discriminate between these two alternatives, we constructed a detailed 

map of the restriction sites within and surrounding the sequences which hybridize 

to the 8-globin probe. 

Mapping Restriction Endonuclease Cleavage Sites in HSG2 DNA 

Restriction mapping of HSG2 DNA was accomplished by digesting the cloned DNA 

with various restriction enzymes singly or in combination and determining the 

sizes of the digestion products by agarose gel electrophoresis. In addition, we 
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made use of a two-dimensional agarose gel electrophoresis procedure which involves 

redigestion of restriction fragments electrophoresed through low melting temperature 

"SeaPlaque" agarose gels (Parker and Seed, 1979). In this procedure, DNA digested 

with one restrict ion enzyme is frac tionated by electrophoresis in SeaPlaque agarose. 

The bands are identified by ethidium bromide staining and excised from the gel. 

The gel fragment is melted by heating at 65°C. Vvhen the temperature is lowered 

to 37°C, the agarose remains in solution and the DNA can be digested to completion 

with a second enzyme and the entire mixture layered onto a second gel for .electro­

phoresis. In the following, we summarize the data which were used to derive the 

maps of val'ious restl'iction endonuclease cleavage sites shown in Figure 4. 

Hind ~II: Digestion of HBG2 DNA with Hind III produces three fragments 

of 27, 13, and 5.6 kb which we designate Hind A, B, and C, respectively (Figure lA). 

The left arm of \ Ch4A (20 kb) is not cleaved by Hind III, while the 10.5 kb right 

arm is cleaved into two fragments of 5.6 kb and 4.9 kb (data not shown). Thus, 

the Hind III A fragment of Hf3G2 (27 kb) includes the entire left arm of the cloning 

vector and a portion of the human DNA insert while the Hind C fragment derives 

solely from the right arm. The Hind B fragment therefore lies between the A 

and C fragments (Figure 4). 

Xba I: Digestion of HBG2 DNA with endonuclease Xba I yields three 

fragments designated Xba A (21.5 kb), B (13.5 kb), and C (10.75 kb) (Figures 1 

and 2). There are no Xba I sites in either arm of the vector (data not shown). 

Therefore, the Xba A fragment (21.5 kb) must include the 19 kb left arm of\ 

Ch4A and a portion of the human DNA insert. To orient fragments Band C, the 

products of an Xba I digest were electrophoresed in a 0.5% SeaPlaque agarose 

gel and the B and C fragments were sepai·a tely excised from the gel and digested 
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with Eco RI. The Xba B fragment yielded the right arm of>. Ch4A DNA (10.5 kb) 

plus two smaller fragments (Figure 2). The Xba C fragment yielded several smaller 

Eco RI fragments from within the human DNA insert (data not shown). Thus, 

the order of the Xba I fragments is B-C-A (Figure 4). 

Eco RI: Digestion of HSG2 DNA with Eco RI generates seven fragments 

designated RI A (20 kb), B (10.5 kb), C (5.2 kb), D (3.2 kb), E (2.25 kb), F (2.05 kb), 

and G (1. 7 5 kb) (Figure 1). The 20 and 10.5 kb fragments are the left and right 

arms, respectively, of>. Ch4A DNA. The remaining five Eco RI fragments contain 

only human DNA. The five smaller fragments were positioned by employing double 

enzyme digests, done either simultaneously, or sequentially by the SeaPlague 

agarose technique. 

Double digestion of HSG2 DNA with Eco RI and Xba I produces 9 fragments 

(Figure 2). Five of these fragments are the Eco RI complete digest products RI A, 

B, C, F, and G. The other four fragments wei-e formed by Xba I cleavage of both 

RID and RI E, producing fragments of 1.9 kb, 1.85 kb, 1.4 kb, and 0.4 kb. These 

sizes indicate that the 0.4 kb and either the 1.9 kb or 1.85 kb fragments were 

derived from RI E. 

The Xba B fragment, already shown to contain the right arm of>. Ch4A, 

was isolated from a 0.6% SeaPlaque gel and redigested with Eco RI. Three frag­

ments were resolved by agarose gel electrophoresis, the 10.5 kb right arm of>. 

Ch4A, the 2.0 kb Eco RI F fragment, and the 0.4 kb portion of RI E formed by 

cleaving RI E with Xba I (Figure 2). Digestion of the isolated Xba B fragment 

with Eco RI, therefore, demonstrated that RIB (the right arm of>. Ch4A) is positioned 

next to RI F, which, in turn, is positioned next to RI E. 

The remainder of the Eco RI fragments were oriented by digesting HBG2 
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DNA with Eco RI and Hind III. Double digestion of HBG2 DNA with Eco RI and 

Hind III produces 9 fragments (Figure 2). As described above, there are two Hind III 

sites in Hf3G2 DNA, one of which is in the right arm of A Ch4A producing fragments • 

of 4.9 kb and 5.6 kb. A comparison of the digests in lanes 4 and 6 indicates that 

the other Hind III site is in the RI C fragment, producing fragments of 3. 7 and 

1.5 kb. 

After digestion ofHBG2 DNA with Hind m, the products were resolved 

on a 0.696 SeaPlaque gel and the 13 kb Hind B band was isolated. This Hind B 

band was digested with Eco RI and the products were fractionated on a 1.15% 

agarose gel (Figure 2). Five fragments of 4.9 kb, 2.25 kb, 2.0 kb, l.75 kb, and 

1.5 kb were formed. The middle three of these fragments are the Eco RI complete 

digest products - RI E, RI F, and RIG. The largest fragment com2s from the 

right arm of A Ch4A and the smallest is part of RI C. This r esult indicates that 

RIG is positioned next to RI E and that RIC is next to RIG. By elimination, 

RID must be located between R.I C and RI A. The Eco RI fragments in HBG2 

DNA are thus arranged in the order B - F - E - G - C - D - A (see Figure 4). 

Barn HI: Digestion of HBG2 DNA by Barn HI produces 9 fragments designated 

Barn A (19 kb), B (8.3 kb), C (5.2 kb), D (4.4 kb), E (3.8 kb), F (1.8 kb), G (1.5 kb), 

H (0. 7 kb), and I (0.5 kb) (Figure lA). Digestion of the left arm of A Ch4A DNA 

with Bam HI generates fragments of 5.2 and 14.8 kb (data not shown). The 5.2 kb 

fragment corresponds to fragment C of Barn HI digested HBG2 DNA. The 14.8 kb 

fragment is larger than all of the Barn HI fragments of HBG2 DNA except the 

A fragment (19 kb). Thus, the A fragment must consist of 14.8 kb of A DNA and 

4.2 kb of human DNA. The Barn HI fragment A must then be positioned next to 

Barn C in the left arm and must span the junction between the A Ch4A left arm 
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and the inserted human DNA. Digestion of the right arm of \ Ch4A generates 

fragments of 4.7, 3.8, 1.5, and 0.5 kb (data not shown). The latter three fragments 

correspond to the HSG2 Barn HI fragments E, G and I. The 4. 7 kb fragment is 

larger than all of the Barn HI fragments of HSG2 not yet assigned a map position 

except for fragment B (8.3 kb). Thus, Barn B must be the junction fragment between 

the right arm of the vector and the inserted human DNA, consisting of 4.7 kb 

of\ DNA and 3.6 kb of human DNA. 

By elimination, Barn F, H, and Dare located entirely within the human DNA 

insert. To establish the order of these fragments, the Hind III fragments A and 

B were isolated by SeaPlaque agarose gel electfophoresis and redigested with 

Barn HI (Figure 3). Digestion of Hind A yielded Barn A, C, F, and H, plus an 

additional 0.2 kb fragment. The relative order of the Barn HI fragments F and 

H was determined by par tial Barn HI digestion of the isolated Hind III fragment A. 

A partial digestion product of 0.9 kb in length was observed (data not shown). 

The presence of the 0.9 kb partial indicates that the 0.7 kb Barn fragment His 

positioned next to the 0.2 kb fragment observed in a complete Barn digestion of 

Hind A. The 0.2 kb fragment must be positioned within the human DNA at the 

end of Hind A because it is not found in the Barn HI digest of HSG2 DNA. Therefore, 

the order of the Barn HI fragments in Hind A is Barn H-F-A-C. 

Digestion of the Hind III B fragment yielded the Barn B and an additional 

4.2 kb fragment. The Barn HI D fragment was not found in the digestion products 

of either of the Hind III fragments, suggesting that Barn D is cleaved by Hind III. 

Double digestion of HBG2 DNA by Hind III and Barn HI confirmed this deduction 

(data not shown) and further demonstrated that the 4.2 kb Hind III/Barn HI fragment 

was derived from ·Barn D. Therefore, Barn Dis located within the human DNA 



88 

insert, adjacent to Barn B. The Hind III site in Barn D is located 4.2 kb from the 

end of the Barn B. The complete map of Barn HI sites in I-ISG2 DNA is presented 

in Figure 4. 

Orientation of 8-globin Related Sequences with Respect to the Direction 

of Transcription 

Comparison of the hybridization results of Figure 1 and the maps of Figure 4 

reveals that the two Hind III fragments (A and B) and the 4 Eco RI fragments 

(D, C, G, and F) which hybridize to the S-globin probe are contiguous. The 4 

Barn HI fragments (A, F, D, and B) which hybridize are similarly arranged except 

that a small Barn HI fragment (H) lies between the Barn F and D fragments, These 

data alone do not allow us to distinguish between the presence of two linked s-rela ted 

genes and the presence o~ more than one intervening sequence containing Hind III, 

Eco RI and Barn HI cleavage sites. To distinguish between these possibilities and 

to orient the gene(s) in the cloned DNA, we prepared hybridization probes specific 

to the 5' or 3' ends of the S-globin sequence. (This corresponds to the 5' or 3' 

end of the encoded mRNA sequence). The S-globin cDNA plasmid pJW102 was 

digested with endonucleases Barn HI and Hha I to produce fragments containing 

the S-globin gene portion on either side of the single Barn HI site located near 

the middle of the s-globin message sequence (see Figure 9B for a map of these 

sites in s-globin cDNA). A fragment containing that part of the gene 3' to the 

Eco RI site was also prepared by Eco RI and Hha I digestion. These fragments 

were fractionated by polyacrylamide gel electrophoresis, recovered, and labeled 

by nick translation for use as hybridization probes. 

When HSG2 DNA is digested with Barn HI, fractionated by agarose gel 

electrophoresis, and transferred to nitrocellulose, the A (19 kb) and D (4.4 kb) 
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fragments hybridize to the 31 probe and the B (8.3 kb) and F (1.8 kb) fragments 

hybridize to the 5' probe (Figure 5). Due to cross-contamination of the probes, 

some hybridization to all 4 fragments is observed. Figure 5 also includes digests 

of HSG2 DNA with Eco RI. Here, probe representing the s-globin message sequence 

3' to the Eco RI site hybridizes to the D (3.2 kb) and G (1.75 kb) Eco RI fragments, 

while 5' probe hybridizes to the C (5.2 kb) and E (2.25 kb) fragments. Thus, the 

4 Eco RI and Barn HI fragments of Figure 5 which hybridize S-globin probe are 

arranged in order 5'-3'-5'-3' from left to right in Figure 4. This result definitively 

shows that HSG2 contains two closely linked s-globin related genes which are 

transcribed from the same DNA strand. The Eco RI site in one gene is separated 

from the corresponding Eco RI site in the second gene by approximately 7 kb of 

DNA. Approximately the same distance separates the corresponding Barn HI sites. 

Considering the number of base pairs between the Eco RI or Barn HI site in the 

mRNA sequence and the 5' and 3' ends of s-globin mRNA, we calculate that there 

is about 5.4 l<b of non-mRNA coding sequence between the two genes. 

Identification of the Linked s-related Globin Genes 

The two s-rela ted globin genes in HSG2 can be tentatively identified 

on the basis of the mapping and hybridization data described above. As mentioned 

previously, the arrangement 5' - o - S - 3' was deduced from structural analysis 

of the Hb Lepore fusion protein (Baglioni, 1962). The amino sequence of the 6-

and s-globin proteins differ in 10 out of the 146 amino acid residues (Dayhoff, 

1972). Thus, the 6-globin gene should hybridize the cloned S-globin cDNA probe 

less efficiently than does the S-globin gene. The data of Figures 1 and 5 show 

that, as expected, the Hind III fragment which encompasses the gene to the left 
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(5' - o) in the map of Figure 4 displays a weaker hybridization signal than the 

Hind III fragment encompassing the gene to right (31 
- S ). To confirm the tentative 

5' - o - e - 31 identification of the s-related globin genes in HSG2, the nucleotide 

sequence of a region within both genes corresponding to codons 105 to.122 was 

determined. This region of the sequence was chosen because amino acid residues 

116 and 117 differ in the o - and s-globin proteins. These a mino acids are encoded 

within a region of the S-globin mRN A sequence between a Barn HI recognition 

site in codons 98-100 and an Eco RI site in codons 121-122 (see Figure 9B for 

a map of these sites in S-globin cDNA). The restriction maps of Figure 4 indicate 

that single Ba rn HI and Eco RI cleavage sites are similarly located within the 

two genes of HSG2. We therefore presumed that these sites delineate the region 

between codons 98-122 in the S-globin gene and the corresponding region of the 

o-globin gene. 

A comparison of the Barn HI and Eco RI maps presented in Figure 4 

indicated that the distance between the Eco RI and Barn HI sites within each gene 

was approximately 1000 bp. Digestion of cloned DNA with both Barn HI and Eco RI 

produces fragments of 1000 and 950 bp, among others. The 1000 and 950 bp frag­

ments were identified as the internal Barn HI/Eco RI fragment in the 51 and 31 

s-related gene, respectively, by restriction endonuclease mapping experiments 

(data not shown) and by hybridization of the isolated 1000 or 950 bp fragments 

to the Pst I fragments of HSGl DNA, which conta in the 51 or 31 genes (see Figures 

11 and 13). 

To sequence the Eco RI ends of the internal Ba rn HI/Eco RI fragments 

from the two genes, HSG2 DNA was digested with Eco RI, and the ends labeled 

with 32P using y 32r labeled ATP and T4 polynucleoticle kinase (Berkner and Folk, 
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1977). The labeled DNA was then dig·ested with Barn HI and subjected to electrophoresis 

in a 3-1/2% polyacrylamide gel. Following autoradiography, the 1000 base pair 

(5') and the 950 base pair (3') fragments were excised, eluted, and sequenced using 

the procedure of Maxam and Gilbert (1977). Based on the orientation of the Barn HI/ 

Eco RI fragments in the maps of Figure 4, the coding strand should be end-labeled. 

As shown in Figures 6 and 7, the first 53 nucleotides of the 950 base pair 3' fragment 

corresponds exactly to the nucleotide sequence of human S-globin mRNA, beginning 

within the Eco RI site in codon 122 and extending towards the 5' end of the mRNA 

through codon 105. The first 53 nucleotides of the 1000 base pair (5') fragment 

are identical to the S-globin sequence in all but 7 positions. Three changes occurring 
3' ' 31 

• . f GTAGTG . th 950 b f t t GCGTTG . h m one reg10n, rom 
51 

CATCAC m e p -ragmen o 
51 

CGCAAC m t e 

1000 bp fragment , correspond to the known replacement of amino acids 116 (histidine) 

and 117 (histidine) in S-globin with arginine and asparagine in these positions 

in o-globin. These are the only amino acid differences in the two proteins between 

positions 105 and 122. The four other observed nucleotide changes represent 11silent11 

nucleotide substitutions in redundant codons for leucine (position 106), asparagine 

(108), valine (1.11), and lysine (120). Thus, in agreement with previous assumptions, 

the 5' and 3' s-rela ted globin genes are definitively identified as the o- and S-globin 

genes, respectively. Inspection of Figures 6 and 7 also shows that the two sequences 

diverge beyond the 53rd nucleotide. This point of divergence represents the beginning 

of the non-coding intervening sequences in each gene (see below). 

Non-coding Intervening Sequences in the o- and (3-Globin Genes 

Studies of the rabbit (Flavell et al., 1978) and mouse (Tilghman et al., 1978a) 

13-globin genes have revealed the presence of non-coding DNA sequences (intervening 
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sequences) within the coding regions of the two genes. These intervening sequences 

do not appear in mature cytoplasmic S-globin rnRN A but are present in nuclear 

RNA (Tilghman et al., 1978b). The presence of intervening sequences within the 

human S- and <S-globin genes was examined by comparing the locations of restriction 

endonuclease cleavage sites in cloned genomic DNA to the corresponding sites 

in the S-globin rnRNA sequence. 

The Eco RI and Barn HI sites in the S-globin rnRNA sequence are separated 

by 67 base pairs of coding sequences (see Figure 9B for a map of these sites in 

S-globin cDNA) (Marrota et al., 1977). However, as indicated in the Eco RI and 

Barn HI maps of Figure 4 and as discussed above, these sites are separated by 

950 bp in the coding region of the cloned S-globin DNA. The 950 bp separation 

of the Barn HI and Eco RI sites within the coding region of the s-globin gene 

indicates that the 8-·globin gene contains a large (J'900 bp) intervening sequence 

between these sites. Large (600-'lOO bp) intervening sequences are also found 

in the rabbit and mouse B-globin genes in approximately the same positions. 

The precise location of the junction between the coding and intervening 

sequences near the Eco RI site in the human e-globin gene can be determined 

from the nucleotide sequence data presented in Figures 6 and 7. The first 53 

nucleotides (corresponding to codons 122 through 105) are exactly complementary 

to the S-globin mRNA sequence. However, the nucleotide sequence at positions 

54 through 81 is not complementary to the S-globin mRNA sequence indicating 

that the junction between the coding and large intervening sequences is loca ted 

between codons 104 and 105 which specify the amino acids arginine and leucine. 

The nucleotide sequence of o-globin mRNA is not known. Therefore , 

the presence of an insert(s) in the coding sequence cannot be directly demonstrated 
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by examining the location of restriction endonuclease cleavage sites. However, 

the S- and o-globin protein (Dayhoff, 1972) and nucleic acid (Comi et al., 1977) 

sequences are closely related and the o-globin cht'omosomal gene also contains 

Barn HI and Eco RI recognition sites (Figure 4). If the locations of the Barn HI 

and Eco RI sites in the o-globin message are analogous to those in s-globin mRNA 

(which is also consistent with the known amino acid sequence), then the separation 

of the Barn HI and Eco RI sites in the cloned o-globin gene by approximately 

1000 base pairs suggests that this region of the o-globin coding sequence is also 

interrupted by approximately 950 base pairs of intervening sequence. 

The presence of an intervening sequence near the Eco RI site in the cS -globin 

gene was formally demonstrated by a comparison of the known amino acid sequence 

of the o-globin protein and the nucleotide sequence data presented in Figures 6 

and 7. The first 53 nucleotides from the Eco RI site in the 5' direction encode 

the amino acid sequence of the o -globin chain from amino acids 122 to 105. 

The next 9 codons do not correspond to the known amino acid sequence. Thus, 

an intervening sequence is present in the o-globin gene, also located between 

codons 104 and 105. It is interesting to note that these codon positions also cor­

respond to the amino acids arginine and leucine. 

An additional intervening sequence was detected in the 5' region of the 

s-globin gene by comparing the sizes of Hae III restriction fragments in cloned 

genomic DNA and in the S-globin cDNA plasmid (Figure 8). The 1.8 l<b Barn HI 

fragment F of HSG2 DNA, which contains the portion of the S-globin gene 5' to 

the internal Barn HI site, was isolated, digested with Hae III, and electrophoresed 

on 5% polyacrylamide gel. As a control, the Barn HI/Hha I fragment of JW102, 

containing the portion of the s-globin cDNA plasmid 5' to the Barn HI site in the 
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message sequence (see Figure 5), was also digested with Hae III and coelectro­

phoresed. 

The Hae III digest of the Barn HI/Hha I fragment of JW102 produced, 

among others, a 141 base pair fragment (B), spanning the Hae III sites at codon 

positions 75 and 26 (see Figure 9B for a map of the Hae III sites in B-globin cDNA). 

Digestion of the 1.8 kb Barn HI fragment F from HSG2 DNA did not produce a 

fragment identical in mobility to this 141 bp fragment. The absence of a 141 bp 

fragment from the 1.8 kb HBG2 DNA indicates there is an intervening sequence 

in the cloned genomic B-globin DNA between the Hae III sites at codons 75 and 

26. Similarly, a Hinf fragment, 120 bp long, spanning the region between codons 

4 and 44 (Wilson et al., 1978) is expected but not observed in the cloned DNA 

(unpublished results). This result in combination with the Hae III data locates 

an intervening sequence between codons 26 and 44. (The possibility that both 

the Hae III and Hinf sites found in the cloned mRN A sequence are missing in the 

cloned genomic B-globin DNA due to genetic polymorphism is unlikely but is not 

ruled out by this experiment.) The size of the intervening sequence could not 

be determined because the possible presence of additional Hae III and Hinf cleavage 

sites within the intervening sequence could not be ascertained. Nucleotide sequencing 

of the 5' region of the cloned human B-globin gene can be used to establish the 

size and exact location of the intervening sequence. A small intervening sequence 

has also been detected in a similar location in both the mouse and rabbit B--globin 

genes (see Discussion). 

In similar experiments, no further intervening sequences were detected 

in the human S-globin gene (unpublished results). Similar experiments were not 

performed on_ the cloned o-globin gene, due to the unavailability of the o-globin 
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mRNA sequence. A detailed map of the globin gene containing region in HSG2 

DNA, including the location of non...:coding intervening sequences, is presented 

• in Figure 9A. 

Heterozygosity in the 6-Globin Genes in HSGl and HBG2 

An interesting difference in the Pst I cleavage pattern of HSGl and HBG2 DNA 

was observed. As shown in Figure 10, digestion of HSGl DNA with Pst I yields 

two fragments which hybridize the S-globin probe (Pst B and Pst G). However, 

when HSG2 DNA is similarly digested, three hybridizing fragments are produced 

(Pst B, J and M) only one of which (Pst B) comigrates with a Pst I fragment from 

HSGl DNA. The combined sizes of the smaller hybridizing fraginents from HSG2 

DNA [Pst J (1.35 kb) and Pst M (0.95 kb)] are equal to the size of the HSGl-Pst G 

fragment (2.3 kb). This result indicates that either the 6- or s-globin gene 

in HBG2 DNA is cleaved by Pst I. 

A Pst I restriction map of HBG2 DNA was derived to distinguish which of 

the two genes was cleaved. As shown in Figure 11, the Pst B fragment contains 

the entire B-globin gene while the Pst J and M fragments each contain part of 

the 6-globin gene. The Pst I map of HBGl DNA is identical to that of HSG2 except 

that the Pst I site between Pst J and Pst M is absent (indicated by an arrow in 

Figure 11). 

To determine if the Pst I site in the 6-globin gene of HSG2 DNA is within 

the coding or non-coding sequences of the gene, the Barn HI/Eco RI 1000 bp frag­

ment containing the large non-coding intervening sequence of the 6-globin gene 

was isolated from both clones and digested with Pst I. As shown in Figure 12, 

the Barn HI/Eco RI fragment from HBG2 DNA is cut by Pst I while the HSGl derived 

fragment is not. The sizes of the two fragments produced (530 bp and 470 bp) 
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indicates that the Pst I site is located near the center of the Barn HI/Eco RI 

fragment, presumably within the intervening sequence. Thus, it appears that 

the human DNA fragments in HSGl and HSG2 were derived from homologous 

chromosomes which are heterozygous with respect to the Pst I site in the inter­

vening sequence of the o -globin gene. This heterozygosity is confirmed by the 

fact that all four Pst I fragments which hybridize to the s~globin probe in HSG1 

and I-ISG2 are also observed in genomic blots of the fetal liver DNA which \vas 

used in the construction of the library ( manuscript in preparation). 

Comparison of the Larze Intervening Sequences in the S~ and 6-Globin Genes 

Cross hybridization experiments were performed to determine whether the large 

intervening sequences in the 8- and o-globin genes are homologous. The Barn HI/ 

Eco RI fragments containing the 8- or o-globin intervening sequences and 67 bp 

of coding sequence (Figure 9) vvere purified by polyacrylamide gel electrophoresis, 

and labeled by nick-translation for use as hybridization prnbes. These probes 

were separately hybridized to the filter-bound DNA of a Pst I digestion of HSG 1 

DNA. The Pst Band G fragments from HSGl contain, respectively, the entire 

(3- and o--globin gene (Figure 11). To minimize cross hybridization between 

the 67 nucleotides of homologous coding sequence carried in the Barn HI/Eco RI 

fragments from each gene, the filters were washed under stringent conditions 

after the hybridization. 

The Eco RI/Barn HI fragment containing the 8-globin intervening sequence. 

hybridized efficiently to the Pst B fragment, which contains the 8-globin gene, 

and did not hybridize to the Pst G fragment, which contains the o-globin gene 

(Figure 13). Conversely, the Eco RI/Barn HI fragment containing the o-globin 
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intervening sequence hybridized well to the Pst G fragment am) only weakly to 

the Pst B fragment. The lack of significant hybridization between the Eco RI/Barn HI 

fragment containing the B- or o-globin intervening sequence and the Pst I fragment 

containing the opposite gene is consistent with the nucleotide sequence data of 

Figures G and 7. Thus, it appears that the two intervening sequences have not been 

conserved in evolution. 

Discussion 

The linkage arrangement of human o- and B-globin genes predicted by genetic 

analysis and structural studies of mutant globins (Weatherall and Clegg, 1972; 

Baglioni, 1962; Huisman et al., 1972) has now been verified at the molecular level 

by detailed characterization of a cloned human DNA fragment carrying both genes. 

Unambiguous identification of the rS- and B-globin genes in the linked gene complex 

was accomplished by partial nucleotide sequence analysis of restriction fragments 

which map within each of the genes. 

The structure and organization of these genes have also been studied 

using the procedure of genomic blotting (Southern, 1975; Botchan et al., 1976; 

Jeffreys and Flavell, 1977a,b) to map restriction sites within and surrounding 

the two genes in normal and Hb Lepore DNA (Mears et al., 1978; Flavell et al., 

1978; unpublished results from this lab). In one of these studies (Flavell et al., 

1978), the physical linkage, approximate intergene distance and relative orientation 

of the o- and B-globin genes described here were independently determined. 

The sizes of various globin-containing restriction fragments in HBG2 DNA are 

in agreement with those derived from our genomic blotting experiments (manuscript 

in preparation). Slightly different sizes were derived from other genomic blotting 
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experiments (Mears et al., 1978; Flavell et al., 1978). However, the relative 

positions of the fragments in the proposed restriction maps are identical. We 

can therefore conclude that the organization of the o- and B-globin genes in HBG 1 

and HBG2 has not been altered by cloning and amplification in the bacteria. 

The significance of the tandem arrangement of the two genes with regards 

to their coordinate and/or sequential activation during development is not known. 

Analysis of the types of hemoglobin tetramers present at different times during 

development indicates that small amounts of the major adult hemoglobin 

[HbA (a2 8 2)] can be detected as early as 6-8 weeks of gestation, but that sub­

stantial amounts are not detected until birth (Hollenberg et al., 1971; Pataryas 

and Stamatoyannopoulos, 1972; Wood and Weatherall, 1973). The minor adult 

hemoglobin [HbA2 (a2 o2)] is detected in small amounts at 6 months of gestation 

and increases to the normal level of 2.5% of the total hemoglobin at 6 months 

to one year after birth (Bunn et al., 1977). The 8-globin chain is synthesized in 

immature red cells during adult erythropoiesis, but, in contrast to the B-globin 

chain, is not produced in mature reticulocytes (Roberts, Weatherall and Clegg, 

1972). The level at which the control of adult o- and B-globin synthesis is mediated 

is not known since only the end products of the genetic activation could be studied. 

Using well-defined segments of cloned o- and B-globin genes as hybridization 

probes, it will now be possible to determine whether the activation of the two 

genes during embryonic and adult red cell development occurs at the level of 

transcription, post-transcriptional processing or trans1'1 tion. 

A large, non-coding intervening sequence of apprnximately 600-700 bp 

was found in the mouse (Tilghman et al., 1978a) and rabbit (Jeffreys and Flavell, 

1977b) B- globin genes. We and others (Flavell et al., 1978; Mears et al., 1978) 
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have located a larger (900 bp) intervening sequence in the human 6-globin gene. 

By analogy to the S-globin gene, a similar insert vvas tentatively located in the 

o-globin gene. The nucleotide sequence of Figures 6 and 7 verifies this prediction. 

Nucleotide sequence analysis of the large intervening sequence in mouse (Tilghman 

et al., 1978), rabbit (A. Efstratiadis, E. Lacy and T. Maniatis, unpublished results), 

and human o- and S-globin genes indicate that the non-coding insert is, in every 

case, located between the codons for amino acids 104 (Arg) and 105 (Leu). Exam­

ination of the amino acid sequences of a large number of mammalian S-globin 

genes (Dayhoff, 1976) reveals that this region of the amino acid sequence is highly 

conserved in evolution. For example, the amino acids Arg/Leu/Leu are found 

in position 104 through 106 in 14 out of 17 of the mammalian species examined. 

The three s-related globins which do not fit this pattern (human y, bovine 8, 

and horse 8) contain Lys/Leu/Leu in these three positions, a sequence which could 

result from a single base change from the arginine codon (AG A/G) to the lysine 

codon (AA A/G). In contrast to the location of the insert, the majority of nucleotides 

within the intervening sequences of the 6-related mammalian globin genes are 

not highly conserved (Tiemeier et al., 1978; Figures 6 and 7). There appear·s to 

be only slight sequence homology between the intervening sequences in the mouse 

6 . - and 8 . -globin genes and we detect little, if any, cross hybridization ma3or mmor 

between the large intervening sequences in the human o- and 8-globin genes. 

This is consistent with the fact that many of the nucleotides at the 3' end of the 

large intervening sequences are different (Figures 6 and 7). In addition, some 

divergence has occurred in the large intervening sequence in the o -globin genes 

on homologous chromosomes (Figure 12). Similar polymorphism in the intervening 

sequence of the ovalbumin gene has been observed by Weinstock et al. (1973) and 
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Garapin et al. (1978). It appears that the only sequences which are conserved 

are those which lie near the junction between the coding and non-coding sequences 

within the gene (Figures 6 and 7; Tiemeier et al., 1978). 

A second, smaller intervening sequence was detected in the mouse B major -

globin gene, locatedin the 5' direc tion from the large intervening sequence (Tilghman 

et al., 1978a). A similar interruption has been detected in the rabbit s-globin 

gene (A. Efstratiadis, E. Lacy .and T. Maniatis, unpublished results). The non-coding 

intervening sequence in the rabbit gene is 126 bp long and located between the 

codons for amino acids 30 (Arg) and 31 (Leu). Restriction endonuclease cleavage 

analysis of the human S-globin gene described here tentatively identifies an inter­

vening sequence located between the codons for amino acids 26 and 41. 

The significance of this conservation of position of the two intervening 

sequences in S-globin genes between mammalian species may be related in some 

way to nuclear RNA splicing and processing. Tilghman et al. (1978b) have shown 

that the entire coding and non-coding sequences in both of the mouse S-globin 

genes are present in a 15S nuclear RNA globin precursor, indicating that both 

intervening sequences are transcribed and, presumably, cut and spliced to produce 

mature m RN A. 

Hemoglobin Lepore (Boston-Washington) is characterized by a fusion 

of the 6- and s-globin peptides somewhere between codons 87 and 116. The large 

intervening sequence in Hb Lepore (Boston-Washington) DNA (Mears et al., 1978) 

could therefore be derived either from the cS- or S-globin gene or from a combination 

of botll. The lack of homology between the intervening sequences of the two 

genes observed here argues against, but does not eliminate, the possibility that 

an unequal crossing over event within the intervening sequence produced the fused 

gene. 
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The existence of well-defined functional deficiencies in human hemoglobin 

expression (thalassemias) provides the opportunity for studying relationships between 

globin gene organization and function (Clegg and Weatherall, 1976). The availability 

of cloned genomic globin DNA with its associated non-coding sequences will extend 

the utility of this approach by making it possible to detect structural changes 

in sequences not accessible to cDNA probes. For example, the cloned o- and 

8-globin intervening sequences can be used to identify the origin of the intervening 

sequence in Hb Lepore DNA. Once structural differences in DNA from any thalassemic 

individual have been detected by genomic blotting, the genetic defect can be 

studied at the level of nucleotide sequence by cloning the affected gene. The 

gene isolation procedure described should allow the rapid isolation of mutant globin 

genes. Relatively small amounts of DNA are required and the procedure is not 

effected by changes in restriction endonuclease cleavage sites which flank the 

affected genes since randomly fragmented DNA, rather than a specific restriction 

fragment, is cloned. Thus, thalassemias resulting from large deletions or sequence 

rearrangements as well as those resulting from single base changes will be accessible 

to structural analysis. Studies of this kind should identify the molecular basis 

of thalassemias and possibly provide insight into human genetic disorders in general. 

Experimental Procedures 

Construction of a Human Genomic DNA Library and Isolation of 8-globin Clones 

Detailed procedures used in the construction of the human library and the isolation 

of recombinant clones containing globin genes are identical to those previously 

described (Maniatis et al., 1978). A brief outline of the procedure has been presented 

in the Results section and selected data are presented in Table 1. Human fetal 
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liver DNA prepared according to the procedure of Blin and Stafford (197 6) ·was 

kindly provided by B. Forget. Synthetic Eco RI linkers were a gift of C. K. Itakura, 

and Eco RI methylase was provided by J. Rosenberg. 

The DNA was fragmented by performing a non-limit digestion with the enzymes 

Hae III + Alu I and fragments in the size range 18-25 kb were prepared by sucrose 

gradient centrifugation. 

Approxiamtely 300,000 phage recombinants were screened as previously 

described (Maniatis et al., 1978). Two recombinants containing 8-globin sequences 

were identified and plaque purified. Recombinant phage were grown and the DNA 

purified as previously described (Maniatis et al. , 1978). 

Preparation of in vitro Labeled DNA Hybridization Probes 

The human 8-globin cDNA plasmid pJW102 (Wilson et al., 1978) was provided by 

J. Wilson, L. Wilson and B. G. Forget. Plasmid DNA was prepared as described 

by Godson and Vapnek (1973). Hha I digested pJW102 DNA was labeled Jn vit~_ 

with 32P by nick-translation (Maniatis, Jeffrey and Kleid, 1975) using high specific 

activity a-32P deoxynucleotide triphosphates k300 ci/mmole) purchased from 

New England Nuclear or Amersham. Specific activities of 2-20 x 10
7 

cpm/µg 

were obtained. E. coli DNA polymerase I was purchased from Boehringer Mannheim 

and DNAse I from Worthington Biochemicals. 

DNA Sequence Analysis 

50 µg of H8G2 DNA was digested with Eco RI, and end labeled using the T4 poly­

nucleotide kinase exchange reaction conditions of Berkner and Folk (1977). T4 

polynucleotide kinase was purchased from PL Biochemicals. y-
32

P ATP was 

prepared by the method of Glynn and Chapell (196 4) as described by Maxam and 
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Gilbert (1977) using 
32

Pi purchased from ICN Radiochemical Corporation. 

The end labeled DNA was extracted with phenol, ether extractecl .and ethanol 

precipitated. The precipitate was dissolved in Barn HI restriction enzyme buffer 

and the DNA digested with Barn HI. The digestion products were fractionated 

in a 20 cm/40 cm/.2 cm polyacrylamide slab gel, the appropriate DNA fragments 

identified by autoradiography and eluted from the gel (Maniatis, Jeffrey and van de 

Sande, 1975). Following ethanol precipitation, the labeled DNA was subjected 

to non-limit, base specific chemical degradation as described by Maxam and Gilbert 

(1977) and the samples divided and electrophoresed in 15% and 20% polyacrylamide 

gels containing 7 M Urea. 

Restriction Endonuclease Digestion and Agarose Gel Electrophoresis 

DNA was digested with restriction endonucleases Hha I, Hind III, and Pst I in 60 mM 

NaCl, 10 mM Tris-HCl (pH 7.4), 10 mM f1/lgC12, 1 mM DTT, and 100 µg/ml BSA. 

Barn HI and Kpn I digestions were performed in the same buffer except that the • 

NaCl concentration was 150 mM. Digestions with Bgl I were done in 10 mM Tris 

(pH 7.4), 10 mM MgC12, 10 mM KCl, 1 mM DTT, and 100 µg/ml BSA. Eco RI digestions 

were carried out in 100 mM Tris (pH 7.4), 50 mM NaCl, 10 mM MgC12, 6 mM 

s -mercaptoethanol, and 100 µg/ml BSA. Restriction endonuclease digestions 

were incubated at 37°C for one hour except the temperature was changed with 

Pst I (23°c) and Hind III (55°c). Electrophoresis in agarose gels was carried out 

as described by Sharp et al. (1973). 

Two-dimensional Electrophoresis with SeaPlaque Agarose 

Isolation of restriction endonuclease fragments of DNA was carried out according 

to Parker and Seed (1979). Low melting temperature agarose gels were made 



104 

from SeaPlaque agarose (Marine Colloids, Inc.). Horizontalgels of 0.6% or 0.8% 

(w/w) were made by dissolving the agarose in E buffer (40 mM Tris, 5 mM NaOAc, 

1 mM EDTA adjusted to pH 7.4 with glacial acetic acid) by heating to at least 

70°C. The agarose was cooled to 37°C before the gel was cast. Gels were formed 

and run at 4°C. Depending upon the experiment, some gels contained 0.5 µg/ml 

of ethidium bromide (EtdBr). Gels without EtdBr were stained in a solution of 

EtdBr (2 µg/ml) for 10 min and destained in distilled H2o for at least 10 min. 

Bands were visualized using either short- or long-wave ultraviolet light. DNA 

bands were excised from the gel with a razor blade and stored at -20°c. 

Low melting temperature agarose melts at 65°c and remains in solution 

at 37°C. DNA fragments excised from SeaPlaque gels were incubated at 70°C 

to melt the agarose without denaturing the DNA. One-quarter volume of a five 

times concentrated restriction endonuclease buffer solution was added and the 

sample was allowed to equilibrate to 37°C. After equilibration, nuclease-free 

BSA (Pentex) was added to a final concentration of 1 mg/ml. Restriction endonuclease 

was added (approximately 2.5 units of enzyme per µg of DNA; 1 unit of enzyme 

digests 1 µg of :\ DNA to completion in 60 min) and the samples were incubated 

for 2 hr. Reactions were terminated by cooling the samples to -20°c. 

The products of the second restdction endonuclease digestion were fractionated 

by agarose gel electrophoresis. Both horizontal and vertical gels were used in 

the second dimension. DNA samples, still in a solution of SeaPlaque agarose, 

were layered directly into the wells of the second gel. When horizontal gels wer·e 

used, the SeaPlaque agarose was allowed to solidify in the wells before electrophoresis 

began. When vertical gels were used, the SeaPlaque agarose was maintained in 

solution by pre-heating the upper reservoir buffer to 55°C. Electrophoresis began 

immediately after the samples were layered into the wells. 
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Blotting and Hybridization Experiments 

DNA in agarose and acrylamide gels was transferred to nitrocellulose filter paper 

(0.22 µm and 0.45 µm, Millipore) and hybridized to radioactive probes by a 

modification of the procedures developed by Southern (1977) and Jeffreys and 

Flavell (1977b). The transfer buffer used was 10 x SSC (1 x SSC equals 0.15 lVl 

NaCl, 0.015 M Na 3 Citrate, pH 7.0). After the transfer, the filter paper was dried 

at 68°C for greater than 2 hours and baked, under vacuum, at 80°C for at least 

8 hours. Filters were soaked in hybridization buffer (10 x Denhardt's solution, 

0.1 % SDS, 5 x SSC, 10 mM NaPPi, .125 M Na2PO 4, pH 8) at 68°C for 4 hr before 

the denatured radioactive probe was added. Hybridizations were carried out at 

68°C, with constant mixing for at least 10 times the t112 of hybridization in 

solution. After hybridization, the filters were washed in 50 mM NaCl, 10 mM 

Tris-HCl (pH 8.0), 1 mM EDTA at 68°C (except 1.vhere noted in figure legends). 

Filters were used to expose Kodak X-Omat X-ray film. When necessary, Du Pont 

lightning-plus intensifying screens were used to enhance the signals. 

Recombinant DNA Safety Procedures 

The construction, screening, and propagation of recombinant bacteriophage was 

conducted in accordance with the NIH Guidelines for recombinant DNA research. 

The experiments were performed in a P3 facility using the EK2 vector host system 

.X Charon 4A/DP50SupF. 
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Table 1. 

Molar ratio of Charon 4A arms to 

human DNA in ligation reactiona 

114 

Packaging efficiency of extracts for intact Charon 4A DNA b 

Packaging efficiency for human DNA c 

Background of nonrecombinant phage DNA packagedd 

Total number of independent recombinant phage recoverede 

Number of recombinant phage required for a 

"complete library"f 

0.6/1 

5 X 106 pfu/µg 

4 2.5 X 10 pfu/µg 
human DNA 

'-"1% 

1 X 106 

aConditions for the ligation reaction have been described in detail (Maniatis et al., 

1978). The ligation reaction contained 40 µg of" Ch4A arms and 40 µg of human 

DNA prepared for cloning as briefly described in the text (see also Maniatis et al., 

1978) in a volume of 340 µl. The molar ratio of " Ch4A DNA to human DNA was 

calculated assuming sizes of 31 kb for the " Ch4A arms and 20 kb for the human 

DNA. 

bExtracts for in vitro packaging· of DNA were prepared as described by Sternberg 

et al. (1977) and modified for use in EK2 level recombinant DNA experiments 

as described by Maniatis et al. (1978). A portion of each extract was used to 
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test the packaging efficiency of intact>.. Ch4A DNA. 0.35 µg of>.. Ch4A DNA was 

packaged and 1. 7 x 106 plaque-forming units of>.. Ch4A were recovered. 

cFourteen separate packaging reactions were used to package the products of 

ligation reaction described above (footnote a). Following the packaging reaction, 

the in vitro packaged phage were pooled and purified on a CsCl step gradient. 

1.08 x 106 plaque~forming units of packaged phage were recovered from the gradient. 

dThe percentage of non-recombinant phage in the in vitro packaged phage was 

determined by testing the phage for the lac 5 function as described by Blattner 

et al. (1977). The percentage of blue plaques did not change significantly following 

amplification of the packaged phage. 

eThe total number of independent recombinant phage was determined from the 

total number of in vitro packaged phage recovered and the percentage of non­

recombinant phage. 

fcalculated as described by Clarke and Carbon (1976) using 20 kb as the average 

length for the inserted human DNA and 3 x 109 bp for the human genome size. 

The average length of human DNA inserts was not determined experimentally 

but represents the average size of the human DNA before ligation with >.. Ch4A 

DNA. A "complete library" is defined as a libl'ary having a~ 9996 probability 

of containing any sequence present in the genome. 
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Figure L Restriction Endonuclease Cleavage Analysis of Cloned. Human DNA 

and Identification of Fragments Containing S-Globin Related Sequences 

(A) HSGl (1) and HSG2 (2) DNA were digested with various restriction endonucleases 

and the products were electrophoresed in an 0. 7% agarose gel and visualized by 

staining with ethidium bromide (EtdBr ). The fainter bands in the Eco RI, Barn HI, 

and Xba I digests result from limited annealing of the cohesive ends of bacteriophage 

A DNA. Two small Barn HI fragments (0. 7 and 0.5 kb) were run off the gel. 

Restriction endonuclease digestion products of 0Xl 74 DNA (Sanger et al., 1977) 

and A DNA (Parker et al., 1977; Wellauer et al., 1974; and Thomas and Davis, 

1975) were coelectrophoresed as size standards. The position and size (in kb) 

of some of the markers are indicated. Letters refer to fragments of HSG2 DNA 

discussed in the text. 

(B) The DNA from the gel in Figure lA was transferced to nitrocellulose by the 

method of Southern (1975) and hybridized with 32P-labeled pJW102 DNA (specific 

activity 5 x 107 cpm/µg) as described in Experimental Procedures. Incomplete 

transfer reduced the width of bands in the Eco RI digest of HSGl. The faintly 

hybridizing bands observed in the Bgl I digests were assumed to be due to con­

taminating endonuclease activity and were not examined further. 
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Figure 2. Mapping Eco RI Sites in Hf3G2 DNA 

The Xba Band Hind B fragments of Hf3G2 DNA were isolated from a 0.696 SeaPlaque 

gel and redigested with Eco RI. The Ec.o RI digestion products were electrophoresed 

on a 1.15% agarose gel and the DNA was visualized by staining with EtdBr. Sizes 

of the lettered Eco RI fragments are indicated in kb. 

Lane 1: Hf3G2 DNA digested with Eco RI. 

Lane 2: The Xba B fragment of Hf3G2 DNA digested with Eco RI. 

Lane 3: Hf3G2 DNA digested with Eco RI and Xba I. 

Lane 4: Hf3G2 DNA digested with Eco RI. 

Lane 5: The Hind B fragment of Hf3G2 DNA digested with Eco RI. 

Lane 6: H(3G2 DNA digested with Eco RI and Hind III. 

A 0.6 kb fragment produced by Eco RI digestion of the Xba B fragment 

is too faint to be seen in Lane 2. Lanes 1-3 and 4-6 are from different experiments 

performed under similar conditions. 
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Figure 3. Mapping Barn HI Sites in HSG2 DNA 

The Hind III A and B fragments of HSG2 DNA were isolated from SeaPlaque agarose 

and digested with Barn HI as described in the legend to Figure 2. 

(1) Hind III A fragment digested with Barn HI. Digestion of the Hind III A fragment 

with Barn HI also produced small products, 0. 7 kb (Barn F) and 0.2 kb in length, 

which migrated off the gel. 

(2) HSG2 DNA digested with Barn HI. Two small Barn HI digestion products (0. 7 kb 

[Barn F] and 0.5 kb [Barn I]) were run off the gel. 

(3) Hind III B fragment digested with Barn HI. 
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Figure 4. Restriction Endonuclease Cleavage Sites in HBGl and HSG2 DNA 

The locations of cleavage sites of restriction endonucleases Eco RI, Barn HI, Xba I, 

and Hind III in HBG2 DNA are presented. The Eco RI map of HSGl DNA is also 

shown for comparison. Restriction fragments are delineated by vertical bo. rs, 

and are lettered, in order of size, as referred to in the text. Fragment sizes are 

given in kilobase pairs. Circled letters denote fragments that hybridize to s-globin 

cDNA plasmid probes. The large vertical arrows mark the junction between the 

inserted human DNA and the A Ch4A arms. The direction of transcription is indicated 

by the arrow at the top of the diagram. 
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Figure 5. Hybridization of HBG2 DNA Fragments to Probes Spe-cific for the 5' 

and 3' Regions of B-globin mRN A 

HBG2 DNA was digested with Eco RI or Barn HI and the products were electro­

phoresed in a 0. 7 5% agarose gel, stained with EtdBr, and transferred to nitrocellulose 

paper as described in the legend to Figure 1. 5' and 3' specific probes were prepared 

by digesting pJW102 DNA with Hha I and Barn HI and purifying the fragments 

containing B-globin sequences 5' (5' - Barn) and 3' (3' - Barn) to the Barn HI site 

(see Figure 9). Similarly, Hha I and Eco RI were used to obtain a fragment repre­

senting sequences 3' (3' - RI) to the Eco RI site. Fragments were purified on a 

5% polyacrylamide gel and recovered as described in Experimental Procedures. 

The probes were labeled with 32P by nick translation and hybridized to the gel 

lanes as described below. Unlabeled 5' and 3' fragments were included as competing 

DNA. Cross contamination of 5' and 3' probes resulted in some hybridization of 

3' specific bands in lanes 3 and 6. 

Lane 1: EtdBr-stained gel of I-ISG2 DNA digested with Barn HI. 

Lane 2: Hybridization of 3' - Barn to HBG2 DNA digested with Barn HI. 

Lane 3: Hybridization of 5' - Barn to HBG2 DNA digested with Barn HI. 

Lane 4: EtdBr-stained gel of Hf3G2 DNA digested with Eco RI. 

Lane 5: Hybridization of 3' - RI to HBG2 DNA digested with Eco RI. 

Lane 6: Hybridization of 5' - Barn to Hf3G2 DNA digested with Eco RI. 
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Figure 6. Identification of 8- and B-Globin Genes by DNA Sequence Analysis 

The 1000 base pair (51) and 950 base pair (31) Eco RI/Barn HI fragments were labeled 

at the Eco RI cleavage site, purified as described in Experimental Procedures, 

and subjected to five different base specific cleavage reactions (Maxam and Gilbert, 

1977). Aliquots of each reaction were electrophoresed in 20% and 15% polyacrylamide 

gels containing 7 M urea. Corresponding nucleotide positions in the two gels are 

marked 110 11
• Within the mRNA coding regions (first 53 sequenced nucleotides), 

differences between the B and 8 gene sequences are denoted by 11
-

11
• The non-

coding intervening sequence regions, beginning at the 54th nucleotide (marked 

11e11
), contain many sequence differences which have not been denoted. Comparison 

of the derived DNA sequences with mRNA and protein sequences is shown in Figure 7. 

(A) Sequence of nucleotides 5-38 from the Eco RI site of tile 1000 bp (8-globin) 

Eco RI/Barn HI fragment (20% polyacrylamide/7 M urea gel). 

(B) Sequence of nucleotides 5-38 from the Eco RI site of the 950 bp ( S-globin) 

Eco RI/Barn HI fragment (20% polyacrylamide/7 !VI urea gel). 

(C) Sequence of nucleotides 28-81 from the Eco RI site of the 8-globin fragment 

(15% polyacrylamide/7 M urea gel). 

(D) Sequence of nucleotides 28-81 from the Eco RI site of the B-globin fragment 

(15% polyacrylamide/7 M urea gel). 
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Figure 7. Comparison of DNA Sequences of s-Globin Related Genes 

Coding Strand: The DNA sequence of the first 82 bases of the 950 or 1000 base 

pair fragment as determined in Figure 6. The 32P-labeled strand was identified 

as the coding strand by comparison with the known S-globin mRNA sequence 

and the S- or o-globin protein sequence. 

Anti-coding strand: The DNA sequence complementary to the coding strand. 

mRNA: The sequence of s-globin mRNA. 

Protein sequence: The amino acid sequence of the s- or 6-globin protein (Dayhoff, 

1972). 
3' 51 

Th t • E RI . ·t· ( CTTAAG ) . 1--e en ire ·co recogm 10n sequence 
51 

GAATTC
3
, 1s shown alt11ough 

the 32P label was added at the 5'-adenosine of the coding strand. The first four 

nucleotides (A-A-T-T) were run off the sequencing gel shown in Figure 6. The 

five non-sequenced bases of the Eco RI recognition site are shown in lower case 

letters. 

The first 53 nucleotides of the coding strand from the 950 base pair frag­

ment agree precisely with those predicted from the S-globin mRNA sequence. 

These 53 nucleotides code for amino acids at positions 122-105 in the S-globin 

protein. 

The first 53 nucleotides of the coding strand from the 1000 base pair 

fragment contain the codons which specify the amino acids found at positions 

122-105 in the 6-globin protein. Nucleotides and am ino acids which differ between 

the s- and 6-globin genes are underlined (see text). 

Nucleotides 54-81 of the coding strand are not complementaey to the 

known S-globin mRNA sequence nor can they code for the amino acids found 
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Fig. 7 - continued 

in 6-globin. The arrow (v) marks the position in the coding strand where the 

large intervening sequences begin in both genes (see text). Note that since only 

one DNA strand has been sequenced, certain base assignments beyond the 65th 

nucleotide should be considered tentative. 
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Figure 8. Evidence for a Second, Small Intervening Sequence in the (3-Globin Gene 

The Barn HI/I-Iha I fragment containing the 51 segment of the S-globin gene in 

the cDNA plasmid JW102 and the Barn HI fragment F containing the 51 segment 

of the cloned genomic S-globin gene in HSG2 were isolated from a polyacrylamide 

gel, digested with restriction endonuclease Hae III, and electrophoresed on a 5% 

polyacrylamide gel. The Hae III digestion products of 0Xl 7 4 DNA were coelectro­

phoresed. 

Lane 1: 0Xl 74 DNA digested with Hae III. Sizes of fragments are given in base pairs. 

Lane 2: Barn HI/Hha I fragment from JW102 digested with Hae III. The A, B, 

and C fragments correspond, respectively, to the Hha I/Hae III fragment from 

the Hha I site in PMB9 to codon position 26 in the 13-globin message coding sequence, 

the Hae III/Hae III fragment from codon positions 26 to 75, and the Hae III/Barn HI 

fragment from codon positions 75 to 100 (see Figure 9B). These assignments were 

confirmed by additional restriction endonuclease digestions (unpublished results). 

The faint bands between the A and B fragments are due to contaminating DNA 

fragments not observed in other gels. 

Lane 3: Barn HI fragment F of HSG2 digested with Hae III. 
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Figure 9. Location of o- and S-Globin Genes in HSG2 DNA 

(A) The globin gene containing region of HSG2 DNA is shown in this expanded 

restriction endonuclease map (compare to Figure 4). Arrows pointing down indicate 

restriction endonuclease sites of Eco RI (0) and Barn HI (o). Sizes of the fragments 

are given in base pairs. The boxed regions denote the o- and s-globin genes. 

The filled boxes represent the mRNA sequence and open boxes represent non-coding 

intervening sequences. The size of the intervening sequence in the 5' segment 

of the 6-globin gene is not known. The arrows pointing up delineate the distance 

between the linked genes. 

(B) The positions of Eco RI, Barn HI, and Hae III cleavage sites in the S-globin 

cDNA sequence (Marrota et al., 1977). Only those Hae III cleavage sites 5' to 

the Barn HI site are shown. The positions of the codons containing each of the 

restriction endonuclease sites are also given. 
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Figure 10. Agarose Gel Electrophoresis of Pst I Fragments of HSGl and HSG2 DNA 

DNA from clones HSGl and HSG2 was digested with Pst I, electrophoresed, stained 

with EtdBr (left panel), transferred to nitrocellulose filter paper, and hybridized 

with human S-globin cDNA plasmid (right panel) as described in the legend to 

Figure 1. Sizes of the Pst I fragments containing human DNA are given in Figure 11. 

Fragment B represents an unresolved doublet, each fragment of which contains 

human DNA and only one of which contains human S-globin DNA. 

Lanes 1 and 3: HSGl DNA. 

Lanes 2 and 4: HSG2 DNA. 
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Figure 11. A Map of Pst I Sites in HSG2 DNA 

A Pst I map of HSG2 DNA was constructed on the basis of double enzyme digestions 

and digestion of restriction fragments isolated by SeaPlaque gel electrophoresis 

(data not shown). The region of HSG2 DNA containing the human DNA insert 

is shown. The Pst I site between fragments J and M of HSG2 (marked by an arrow) 

is absent in HSGl. A fragment 2.3 kb in length (Pst fragment G of 1-ISGl) replaces 

the Pst J and M fragments of HSG2. The wavy lines represent the junction between 

the A Ch4A DNA and inserted human DNA. Filled boxes represent the message 

coding region of each gene and open boxes represent the large intervening sequence 

in each gene. The small intervening sequence in the 5' end of the s-globin gene 

is not shown. 
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Figure 12. Pst I Digestion of Barn HI/Eco RI Fragments Containing the o-Globin 

Intervening Sequence 

The 1000 bp Barn HI/Eco RI fragment containing the o-globin intervening sequence 

was isolated from HBGl and HBG2 DNAs following preparative acrylamide gel 

electrophoresis. Samples of each DNA were electrophoresed on a 1 % agarose 

gel with and without digestion by Pst I, and DNA from the gel was transferred 

to nitrocellulose filter paper. A portion of the isolated Barn HI/Eco RI fragment 

from HBGl DNA was nick-translated, hybridized to the filter-bound DNA, and 

autoradiographed. 

Lane 1: Barn HI/Eco RI fragment from HBGl. 

Lane 2: Barn HI/Eco RI fragment from HBGl digested with Pst I. 

Lane 3: Barn HI/Eco RI fragment from HBG2. 

Lane 4. Barn HI/Eco RI fragment from HSG2 digested with Pst I. 
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Figure 13. Hybridization of o- or S-Globin Specific Intervening Sequences 

to Restriction Fragments Containing o - or 13-Globin Genes 

HSGl DNA was digested with restriction endonuclease Pst I, electrophoresed in 

two lanes of a 1 % agarose gel, and transferred to nitrocellulose filter paper. 

The Barn HI/Eco RI fragments containing the o-globin (1000 bp) and 13-globin 

(950 bp) intervening sequences were separately prepared by preparative polyacrylamide 

gel electrohporesis. Each of the fragments also contains 67 nucleotides of o-

or • S-globin coding sequence. The isolated fragments were nick-translated and 

hybridized separately to the filter-bound Pst I DNA fragments of HSGl. The filters 

were washed in 12 mM NaCl, 2.5 mM Tris (pH 7.4), and 1 mM EDTA at 68°C. 

Lane 1: Pst I digest of HSGl DNA hybridized with Barn HI/Eco RI fragment containing 

13-globin intervening sequence. 

Lane 2: Pst I digest of HSGl DNA hybridized with Barn HI/Eco RI fragment containing 

the o-globin intervening sequence. 
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Summary 

Using a gene isolation procedure which involves screening cloned libraries 

of large, random fragments of genomic DNA, we have obtained direct evidence 

for physical linkage between different mammalian globin genes. Restriction endo­

nuclease cleavage analyses and hybridization studies of cloned rabbit and human 

globin genes revealed two B-globin sequences separated by less than 9 kb of DNA 

in rabbits and 5.5 kb of DNA i:1 humans. The B-rela tecl sequence in rabbit DNA 

lies to the 5' side of the adult B-globin gene, but the relative direction of tran­

scription of the two linked B sequences is not yet known. Using 5' and 3' specific 

cloned cDNA hybridization probes, it was possible to show that both human B 

genes are transcribed in the same direction, with the more weakly hybridizing 

B-like sequence lying to the 5' side of the pr-esumptive B-globin gene. On the 

basis of a comparison of detailed restriction maps of the cloned 8 genes with 

preliminary genomic mapping data from normal and Hb Lepore DNA, we tentatively 

identified the B-related sequence as the o gene. Restriction maps of the cloned 

DNA also reveal the presence of a large (900-950 bp) non-coding intervening 

sequence within both human B genes. 
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Isolation of Mammalian Globin Genes 

One approach to understanding the molecular basis of hemoglobin switching 

is to study the organization and expression of isolated globin genes. Although 

an individual globin gene represents only one five millionth of the DNA in a mammalian 

cell, recent advances in the development of molecular cloning techniques have 

made it possible to obtain a number of globin genes and their associated sequences 

in the amounts required for detailed biochemical studies. The first globin sequences 

to be cloned and amplified in bacteria were double stranded DNA copies of globin 

mRNA (1-3). These cDNA clones have been used to determine the nucleotide 

sequence of globin mRNA (4-6), to map restriction sites flanking globin genes 

in genomic DNA (7, 8), and to identify and isolate globin genes and their surrounding 

sequences (9, 10, 11). 

Globin genes were first isolated from genomic DNA using a combination 

of gene enrichment and recombinant DNA techniques which are described by Leder 

in this Symposium. We have recently established a procedure for gene isolation 

which does not require partial purification of the gene prior to clcming (12). The 

essential features of this procedure are illustrated in Figure 1. High molecular 

weight DNA is randomly fragmented and then size fractionated on sucrose gradients 

to obtain molecules of approximately 20 kilobases (kb) in length. These molecules 

are then adapted for cloning in bactef'iophage " in the following manner. First, 

the eukaryotic DNA is treated with the enzyme Eco RI methylase which renders 

Eco RI sites within the eukaryotic DNA resistant to cleavage by Eco RI. Next, 

the methylated DNA is ligated to a synthetic dodeca--nucleotide duplex DNA molecule 

bearing an Eco RI site (Eco RI linker) using the blunt end joining activity of T4 

polynucleotide kinase. Finally, the methylated eukaryotic DNA is digested with 
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Eco RI. Because the Eco RI sites in the eukaryotic DNA are blocked by methylation, 

only the Eco RI sites within the synthetic DNA are cleaved. This produces random, 

high molecular weight DNA fragments bearing Eco RI cohesive ends which are 

suitable for insertion into an appropriate cloning vector. 

The Charon 4A strain of bacteriophage \ (13) was used as a cloning vector. 

As shown in Figure 1, \ Charon 4A DNA is cleaved three times by Eco RI to produce 

two internal fragments and two end fragments. The internal fragments carry genes 

which are not essential to [)hage viability and therefore can be removed and replaced 

with eukaryotic DNA. The internal fragments are separated from the end fragments 

by annealing the cohesive ends of the molecule, digesting the circular DNA with 

Eco RI and fractionating the products on a sucrose gradient. The 31 kb end fragments 

are readily separated from the 7 and 8 kb internal fragments. Recombinant phage 

molecules can then be obtained by joining the 31 kb end fragments of the vector 

to the eukaryotic DNA through ligation of their Eco RI cohesive ends. 

Because of the enormous complexity of the mammalian genome, a very 

large number of independent phage recombinants is required if the collection 

of cloned sequences (cloned library) is to contain all of the sequences present in 

the genome. For example, the calculated number of independently derived recom­

binant phage necessary to achieve a 9996 probability of having any given DNA 

sequence in the library (for 20 kb DNA inserts) is nearly 7 x 105 (12). To obtain 

the necessary number of [)hage recombinants, we employed a highly efficient 

l)rocedure for introducing phage DNA into bacteria vvhich involves l.:r:!. vitro packaging 

of the phage DNA into viable l)hage particles (14, 15). This procedure is from 

ten to fifty times more efficient than calcium chloride transf ection procedures 

(see reference 12 for discussion). Once a large number of viable phage recombinants 
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is obtained, they can be amplified 106--fold by low density growth in bacteria 

on agar plates with no apparent loss in sequence complexity (12). The amplified 

phage then constitute a "permanent" library of genomic DNA which can be screened 

repeatedly. 

Recently, a rapid in situ plaque hybridization procedure has been developed 

which makes it possible to screen many hundreds of thousands of phage recombinants 

at a time (16). The procedure involves plating approximately 10,000 phage on 

an agar plate, transferring phage DNA from the resulting plaques onto a nitrocellulose 

filter, fixing the DNA to the filter and hybridizing with 32P-labeled hybridization 

probes. Plaques which carry the sequence. of interest are identified by auto­

radiography. By aligning the resulting autoradiogra m with the agar plates, the 

plaques which hybridize can be identified, picked o.nd purified. Using this procedure, 

it is possible to screen a mammalia n DNA library (7 x 105 independent plaques) 

in 1-2 weeks. 

The library approach to gene isolation offers the following advantages: 

1) several different genes can be isolated in a single step by screening a library 

with a mixture of gene probes; 2) isolation of a set of overlapping clones, all of 

which contain a given gene, permits study of sequences extending many kilobases 

from the gene in the 5' and 3' direction; and 3) distant regions along the chromosome 

can be obtained by rescreening the library using terminal fragments of the initially 

selected clones. Rescreening is facilita ted by the fact that the entire genome 

can be rapidly screened. 

Using this procedure of gene isolation, we have obtained a number of different 

globin genes from libraries of rabbit and human DNA. Restriction endonuclease 

cleavage analyses and hybridization experiments have revealed that a number 

of these globin genes are closely linked. 
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Characterization of Linked Globin Genes 

Mammalia n globin genes constitute a rela tively simple gene family comprised 

of a number of members (a and non-a types) which almost certainly evolved from 

a single ancestral gene by duplica tion and subsequent sequence divergence (17). 

Genetic (18, 19) and cell fusion (20, 21) studies have shown that the a and non-a 

types of globin genes are located on different chromosomes, but that both types 

are arranged in closely linked clusters. Models for the mechanism of hemoglobin 

switching have emphasized the possible relationship between the organization 

of geneticaD.y linked globin genes and the control of their tempora l expression, 

but until now this possibility could not be examined at the molecular level. In 

fact there was no direct evidence for close physical linkage between globin genes. 

The availability of large fragments of cloned genomic DNA bearing globin sequences 

provides the opportunity for studying the detailed organization of the globin gene 

family, including possible linkage relationships. We present here the current status 

of our analysis of the organization of linked rabbit and human globin genes. 

Linked Rabbit S-Globin Genes 

As shown in Table 1, there are at least 4 to 6 different globin genes in rabbit. 

Two types of globin chains (designated x and E:) are found in nucleated red blood 

cells derived from yolk sac islets (22). At least two different E chains (y and z) 

with similar but nonidentical amino acid sequences have been detected. After 

20 days of the 32-day gestation period, the fetal liver becomes the center for 

erythropoesis and only the a- and (3-globin proteins are synthesized (23). Until 

recently, there was no evidence for more than one adult B-globin gene. However, 

a B-like mRNA sequence has been identified in proerythroblasts and basophilic 
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erythroblasts of bone marrow from . anemic rabbits which is clearly different from 

the adult s-globin gene (24). Although it is possible that the presence of S-like 

mRNA in immature erythroid cells results from anemia-induced activation of 

an embryonic gene, the temporal expression of this mRNA during red cell maturation 

is strikingly similar to that of the o gene of human (24) and a minor hemoglobin 

is in fact found in immature erythroid cells from nonanemic rabbits (25). 

Although the possibility of genetic linkage between different s-related 

genes in rabbit has not been studied, such linkage has been demonstrated in other 

mammals (19, 26-29). For example, in mouse, the adult 8-major and 8-minor 

genes are linked to each other and to an embryonic E: gene (27, 28). In the process 

of analyzing several clones selected from a library of rabbit DNA by hybridization 

to a S-globin probe, we have identified one or more s-related genes closely linked 

to the adult S-globin gene. 

From a screen of 750,000 recombinant phage, four independent S-globin 

clones were isolated. DNA from each of the four clones was digested with various 

restriction enzymes. The resulting fragments were fractionated by agarose gel 

electrophoresis, transferred from the gel to a nitrocellulose filter (30), and subse­

quently hybridized to nick translated pSG-1, a rabbit adult S-globin cDNA plasmid 

(2). (For convenience, we will refer to this procedure as "blotting".) Such experi­

ments revealed that two clones (designated >..Ch4A-RSG-2 and >..Ch4A-RSG-5), 

contain S-globin related sequences linked to the adult S-globin gene. As an example, 

Figure 2 shows a blotting experiment with the DNA from a clone designa ted RSG-2, 

using Kpn I, an enzyme which does not cleave within the double stranded cDN A 

sequence of the adult rabbit S-globin mRNA. 
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Unexpectedly, two Kpn I fragments, approximately 4. 7 and 18.8 kb in 

length hybridize to the S-globin probe. This observation indicates that a s-rela ted 

sequence is closely linked to the adult S-globin gene or that the adult S-globin 

gene has an intervening sequence containing a Kpn I recognition site. The latter 

possibility can be ruled out by the fact that restriction mapping and DNA sequencing 

data from the cloned 4.7 kb Kpn I fragment indicates that this fragment contains 

the entire S-globin gene plus intervening sequences (unpublished results). This 

is consistent with the observation that the 4. 7 kb Kpn I fragment is roughly the 

same size as the only Kpn I fragment which hybridizes to pSG-1 in genomic DNA 

blotting experiments (7, 8). Thus, the additional Kpn I fragment in RSG-2 which 

hybridizes to the S-globin probe must contain a S-related globin gene that is 

physically linked to the adult gene. 

Barn HI and Kpn I restriction enzyme maps have been constructed for 

RSG-2 and are presented in Figure 3. An analysis of the products from a Barn HI 

and Kpn I double digest indicated that the cloned rabbit DNA included a 9.1 kb 

Barn HI fragment that contains sequences from both the adult f3 and the linked 

S-related globin genes. A 9.9 kb Barn HI fragment that hybridizes to sequences 

on the 5' side of the Barn HI site in the adult S-globin gene has been detected 

in genomic blots of rabbit DNA (7). Most likely, this 9.9 kb fragment corresponds 

to the 9.1 kb fragment seen in RSG-2. On the basis of these observations, we 

have mapped the S-related gene approximately 9 kb to the 5' side of the adult 

gene. Preliminary mapping experiments on RSG-5 DNA revealed additional Eco RI 

fragments which hybridize pSG-1. These fragments map in the 5' direction from 

the s-rela ted sequence. They could be part of a third linked S-globin gene or 

may indicate the presence of a large intervening sequence in the S-rela ted gene. 
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The identities of the s-related sequences in RSG-2 and RSG-5 have 

not yet been determined. To decide whether the related genes are embryonic 

S-globin and/or adult s-minor globin genes, we are preparing cDNA clones from 

mRNA isolated from the blood islands of 12-day rabbit fetuses and from the bone 

marrow of anemic adult rabbits. Once the B-rela ted genes are identified, it will · 

then be possible to establish the order of linkage of the genes in the rabbit 13-globin 

family. Furthermore, it should also be possible to determine whether there are 

more linked S-like genes by using terminal fragments from the four 13 clones 

to rescreen the library. 

The Human Globin Gene Family 

As shown in Table 1, there are at least 8 members of the human globin 

gene family (19). In contrast to the developmental pattern of expression in rabbit, 

where only one switch in the expression of hemoglobin types occurs (embryo to 

adult), two switches occur in human (36). In the early embryo, the c; and E: genes 

are expressed in erythroid cells thought to be derived from the yolk sac. The 

human c; chain is analogous to the embryonic x chain of rabbit in that the primary 

structure of the two globins resembles that of their respective adult a-globin 

chains (37). 

When the site of red blood cell production changes from the yolk sac to 

the fetal liver, the adult a-globin and fetal y-globin genes are expressed. In some 

human populations, the a chain locus is thought to be duplicated (19). Evidence 

presented in this Symposium by S. Orkin verifies this prediction. At least two 

structural genes for the y chains exist in humans, coding for polypeptide chains 

which have either glycine (yG) or alanine (yA) in position 136 of their amino acid 
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sequence (38). On the basis of a study of y-chain variants, a four loci model for 

y-globin gene organization has been proposed (39, W. Schroeder, this Symposium). 

Just prior to birth, the adult 8- and o-globin chains appear and by 6 months HbA 

(CL2 82) and HbA 2 (CL2 o2) represent greater than 98% of the hemoglobin in peripheral 

blood. There is thought to be only one copy each of the 8- and oc..globin structural 

genes per haploid genome (19). 

Linked Human Globin Genes 

The linkage relationships and chromosomal locations of the z: and E: genes 

are not known (19). Cell fusion experiments have shown that o.-globin gene(s) are 

located on chromosome 16 (20). Chromosomal blotting experiments presented 

at this Symposium suggest that the CL genes are, in fact, duplicated and closely 

linked (approximately 3-4 kb apart) (S. Orkin, this Symposium). The cell fusion 

experiments have also shown that non-a. genes are located on chromosome 11 

(21). Analysis of two structural mutants, hemoglobins Lepore and Kenya (29) 

suggest that the y, S and o genes are closely linked. In hemoglobin Lepore the 

N-terminal amino acid sequence of o globin is joined to the C-terminal sequence 

of S globin, while the yA and S-globin genes are fused in a similar fashion in 

hemoglobin Kenya (29). This information and other genetic data are consistent 

with either of the following gene arrangements: 5' yG - yA - o - 8 3' or 5' yA 

- 0 - S - yG - 3' (29). Until now physical linkage between non-CL genes has not 

been demonstrated. 

The human globin gene system presents the possibility of using muta nts 

to establish relationships between the structure and organization of globin genes 

and the mechanisms of their differential expression. In order to characterize 
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globin genes and their associated DNA sequences, we constructed a human DNA 

library by the methods described above using human fetal liver DNA (a gift of 

B. G. Forget). The library was screened using 32P-labeled nick-"'translated human 

a, e and y globin cDNA plasmids (pJW 101, pJ·w 102, pJW 151, respectively, a 

gift of B. G. Forget and co-workers) (36). We have initially studied two clones 

which hybridize the S-globin probe (designated HSG-1 and HSG-2). 

DNA from the two clones was digested with restriction endonucleases which 

do not recognize cleavage sites within the s-globin message sequence (e.g., Hha I, 

Bgl I or Xba I) or which recognize a single cleavage site (Barn HI and Eco RI) (37). 

Digestion of HSG-1 and HSG-2 with Xba I (Figure 4), or Bgl I or Hha I (data not 

shown) generated a single, large band which hybridized the s-globin cDNA plasmid. 

Digestion of HSG-1 and HSG-2 with either Eco RI or Barn HI generated four bands 

which hybridized with the e-globin cDNA plasmid (Fig. 4). Because Eco RI and 

Barn HI are known to cleave within the S-globin message sequence at only one 

site, each clone must contain two a-related genes or a single gene with more 

than one non-coding intervening sequence containing Barn HI and Eco RI recognition 

sites. 

Genetic evidence indicates that the human o-globin gene (a minor adult 

globin) is linked to the S-globin gene in the order 5' o - 8 3' (17). The o-globin 

amino acid sequence is very similar to the s-globin sequence and therefore the 

e- and 0-globin genes should cross-hybridize. Evidence presented below indicates 

that HSG-1 and HSG-2, each contain two closely linked S-globin genes, most 

likely S and o. This conclusion is consistent with the results of genomic blotting 

experiments presented at this Symposium by A. Bank and R. Williamson and similar 

experiments conducted in our laboratory. 
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The position of several restriction enzyme cleavage sites around the two 

regions which hybridize 8-globin probe in HSG-2 are shown in Figure 5. To 

determine the orientation of the two globin sequences with respect to each other, 

hybridization probes specific for the 5' and 3' portion of the 8-globin gene were 

prepared by restriction enzyme digestion of the !3-globin cDN A plasmid JW 102 

followed by in vitro labeling of the appropriate fragments. A probe corresponding 

to sequences 5' to the internal Barn HI site at Codons 98-100 hybridized to the 

Eco RI fragments designa ted C and E and the Barn HI fragments Band F. Sequences 

located 3' to the Barn HI site hybridized to the Ba rn HI fragments A and D. Similal'ly, 

a prob8 containing sequences 3' to the Eco RI site at Codons 121-122 hybridized 

to the Eco RI fragments D and G. On the basis of these data and the Barn HI and 

Eco RI restriction maps of Figme 7, we conclude tha t t wo linked !3-globin genes 

are present in HSG-2. The o gene has been shown to lie 5' to the f3 by genetic 

analysis and restriction enzyme analysis of genomic DNA (17, A. Bank, R. Williamson, 

this Symposium). In both HSG-1 and 2, the 3' end of the more weakly hybridizing 

8-like sequence lies about 5.5 kb from the 5' end of the presumptive f3 gene. 

Using a cloned y cDN A sequence (36) to identify genomic clones bearing 

the yA and/or yG genes, it should be possible to determine the precise linkage 

relationships between they, o, f3 globin gene complex. 

Location of Non-coding Intervening Sequences 

Large non-coding intervening sequences in the presumptive 8 and o globin 

genes were revealed by comparing the location of Barn HI and Eco RI sites within 

the regions which hybridize the 8-globin probe in HSG-2 (Figure 5) to the correspond­

ing sites in the 8-globin mRN A sequence (36). The Eco RI and Barn HI sites in 
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the s-globin message sequence are separated by 67 base pairs. In HSG-2, the 

number of base pairs of DNA separating these sites is approximately 900. Similarly, 

if we assume that Eco RI and Barn HI sites are located at the same positions within 

the o globin mRNA sequence, these sites are separated by approximately 920 

base pairs in the o globin sequence of HSG-2. Thus, in both genes the coding se-

quences in genomic DNA are interrupted by at least 900 base pairs of non-coding 

sequences. It is interesting to note that an insert of approximately 600 bp is located 

between the corresponding Barn HI and Eco RI sites of the rabbit S-globin (8), 

the mouse S-major (10), and the mouse s-minor globin genes (11). A second, 

smaller non-coding intervening sequence has been located in the mouse (P. Leder, 

this Symposium) and rabbit (Efstra tiadis, Lacy and Mania tis, unpublished results) 

S-globin genes, located between codons 30 and 31. Although the functional significance 

of these inserts is not understood, the non-coding sequences are transcribed in 

the nucleus (11) and presuma}Jly removed before the message sequence is transported 

to the cytoplasm. Experiments are in progress to search for additional inserts 

in the human S-globin genes and to test for homology between inserts in the s-

and o-globin genes. 

The restriction map of HSG-2 is consistent with blot hybridization experi­

ments we have performed with wild-type adult spleen and fetal liver DNA and 

with DNA from a thalassemic patient with hemoglobin Lepore. Our data are in 

general agreement with the restriction maps derived from genomic blots presented 

by others at this meeting (A. Bank and R. Williamson). Thus, no gross rearrangement 

of DNA has taken place during the cloning and propagation of the recombinant 

phage. 
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Discussion 

The intergene distance observed for the different pairs of linked globin 

genes described above is remarkably similar. The number of base pairs separating 

Barn HI cleavage sites within the two members of linked rabbit 8 and human 8 

globin genes is approximately 9 and 7 kb, respectively. In the case of the linked 

human and rabbit 8 globin genes, the $-related sequence is located to the 5' side 

of the adult S-globin gene. Although the minor S-globin gene in rabbit has not 

yet been identified with a particular globin mRNA, it is possible that this gene 

codes for the $-like mRN A expressed in imma ture adult erythroid cells of anemic 

rabbits (24). Clissold et al. (24) have argued that this mRNA may be the product 

of a gene which is the functional analogue of the human o-globin gene. Both 

the human o gene and the minor $-gene in rabbit (24) have sequences which are 

similar but not identical to the respective S-globin genes and are expressed pri­

marily during the early stages of adult erythropoeisis. Thus, it is possible that 

linked S-globin genes in rabbit and human have similar functions and organization. 

The relationship, if any, between the close linkage and sequential expression of 

these genes can now be approached using cloned genomic DNAs as hybridization 

probes to nuclear RN A. 

The existence of partially characterized functional deficiencies in human 

hemoglobin expression (thalassemias) provides the opportunity for studying relation­

ships between globin gene organization and function. The feasibility of applying 

genomic blotting procedures to the study of globin genes from thalassemic patients 

has been demonstrated using labeled globin cDNA probes (A. Bank and R. Willia mson, 

this Symposium). The availability of cloned genomic globin DNA with its associated 

non-coding sequences will extend the utility of this approach by making it possible 
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to detect structural changes in sequences not accessible to cD NA probes. 

Once structural differences have been detected by genomic blotting, the 

genetic defect can be studied at the level of nucleotide sequence by cloning the 

affected gene. The gene isolation procedure described above and elsewhere (12) 

should allow the rapid isolation of globin genes from thalassemic patients. 

Relatively small amounts of DNA are required and the procedure is not effected 

by changes in restriction endonuclease cleavage sites which flank the affected 

genes. This is due to the fact that randomly fragmented DNA, rather than specific 

restriction fragments, is cloned. Thus, thalassemias resulting from large deletions 

or sequence rearrangements as well as those resulting from single base changes 

will be accessible to structural analysis. Studies of this kind should identify the 

molecular basis of thalassemias and possibly provide insight into human genetic 

disorders in general. 
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Table 1. The Globin Gene Families of Rabbit and Human 

Embryonic Fetal Adult 

Rabbit a X a 

non-a E:(y) 8, ( S minor) 
dz) 

Human a s al, a2 

A G S, o non-a E: y y 
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Figure 1 Schematic diagram illustrating tl1e strategy used to isolate globin 

genes from genomic DNA. (Reproduced from reference 12 by permisson.) 
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Figure 2 Evidence for the presence of a B-related &lobin sequence closely 

linked to the adult rabbit s-globin gene. Cloned rabbit B-globin genomic DNA 

(RSG-2) was digested with Kpn I, fractionated by electrophoresis on a 1.4% agarose 

gel, transferred to a nitrocellulose filter (30) and hybridized to 32P-labeled pSG-1 

DNA (2). The column on the left shows the ethidium bromide stained gel. The 

column on the right shows an autoradiogram of the nitrocellulose filter. The size 

of the globin-containing DNA fragments is indicated in kilobase pairs. 
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Figure 3 Barn HI and Kpn I restriction maps of the rabbit 13--globin genomic 

clone RSG2. The vertical lines indicate the positions of Barn HI and Kph I recognition 

sites. The approximate number of kilobase pairs between restriction sites is also 

indicated. The hatched box represents the approximate position of the 13-related 

sequence in the cloned DNA. The interrupted solid box represents the position 

of the adult 13-globin gene. The clear area indicates the presence of a 600 bp 

non-coding intervening sequence (8). A smaller (125 bp) intervening sequence 

located nearer to the 5' end of the coding region (between codons 30 and 31) is 

not shown (unpublished). Experiments have not yet been performed to determine 

whether the minor 13 gene contains an intervening sequence. The horizontal arrow 

(5' + 3') indicates the orientation of the 13-globin gene with respect to the direction 

of transcription. The orientation of the 13-related gene is not yet known. The 

vertical arrows show the junction between the rabbit DNA insert and>. Ch 4A DNA. 
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Figure 4 Detection of 8--:globin related sequences in restriction endonuclease 

digests of cloned human DNAs. DNA from clones HSG-1 and HSG-2 was digested 

with restriction endonucleases Barn HI (left lanes), Xba I (center lanes), Eco RI 

(right lanes), and Bgl I and Hha I (data not shown) and electrophoresed on a 0. 7% 

agarose gel. The separated fragments were transferred to nitrocellulose filter 

paper (30) and fragments containing 8-globin related sequences were detected 

by hybridization to 32P-labeled nick-translated human s-globin cDNA plasmid 

and subsequent autoradiography. Included in the gel were hybridization markers 

consisting of rabbit S-globin cDNA plasmid (p!3G-1; ref 2) digested separately 

with Eco RI and Barn HI. The sizes of the markers are 5. 7 kb, 4.8 kb, and 0.9 kb. 

Digestion of HSG-1 and HSG-2 DNAs with Bgl I or Hha I generated, in each case, 

a single lar·ge hybridizing fragment (data not shown) similar to the pattern observed 

for Xba I. The sizes of all hybridizing bands were determined from the ethidium 

bromide stained pattern of the gel which included a large number of molecular 

weight markers. 
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Figure 5 Barn HI, Eco RI, Xba I and Hind III restriction maps of the human 

8-globin genomic clone HSG-2. The vertical lines indicate the position of various 

restriction enzyme recognition sites. The approximate number of kilobase pairs 

is also indicated. The interrupted solid boxes represent the position of the presumptive 

cS and f3 globin genes. The clear areas indicate the presence of large (900-950 bp) 

non-coding intervening sequences. The possible existence of smaller intervening 

sequences has not yet been investigated. The horizontal arrow indicates the direction 

of transcription for both genes. The vertical arrows show the junction between 

the rabbit DNA insert and Charon 4A DNA. 
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