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I, Nucleotlde Divergence in DNA of Actinomycetes



Introduction

The genetic potential (genotype) of an organism is
encoded in the linear order of the four nucleotide bsses in
its deoxyribonucleic acid (DNA). These sequences sre trans-
lated into co-linear sequences of amino acids in structural
ar enzymic proteins, which directly, or indirectly, consti-
tute the phenotype of the cell. Accordingly, eveclutionsary
divergence from a common ancestor proceeds as the progeny
accumulete base substltutions in their DNA. Recent evidence
strongly indicates that remnants of an organism's evolu-
tionary history are retained, Iinscribed in the genetic deter-
minants themselves. Because of our increased understanding
of the molecular archltecture cf DNA, approaches to microbial
classification other than classical determinative systematics
can be developed. In fact, the evolutlonary approach to
bacterisl clessification, long hindered by the lack of a
recognized fossil record, now seems feasible st several
molecular levels. The documentation of this "fossil record"
inscribed in the molecules of cells was reviewed by Msndel
(1969). An approach to an evolutionary classification could
therefore be formulated for a group of microorganisms by
analyzing thelr DNA,

The relationships smong representatives of the bacterial

genera Streptomyces and Nocardias are of particular interest

because of thelr special relevsnce for industry, medicine
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and agriculture; moreover, thelr taxonomic status remasins s
subject for active study snd debate. Accordingly the first
portion of this dissertation describes the isolation of DNA
and the determinastion of the base composition of DNA from
selected actinomycetes, In addition, I have modified the
method of Warnaar and Cohen (1966) for quantitative assay
of reassociation between denatured DNA fixed to nitrocell-
ulose membrane filters and free, labeled, denatured DNA.
This approach has been used to assess, on a molecular level,

the relationshipas asmong these organisms.



Review of the Literature

Our present concepts about the structure of the DNA
molecule are based le=rgely on the medel sugsgested by
Watson and Crick. The physical and chemiczl nature of
DNA has been reviewed extensively by Felsenfeld and Miles
(1967), Edwards and Shorter (1966), Jrsse and Eigner (1966)
and Kit (1963). What has emerged most clezrly is the endur-

ing valildity of the Watson and Crick model,

Reneturation of DNA, ©Since the discovery that tuwo

strands of DNA can be physically separated and specifically
reassociated (Marmur and Lane, 1960; Doty et al., 1960), it
has been established that this reaction can be extremely
valuable for comparing related nucleic acids as well =3 for
analyzing ribonucleic acid (RNA) transcribed from DNA. There
are two general methods with which to study the reassociation
of DNA: reassociation carried out with denatured DNA from

one snurce immobilized in an agar matrix or on a membrane
filter surface, a2nd reassociaticn performed with both test
nucleic acids free In solution. Brenner (1970) pointed out
that both methods could yield specific and reproducible data

when properly applied.

Free Solution Reasscciation, This system initially posed

two major difficulties: (1) each species of nucleic acid

present was free to react with itself, and (2) the product of
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the heterologous reaction was difficult to quantitate and
almost impossible to isolate (Gillespie and Spiegelman, 1965;
Marmur et al.,, 1963). However, recent progress in under-
standing the kinetics of free solution reassociaticn has
resulted in & revival of interest in the system. It is now
apparent that specific duplex formation 1s a function of the
initial concentration of each species and the time of incu-
bation (Britten end Kohne, 1968; 1967). Furthermore, the

use of hydroxyapatite to fractionate single-stranded and
double-stranded DNA has probsbly been a major factor in the
re-emergence of free solution systems. Duplex nucleic scid
molecules are bound by hydroxyspstite in 0.12 M sodium
phosphate buffer (pH 6.8) while single-strsnded nucleic acids
are not (Bernsrdi, 1965; Miyazawas and Thomes, 1965). In

O.4 M sodium phosphate buffer (pH 6.8), the double-stranded
molecules are eluted. Thermal stability profiles of resass-
gociated DNA duplexes are generated by washing the hydroxy-
apatite with an elution series of increassing temperatures.
The advantages of hydroxyapstite have been summarized by
Brenner et al, (1969b): (1) It wss not necessary to immo-
bilize the unlabeled DNA, asnd reassoclsted (hybrid) DNA did
not leach out of the agar or from the filter in thermel elu-
tion studies. (2) The binding of laebeled bscterisl DNA
fragments to unlabeled DNA from the same source was routinely
20% to 40% in sgar, 10% to 70% on filters end from 75% to 95%
in free solution. (3) Unlsbeled DNA was not immobilized, thus
its absorbancy could be assayed providing a veluable internal

control. () Kinetics in free solution were typicslly
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uncomplicsted second-order, wheress kinetics in agsr and
filters were more ccmplex. Brenner et al. (1969b) did
point out one disadventage; competition experiments could
not be done with hydroxyapstite. Moreover, citrate and
potassium ions greatly diminished the ability of hydroxy-
apatite to bind DNA (Brenner, personal communication).
Formemide and dimethyl sulfoxide could not be used with
hydroxyapatite unless their concentration wes less than
1% because they apparently destroyed the cross-linking of
the hydroxyapatite (McConsughy et al., 1969).

Immobilized DNA. Systems which allowed single-stranded

DNA to be immobllized and yet remsin svaileble for binding
complementary polynucleotides overcame many of the disadvan-
teges of the early free solution systems. Pcssibly the mecst
obvious advantege waes that single strands of DNA in or on

an insoluble matrix could not self-reassociaste to form
duplexed regions (Bolton and McCarthy, 1962).

Denherdt (1966) modified the technique of Gillespie and
Spiegelmen (1965) whereby single-stranded, high molecular
weight unlabeled DNA was nesrly irreverslbly bound to a nitro-
cellulose membrane filter. Thils was accomplished by slowly
filtering dilute, denatured DNA solutions dissolved in =
salt solution composed of 0.9 M NaCl end 0.09 M sodium citrate
through the filters. Thorough drying fixed the DNA to the
filters. Interestingly, the exact reason why denatured DNA
but not double-stranded DNA or any kind of RNA wss bound to
nitrocellulogse filters is not known (Wohlhieter et al., 1966;

Pishman snd Schiff, 1968). By incubating the DNA-filters in
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a soluticn containing free denatured, sheared, labeled DNa,
Denhsrdt wes asble to detect DNA by DNA interactions. Den-
hardt's method relied on a pre-~incubation of DNA-filters in
a solution containing 0.02% each of ficoll, polyvinylpyrrc-
lidone and bovine serum albumin to prevent non-specific bind-
ing cof the denatured labeled DNA., Warnsar and Cohen (1966)
simultaneously described a similar method which required no
albumin pre-incubation. Warnaar and Cohen's procedure made
use of the fact that single-stranded DnA was eluted from
nitrocellulose with buffers of low ionic strength and high
pH (lO'3 M tris hydroxymethylaminomethane, pH 9.L) whereas
the hybridized DnA was not, lMoreover, the background levels
of non-specifically bound DNA were about one order of msgni-
tude lower than the method of Denhardt (Warnaar and Cohen,
1966).

Both Denhardt (1966) and YWarnaar and Cohen (1966) showued
that with increased vclume and increased temperature, the
extent of renaturation of hocmclogous DNA dropped substantial-
ly. No explanation was offered and the assumption epparently
wes that any duplexes formed were of exact fit. This errcr
went unncticed for about two years with the subsequent publi-
cation of data that overestimated DNA sequence homology due
to non-specific conditions (Mandel, 1969; Johnson and Ordal,
1968). This occurred even though Martin and Hoyer (1966)
had established that with decreasing lIncubation temperature,
the degree of duplex formation did increase, but with a
decrease in therm=l stability indicating non-specific duplex

formation. 1In fact, previous agar-gel work (reviewed by
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Hoyer and Roberts, 1967) showed that the formation of
specific duplexes depended on the same parameters 2s the free
solution reactions. Data from thermal elution or thermal
chromastogrephy, for example, provided a measure of the
stability of the DNA duplexes. Well matched complexes
should display thermal elution profiles coincident with
those of native molecules of similar sizes (Mandel, 1969).
The thermal stabillity of a reassocisted duplex 1is character-
ized by its Tm,e (elution temperature at which 509 of the
DNA duplexes hsas been dissociated). The differences between
the Tm,e value of an interspecific duplex and that of the
homologous reference reasction has been designated the ATm,e
value., There appears to be a direct correlation between
ATm,e and the percent of unpalred bases in an interspecific
duplex. Laird et sl. (1969) reviewed studies with srtificizl
polymers and presented experimental dats based upon natursl
DNA polymers which suggested that a 1.5 C decrease in thermsl
stability resulted from 1% unpaired bases within s DNA duplex.
It must be noted thsat the melting temperature (Tm,e) obtelned
by the release of DNA fragments due to complete strand
separation is not theoretically nor experimentally equivalent
to the Tm messured optically (Brenner et al,, 19692). Prac-
tically, the Tm,e and opticasl Tm agree rather closely (Brenner
et al,, 1969a; Kingsbury et al., 1969 and Johnson znd Ordal,
1968).
Scientists using agar-gel pioneered reassociation at two
or three incubation temperatures followed by thermael elution

(Hoyer and Roberts, 1967). Thls technique was aptly applied
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to filters by Martin and Hoyer (1966). 1In addition, Martin
and Hoyer (1966) showed thet the ratio of binding et LO C to
that obtained at 60 C could discern remote relationships not
detected by direct hybridization or thermal elution. The
full impeact of their work wes not appreciated until it was
substantiated by Johnson and Ordal (1968) using filters and
by Brenner and Cowie (1968) using hydroxyspatite snd agar-gel.
As inferred by Mertin and Hoyer (1966) and postulated by
McCarthy (1967), the studies of Johnson #nd Ordal (1968) and
those of Brenner and Cowie (1968) confirmed the existence

of a class of nucleotide sequences which could reasssociate
at more non-exascting incubation temperatures but could not
reassoclate at more exacting incubstion temperstures.
McCarthy (1967) suggested thest the duplexes formed at non-
specific incubation temperatures were remotely related and
could therefore be a measure of evolutionary divergence.
This suggestion with 1ts subsequent confirmation raised the
status of DNA reassociation from a laborastory curlosity to a
powerful tool for discerning molecular relationships.

The methods using filter-immobilized DNA have a number
of inherent dissdvanteges which 1imit their applicetion.
Because the total reassociation of free DNA with DNA fixed
to filters rarely exceeds 50%, Brenner et sl. (1969b) inferred
that the observed binding may not be representative of the
entire genome. Leaching of reassociated DNA from filters cen
also occur. This apparently was not a problem in the
origin=1 work of Gillespie and Splegelman (1965), Denhardt

(1966) and Warnaar and Cohen (1966). However, in some
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instences, leaching from the DNA-filters seriously limited
the assays (Okanishi and Gregory, 1970).

To overcome tiis undesirsble elution of fixed DNA at
high temperatures, McConaughy et al. (1969), using s method
developed by Bonner et al., (1967), added formamide to the
incubation mixture. They found that 1% formamide reduced

the optical Tm of Bacillus subtilis DNA by 0,72 C. By this

method, high specificlty 2nd rates of reaction were achieved
utilizing incubation temperatures of 37 C or less, The
thermal elutions were complete at j0 to 50 C with nco loss of
fixed DNA. IlicConsughy 2nd co-workers compared the rates of
reaction iIn free solution with the reaction rates on filters
both with and without formamide and concluded that the
information cbtained with both systems was identical. They
also showed that this system could be adapted for use with
hydroxyapatite provided the reassociating solution contain-
ing form2mide was diluted with 0.12 M sodlum phosphate buffer
(pH ¢.8) so that the formemide concentration was below 1%
before application to the hydroxyapatite. Lesgault-De'mare

et 2al. (1967) showed that the temperature of renaturation of
ﬁNA on membrane filters could be lowered if 30% (v/v) dimethyl
gulfoxide (DMSO) was incorporated into the incubation solu-
tion. Rogul et al. (1970) used DM30 as a solvent for the
Denhardt method. The high background obtained with the
original Denhardt procedure was considerably reduced and
specific binding could be obtained at lower incubstion temper-
atures. The mcdified system employlng DMSO, however, gave

an unacceptably large experimental errcr.
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Specificity of DNA Reasscciation. The parameters

affecting DNA reassoclation have been adequately summarized
by McCarthy and Church (1970), Brenner (1970), Mandel (1969)
and Brenner et al. (1969a). Their importance cannot be
overemphasized, and they sre therefore repeated here. (1)

GC palrs exhlbit greater thermal stabllity than AT base
palrs; thus, if a given DNA duplex contains more GC pairs,
its thermal stability will be higher. Moreover, the sites
for initiation of reassccietion eppear to involve sequences
rich in G and C. McCarthy and Church (1970) pointed out

that initial reaction products were rich in GC pairs. (2)
The size of the DNA fragments affects DNA reassociaticn in
free solution, larger fragments reassociating faster than the
smaller ones (Britten and Kohne, 1966). Moreover, below a
chain length of about 15 nucleotides (in bacteria) there

was no specific duplex formation (licConsugny snd lcCarthy,
1967). 1Ideally, we want to compare specific DNA sequences

2t the excluslion of all others; however, most current methods
for producing DNA sequences generate a random population of
fragments of different size. In fact, Brenner et al. {1970)
noted that the DNA fragments used in their experiments sedi-
mented as a broad band in Cszsou and alkeline sucrose density
gradients, Production of fragments is usually accomplished
by mechanical shearing. The most common method involves pass-
ing DNA through a needle valve, The size of the fragments
produced is governed by the pressure drop produced, Brenner
et al. (1970) reported production of fragments with the

average molecular weight of 1.25 x 105 daltons by the use of a
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50,000 1b. j.nch"2 pressure drop. Unless modified, the
ordinary French press will withstand up to sbout 20,000 1b.
inch"2 and will generste fragments in the range of 2 to 5 x

lO5

daltons. Because the rate of resasssociation is inversely
proportional to the viscosity of the solution (Wetmur and
Davidson, 1968), the reaction can be affected by chain
length. This effect can be controlled by using uniformly
sheared DNA fregments. Large fragments may produce other
undesirable effects. If a particular fragment contalined an
internal sequence capsble of forming a duplex with the other
DNA species under the conditions employed, this reasction and
other reactions may be influenced by the effect of free
terminal stretches of single-stranded DNA (Wzlker, 1969).
(3) The most common procedure for producing a single-stranded
DNA is heating aqueous solutions to 4 C to 5 C above the Tm
followed by quick-cooling and Increasing the salt concentra-
tion. For orgesnisms of GC content less than 50%, this
method is probably accepteble. However, for DNA samples of
high GC content, high molecular weight end high concentretion,
complete strand sepsration may not occur at 100 C even in
dilute buffers. Mandel (1969) stated that if separation was
not complete and cross-links occurred, intrestrand and
interstrsnd resssocistions would decrease the number of
avalilable sites for interspecific duplex formation. Brenner
et al. (1969a) described e simple method for removing cross-
linked and partially reassociated DNA from the fragment
preparation. A hydroxyapaptite column was equilibrated at a

suitable tempersture (about 30 C below the Tm) with 0.14 M
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sodium phosphate buffer (pH 6.8). DNA fragments dissolved
in this buffer were passsed through the column. Single-
streanded DNA passed through the column while cross-linked
DNA was bound. Heatlng DNA during denaturstion snd during
reassocliation may elso produce undesirable effects. Greer
and Zamenhof (1965) showed that DNA can be depurinsted and
ultimately degraded by heating st high temperatures in
dilute buffers. Shapirc end Klein (1966) observed that
cytidine and cytosine are deaminated at 95 C in s veriety

of aqueous buffers. Because most DNA studies are done in

a saline-citrete buffer, Shapiro and Klein's observation that
the rate of deaminstion increased with 1lncreasing molerity
of citric acid-citrate buffers is disturbing. A loglcal
alternative tc heat densturaticn is denaturation by NaOH.
Another approach could be the use of densturants such as
formemide and dimethyl sulfoxide. In eny event, the choice
of methods for producing and fragmenting single-stranded DNA
can drastically influence DNA resssociation. (4) The rate
of reassocistion is highly dependent on salt concentration;
moreover, the thermal stability of reassociated DNA increases
as the icnic strength incresses. Brenner (1970) pointed out
that one can easlly shift the mid-point temperature of
strand separstion by 20 C or more by changing the salt con-
centration. (5) The optimal temperature for reassociation
is about 30 C below the Tm of a given DNA (Marmur et al.,
1962)., (6) To obtein mesningful reassociation date, the
concentration of labeled and unlabeled DNA must be carefully

chosen. For studies in which one DNA species was immobilized
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in agar or on 2 filter, a 50:1 ratio of unlabeled to

labeled DNA was sufficient to provide an excess of available
sites for the labeled DNA to reassociate. Most reported
experiments used incubation times varying between 15 to

20 hr. In free solution resctions, the DNA concentrations
and incubation times were especially critical. Because
duplexes composed of two labeled DNA strands cannot be dis-
tinguished from duplexes composed of a labeled and an
unlabeled DNA strand, a large excess of unlabeled DNA was
used (usually from 4,000 to 8,000 fold excess). This reduces

the extent of reassociestion betwsen two labeled DNA strands.

The Cot concept. Britten and Kohne (1967, 1968) showed

that specific hybrid formastion was a function of the initial
concentration of esch DNA specles and the time of incubsation.
They Introduced the acronym Cot which was an abbreviation for
the product of initial concentration (c¢y) and time (t). The
units were gliven in moles of nucleotides per liter times
seconds. Cot controled reassociation of DNA when the tempera-
ture, salt concentration and fragment slze were defined. If
we assume that 1 »e of DNA has an absorbance at 260 nm of
0.,02lj, the Cot units are reedily calculated, using the lnitisal
Asgo and incubation time (Britten and Kohne, 1966):

Cot = 1/2(A5g0) (incubation time in hr) =

(moles of nucleotide) (seconds) (liter)"l

It 1s generally assumed that renaturation of DNA follows

second order reasction kinetics because the process involves

the collision of two complementary strands. A graphilc
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representation of the relationships between the extent of
reassociation and Cot allows an investigator to decide
whether the reaction rates deviate significantly from second
order kinetics. For thls purpose, the percent reassocliation
is shown on the ordinate iIn arithmetic units and the Cot on
the abscissa 1In logarithmic units. The curve generated by
an uncomplicated second-order reaction 1s reasonably symmet-
rical, sigmoid-sheped and makes a relatively straight trans-
ition from the completely denatured state to the completely
reagsoclated state over a 100-fold range in Cot values
(Britten and Kohne, 1968).

Additional Information about genome structure can be
inferred from the time course of DNA reassociation, A useful
point 1s the Cot value at which half of the initially denatur-
ed DNA hes resssocisted. This point has been designated by
Cot/3 or ggg (Britten and Kohne, 1968). Some of the implica-
tions of Cot/2 can best be symbolized mathematically:

The rate of disappearance of denatured DNA should be:

- de = kc©
da%
where ¢ = concentration of denatured DNA
t = time of renaturation

By integrating and evaluating over t=0 (c=co), we obtailn
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By solving for {c,t) et half-rensturation, we obtain cot=
1/% or, Cot/2 = 1/k

DNA can be cheracterized by the value of Cot/2. Be-
cause k has been found to be inversely proportional to the
complexity of the DNA, Cot/2 is directly proportional to the
genome size. Ceirn's measurement of the size of the Escheri-
chie colil genome (4.5 x 10 nucleotide pairs) has been used
frequently ss a reference value. Thus if sn organism's DNA
has a Cot/2 twice that of E. coli DNA, the orgenism has a
genome size of 9 x lO6 nucleotide peirs. Britten 2nd Kohne
(1968) pointed out that the linear relationship between the
Cot/2 and genome size was true cnly In the absence of
repeated sequences.

Mandel (1969) suggested that closely related organisms
should contzin the same amount of genetic informational
capacity. The estimation of genome size by renzturcstion
kinetics has the edvantage of meesuring only the informational
length of 2 particular DNA speciles, not 1ts physical length
(Falkow et al., 1969). Kingsbury (1969) studied some
selected bacterial DNA samples by optical resssoclation
kinetics in 0.15 M NaCl - 0,015 M sodium citrate (SSC) or in
0.12 M sodium pheosphate buffer. By this method, Chlamydis
trachomatis had a genome size of 6 x 105 nucleotide palrs
based on the size of the E. coli genome (L.5 x 100 nuclectide
pairs), No correction was made for differences in GC content.
Moore and McCarthy (1969) showed that the genome size of
extreme halophiles was similer to that of E. colil and

contained no rapidly renaturing fraction. The genome slze of
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E. subtilis was found to be close to that of E. coli

(McConaughy et al., 1969). Renaturation kinetics in SSC
at 60 C geve a genome size of 9.2 x 109 daltons for Sac-

charomyces cerevisise (Bicknell and Douglass, 1970). The

authors found few, if eny, repeated sequences. The Cot/2
for E. coli was found to be .86 compared to 16.0 for S.
cerevisise,

Falkow et el. (1969) discussed how pure R-factor DNA
could be recovered using reassocistion kinetics on hydro-
xyspatite. The value of hydroxyapatite was the fect that
DNA sequences could be fractionated on = preparative scsle.
Using this method, Kohne (1968) isolated ribosomal RNA

(rRNA) cistrons from E. coli snd Proteus mirabilis. Like-

wise, Brenner et al. (1970) isolated and charscterized
transfer RNA (tRNA) cistrons from E. coli.

Britten and Kohne (1968) emphasized that the Cot/2
measured by opticel methods i1s different from the Cot/2
measured in hydroxyapatite. 1In fact, the latter method
gave a Cot/2 of about 50% of the Cot/2 determined optically.
This was to be expected because the fraction of fragments
reassociated 1s messured by hydroxyspatite while the frac-
tion of total strand length reassocisted is determined op-
tically. ©Nevertheless, by using standards of known genome
size to celibrate each system, excellent agreement between

the results obtained by the two methods was obtained.

Applications of DNA Resssoclation to Actinomycete

Taxonomy. The DNA from 30 sctinomycetes was tested in the

Bolton-McCarthy agar-gel system to determine the degree with
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which they could bind 32P labeled Streptomyces griseug DNA

(Yamaguchl, 1967). A relatively high concentration (200 yg/
ml) of DNA was used during the 5 min heating in 0,1 x SSC to
denature the DNA. The salt concentration during incubation

was O.4 M Na+1

and the temperature was 65 C. For these high
GC organisms, the conditions were quite non-exacting. More-
over, there was a conspicuous absence of any high GC, non-
homologous DNA controls., Not unexpected, therefore, was the
author's conclusion that the actinomycetes were genetically
a homogeneous group and that DNA homology studies were not
particularly useful in taxonomic studies.

Tewfik and Bradley (1967) tested DNA samples from 12
streptomycetes to determine the extent of their reassociation
with labeled DNA from S. venezuelse and S. rimosus. The
agar-gel gystem was used. Although the stated incubation
temperature was 60 C, the low binding to appropriate con-
trols suggested that, in fact, a more stringent temperature
was used. With 8. venezuelse as the reference (4O% absolute
binding), the remaining streptomycetes showed 37 to 88%
relative binding. In a separate test, three nocardiae showed
from 2 to 44% homology with S. venezuelae. These comparisons
were generally corroborated by the studies of Enquist and
Bradley (1968) using the membrane filter technique of Wernaar
and Cohen (1966). A range of 39 to 77% homology was obtained
by Tewfik and Bradley (1967) with these 12 streins when S.
rimosus DNA (34% absolute binding) was used as the reference.

In both instances, reciprocity was exhibited and trends

evident in one system were evident in the other.
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Monson et al. (1969) used a modification of the filter
method of Warnasr and Cohen (1966) to solve s frustrating
taxonomic issue. Most of the genetic studies on strepto-
mycetes have been done with cultures erroneously designated
as S. coelicolor. To determine whether these cultures were

genetically homogeneous with the S. violaceoruber nominifer,

DNA hybridization wes done and selected pairs of mutents
were crossed. The reference DNA preparations were from type

cultures of S. coelicolor Muller and S. violaceoruber 14980.

An exacting lmcubestion tempersture of 75 C was used sccom-
panied by adequate controls. The results definitively estsab-

lished that S. coelicolor and S. violaceoruber were different;

moreover, the cultures used by Bradley, Hopwood asnd Sermonti
as well as Actinopycnidium caseruleum were closely related

to the S. violaceoruber 1,980 type culture and were distinct
from the type cultures for S. coelicolor end S. violaceus.

Farins and Bradley (1970) used similar methods in com-

bination with thermal elution to analyze DNA from a group

of sctinomycetes which form sporangia. Their results
separated this group into two clusters: the first contained

Actinoplanes, Dactylosporangium, and Ampullariella; the

second group contained Planomonospors, Spirillospors and

Streptosporangium. Again type cultures were used for the

study. Using S. venezuelase as the reference, 2ll of the

genera examined in the families Actinoplaneceae =and Strep-

tosporangliaceae showed little homology with this reference

(10 to 20% relative binding). Only DNA from S. 2lbus (type

culture for the genus Streptomyces), Streptoverticillium
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baldaccil and Microellobisporia flavea appreciably bound

the S. venezuelae reference. O interest was the significant
binding of DNA samples from different families to the
reference. The Tm,e of these intra-family duplexes was

about 5 to 6 C lower than the homologous duplexes. The

fact that the taxonomy of the sporangia-forming actinomycetes
established by cell-wall analysis was corroberated by F:rina
and Bradley's (1970) analysis confirmed the usefulness of

both methods for actinomycete systematics.

Evclution and Nucleic Acids. During their divergence

from a common ancestor, two organisms each accumulate base
substitutions in their DNA. These base substitutions are
reflected In experimental nucleic acid reassociaticn studies
by base mismatching. The relstionshin between decrease in
thermal stabllity snd the fraction of mismatched bases has
emerged from several studies (Laird et al., 1969). Although
DNA base compcsiticn 1s useful as a first approximation of
relatedness (Deley, 1969), it cannot be used as a quantita-
tive measure of divergence. However, nucleic acid homclogy
measurements, because they reflect the number of nucleotide
changes that have occurred since the species diverged, do
provide a quantitative measure of evolutionary divergence
(Laird et al., 1969). The messurement of DNA species diver-
gence can be complicated by the existence of repetitive DNA

sequences (Britten and Kohne, 1968).

Conserved rRNa Loci. The evolution of basz sequences

takes plsce at different rates at different sites in the
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genome (McCarthy, 19€7). Conserved genes could hsve great
significance as to the possible common ancestry of highly
divergent organisms or groups., For example, 1t wag found
that in the genus Bacillus, whose various members differ in
GC by as much as 209, there wass little overall genetic
homology between any individual species, but that rRNA,

tRNA and antibiotic resistance loci were highly conserved

in all species tested (Doi and Igarsshi, 1966; Dubnau et sl.,
1965). It was of considersble interest that DNA base se-
quences of rRNA snd tRNA were shown to be conserved relative
to the total DNA In enterobscteris, myxobacteria and yeast
(Schuwelzer et al., 1969; Midgely, 1968 and Moore and McCarthy,
1967). DMoreover, there 1s evidence that multiple sites on
the genome exist for both 16 and 235 rRNA synthesis and that
these multiple sites are contiguous in bscteria (Cutler and
Evens, 1967). Midgely (1968) estimated that there were 5

cistrons responsible for rRNA synthesis in E. coli. 1Interest-

ingly, the author found sn equal transcription rate for all
the cistrons in unit time. Avery and Midgley (1968) found
thet the 16S and 23S rRNA mutually and completely competed

for their respectlve sites of hybridization. In Saccharomyces

cerevisiae, Schweizer et al. (1969) estimated that there
were 1J0 cistrons for rRnA and 320 to 400 cistrons for tRNA.
Their results suggested that there were separate cistrons
for all three classes of rRNA and tRNA. Ritossa and
Splegelman (1965) found evidence for several hundred rRNA

cistrons in Drosophila melanogaster. Wood and Luck (1969)

concluded that the 255 and 193 rRNA genes in mitochondrial
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DNA of Neurospora crassa were repeated at least four times.

Kohne (1968) isolated and characterized E. colil rRNA cistrons
by taking edventege of their higher relative concentration
end hence, more rapld rensgturation rate.

Although ribosomal cistrons appear to be reletively
resistent to evolutionary change crmpared to other cistrons,
such changes sre by no means precluded (Moore and lcCarthy,
1967). Aronscn 2nd Holeowczwlz (1965) concluded that the

ribosomal RNA fracticn of Pseudrmonas seruginoss and E, coli

were heterogenecus based on an analysis of pancreatic ribe-
nuclease digests. The authors suggested that in each
organism there were several rRNA cistrons differing slightly
in base sequence. A comparative study was made of the
arrangement of base sequences in the riRNA cistrons of rabbit
DNA (Moore and McCarthy, 1968), It was concluded that the
cluster of rRNA cistrens in a mammelian DNA, which repre-
sented an evolutionzry cr an historical series of tanden
duplications, exhibited intercistronic bese sequence diver-
gence, By enzymic digestion snd subsequent gel electrophcresis
of rRNA from representative bacteria and mammals, Pinder et
al. (1969) found that the structure of rRNA had differentiated
appreciably in the crurse of evolution. Significantly, the
authors showed that the overall structure as cpposed to the
nucleotide sequence tended to be conserved during evolution.
In contrast to previcus results, these scientists concluded
that no evidence existed for hetercgeneity in an rRNA popula-
tion from a given specles. However, recent work by Muto

(1970) suggested that 163 rRNA from E. coli showed heterc-
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genelty. If heterogeneity indeed exists, then a number of
interesting questions are posed: does diversity in rRUA
Imply diversity in ribosome populations? In higher
organisms, is a change in the population of rRNA involved
in a regulatery process during differentiation?

An interesting anslysis of apparent marker evolution
rate versus genetic map position in E. subtilis was accom-
plished by Childon and McCarthy (1969). Eecause the genome
of B. subtilis has been shown to be replicated in sequential
order from one end to the other, Childon and McCarthy (1969)
tested the hypothesis that the resulting gene-dosage effect
might influence the rate of evolutiocn of genes near the
origin and terminus. By the use of two assays, that is, the
relative efficlency of heterologous transformation and the
decrease in the thermal stability of heteroduplex DNA formed
by two strands originating from different species, the
authors concluded that the rate of marker evolution was
directly influenced by its mep position. Significantly, it
also appeared that gradients of conservation of base sequence

occurred on both sides of the loci for ribosomal RNA.

Neutral Mutations. DNA reassociation studies reviewed

by King and Jukes (1969) suggested that there was ccnsiderable
latitude at the molecular level for random genetic changes
that have no effect upon the fitness of the organism. It has
been proposed that most chenges 1in amino acid sequence under-
gone by several proteins during evolution have been the result
of a non-Darwinisn process: the random fixation of neutral

or near neutral amino acid substitutions (King and Jukes,
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1969; Kimure, 1969; Kimurs and Ohta, 1969; Kimura, 1968;
Wright, 1966 and Freese, 1962). The following lines of
evidence have been cited by King and Jukes (1969) to support
this conclusion: (1) dats on structure of cytochrome C,
insulin, slpha snd beta chains of hemoglobin and serum
albumin from & wide variety of species indicated that these
proteins had undergone amino acid substitutions at 2 con-
stant rate during evolution. This wes not expected by »
mechenism involving the selection of advantegeous mutations;
(2) neutral smino scid substitutions (in function) have been
found 1in seversl proteins; (3) the neutral sllele-random
fixation model suggested by Kimurs (1969) was consistent with
rates of emino gcid substitution in several proteins; (}) the
Treffers mutetor gene produced s trend toward DNA of GC con-
tent higher than the original parent end (5) & significent
correlation existed between the number of synonymous codons
for esch amino acid and its respective occurrence frequency
in 8 large number of proteins. This would suggest thsat the
gtructure of the genetlic code itself may exert an important
influence on the evolution of these proteins. Arnheim and
Taylor (1969) tested the hypothesis that there was a relastion-
ship between the raste of evolutionary change snd the degree
of neutral sllelic variation in populations by using data on
hemoglobin variants of man. Thelr conclusion was that such s
relationship existed; however, they stressed the need for
more data before a strong conclusion could be reached.

An interesting case for neutral or near-neutral mutations

having asltered electrophoretic mobility but not catelytic
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activity was presented Ly Shaw (1965). Shaw calculated

that 75% of all possible single base mutations would not be
detected by a change in electrophoretic mobility. From her
compiliation of data, it appeared that enzymes differed widely
in tHe molecular alterations which they could tolerate.

Laird et al. (1969) presented a thorough discussion of
DNA reassociation data 2nd the rate of fixation cf nucleotide
substitutions in evolution. Their ccnclusions supported the
ideas of Walker (1969) in that the rate of evolution of DNA
from a2 number of higher organisms was 2 to 5 times greater
than inferred from comparative amino scid sequences of
selected proteins. This conclusion seems compatible only
with the neutrel mubtation-random fixation hypothesis.

Clarke (1970) took issue with the neutral mutation
hypothesis reviewed by King and Jukes (1969). He pointed out
several wWeaknesses in their arguments which, if true, may
cast doubt upon the validity of the hypothesis. Unfortunately,
Clarke did not discuss the significant dlscrepancy of DNA
sequence divergence as compared bto protein sequence divergence,
Apparently Clarke did accept King and Jukes (1969) idea that
natural selection was the editor and not the composer of the

genetic message.
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Materials and Methods

Stock Cultures. The organisms used in this study were

primarily members of the genera Streptomyces and Nocardia

(Table 1). The stock streptomycete cultures were propagated
on tomato paste-catmeal agar medium (TPO) of the following
composition: 20 g Contadina tomato paste; 20 g Heinz baby
oatmeal; 15 g Difco agar snd 1 liter deionized water. The
PH of the medium was adjusted to 6.8 with 1 N NaOH. NMembers
of the genus N-vcardia were propagated on peptone-yeast
extract agar medium (PY) of the following composition: § g
Difco peptone; 3 g Difco yeast extract; 15 g Difco ager and
1 liter delonized water. Both media were autoclaved at 121 C
for 15 min. The cooled, molten media were dispensed into
petri dishes., All the streptomycete stock cultures were
incubated at 30 C for 7 to 1l days, and the nocardial stock

cultures were incubated at 20 C for 2 to 7 days.

Masgs Culture of Actincmycetes for Isolation of DNA. TFor

streptomycetes, spores were scraped from a 7 to 1l day old
culture grown on TPO agar plates and were suspended in 25 ml
of PY broth. For nocardial cultures, growth from a 3 to 7

day old culture on PY agar plates was suspended in 25 ml of

PY broth., The inocculur. was homogeniced with « Totter-Slvelijom
tissue grinder. About 10 wml cf thls suspension was added to

1 liter of PY broth. The seeded medium was incubated on a

rotory shaker at 27 to 30 C for 15 to 24 hr. The resulting
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Table 1

Principal Cultures

Culture Designation

Scurce

Actinopycnidium caeruleum

Escherichis cocli B

Mycobacterium rhodochrous

M370

(]

M. smegmatls VAC L2

Mycobacterium sp. 17C,
III swine

Myocobacterium Sp.
scotochromogenic

Mycobacterium sp. CDC
avian

M. stercoides ALO6

M. tuberculosis H]?Rv

Myxococcus xanthus FB

Nocardia canlcruria
N. corallina N78
N. corallina NS5

N. corellina N76

N. erythropolis N2

Streptomyces sureofaciens

510762

S. cinnamomeus S1285

H. Lechevnlier, Rutgers
University

Univ. Minnesota ceollection

R. Gordon, Rutgers Universilty

N.M. MeClung, University of
South Florida

R. lianion, Minneapolls Veterans
Hespital

R. Manion, Minneapolis Veterans
Hospital

R, Manion, Minneapolis Veterans
Hospitel

E. Mankiewicz

R. Msnion, Minneapolis Veterans
Hespital

M. Dworkin, University of
Minnesota
ATCC 11048

ATCC 4273 as Mycobacterium
rhodochrous

J.B. Clark, Univeraity of
Oklahoma

ATCC L4276 as l4. rhodochrous
J.N. Adams, University of
South Dakota

ATCC 10762

ATCC 11874
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coelicolor Muller S352
coelicolor S2419
erythreus S233

fradise S347

griseus S104

griseus S1945

rimosus S10970
venezuelae S12

venezuelae S86

violaceoruber S1

violaceoruber 316

violaceoruber S199

violaceoruber 3307

violaceoruber S34ih3

violaceoruber S3740

violaceoruber S1980
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S.A. Waksman, Rutgers University
NRRL - B2lj19 as S. canescus

Univ. Minnesote collection

Univ. Minnesota collection

E. McCoy, University of Wisconsin
E. McCoy, University of Wisconsin
ATCC 1C970

Univ. Minnesota collection

Univ. Minnesotas collection

G. Sermonti

NRRL-B-1257

Univ. Minnesota collection

Univ. Minnesota collection

R. Gordon, Rutgzers University

R. Gordon, Rutgers University

ATCC-14980
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mycelial growth wes harvested by centrifugstion (2000 x

g for 15 min) and wes subsequently washed three times with
saline-EDTA (0.15 M NaCl and 0.1 M sodium ethylenediamine
tetraacetete, pH 8.0). The EUTA and high pH retarded
deoxyribonuclease activity. The washed mycelial growth

was frozen et -20 C in plastic bags and stored until needed.

Lysis of Actinomycetes for DNA Isolation. For strep-

tomycetes, 2 to 3 g of washed, wet packed mycelia were sus-
pended in 25 ml saline-EDYA soluticn in a 500 ml glass-
stoppered flask. One ml of the enzyme lysczyme (Calbiochem,
200 mg/ml) was added; the flaslz was shaken at L2 C for cne hr.
Next 2 ml of the enzyme pronase (Calbiochem, 10 mg/ml) wes
added and the flask shaken at J2 C until lysis began as indi-
cated by an increase in viscosity accompanied by a marked
decrease in turbidity. To bring lysis to completion, 2 ml

of 257 (w/v) sodium dodecyl sulfate (SLS) was added and the
flask was gently sheken by hand at ca. 25 C for 1 or 2 min.
Next, the flask was heated in a 60 C water bath for 10 min
with occasional shaking followed by slow cooling to ca. 25 C.
Most of the nocardia and several streptomycetes were insen-
sitive to lysozyme; however a pretreatment of the washed
mycelis with acetcne and diethyl ether rendered most of thess
organisms susceptible to the enzyme. About 2 to 2 g of wash-
ed, wet-packed mycella were shaken with 30 ml acetone on a
Wwrist sction shaker for 30 min 2%t ca. 25 C. The mycelia were
then collected by centrifugation at 2000 x g for 10 min and
the supernatant fluid was discarded. The pellet was suspended

in 30 ml diethvl ether, shaken on 2 wrist-action sheker for 30
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min et ca. 25 C, ond centrifuged at 2000 x g for 10 min.
The supernatant fraciion wns poured off and the mycelis
were suspended in 25 ml saline-EDTA snd treated as pre-
viously described for the streptomycetes. After lysis,
the Marmur (1961) procedure for the isolstion of DNA from

microorganisms was followed.

Extraction of DIA from Actinomycetes. All volumes indi-

¢ ated here are bssed upon 2 tc 3 g of cells in 25 ml saline=-
EDTA; therefore, the values were adjusted accordingly when
more or less msterisl wes used. Lysed cells uwere mixed with

7 mld?S;ﬁ sodium perchlorate solution to give a final concen-
tration of 1 ! sodium perchlorate. The high salt concentra-
tion served %to dissociste proteins from nuclelc acids. An
equal volume of Sevag's mixture (chloroform-isoamyl salcohol;
221 v/v) wos 2dded and the mixture shalten for 30 min at ca.
25 C on e wrist sction shaker. Centrifugstion at 8000 x g for
10 min separated the emulsion into 3 layers; chloroform at the
b ottom, denatured protein in the middle and a top esqueous
layer containing the nucleic acids. The chloroform denatured
proteins while the isvamyl alcchol reduced foeming and alded
in separation and maintenence of the layers in the centrifuged
d eproteinized solution. The squeous leyer was carefully col-
lected and about 2 volumes of 95% ethanol layered over it.

The precipitated nucleic acids which cnllected at the inter-
face of the two layers were spocled onto o glass rod. After
the precipitatc had dissoclved (sbout 15 min), 0.5 ml 10 x S3C

(1 x SSC buffer contained 0.15 M NaCl cnd 0.015 M sodium
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citrate; 10 x SSC contained 10 times this concentration; 0.1
x SSC contained 1/1O this concentrztion; see Gillespie &nd
Spiegelman, 1965) wass tiaen s=dded 4o brint the sezlt councentrs-
tion to 1 x SSC. Nucleic acids readily dissolve in solutions
of low ionic strength; however, the high salt concentration
was necessary to stobilize the DNA and to decreszse the shean
ing effects of thermsl asgitation. The citrate chelated di-
valent cations. To digest ribonucleic scid (RNA), ribonucle-
ase (Calbiochem, bcvine pancreas) wss 2dded to a finsl cone-
centration of SO‘Pg/ml and the mixture incubated st 37 C for
30 min. The Sevag's deproteinization step was then repeated
with 15 ml of Sevag's mixture until little or no protein col-
lected at the interface. The DNA was sgain precipitated with
2 volumes cf 95% ethanol end dissclved in 4.5 ml 0,1 x SSC.
One ml of 3 M ascetate solution wes added to give a2 final con-
centration of 0.3 M acetate. Next, £.0 ml isopropenol was
added slowly with continuous sheking; isopropancl selectively
precipitated the DNA while RNA fragments remained in solution.
The DNA wss collected on a glass rod and dissolved in [.5 ml
distilled water. Next 0.5 ml 10 x SSC wes added to give =z
golution of 1 x SSC. The final DNA solution wes stored over

o few drops of chloroform st 5 C.

Determinetion of Buoyant Density of DNA. 4 concentr=ted

stock cesium chloride (CsCl) solution was prepared eazch weel
by dissolving 15 g CsCl (Matheson Coleman snd Bell, 99%
purity) in 7 ml 0.02 M THAM buffer (tris-hydrcxymethylamino-
methene) pH 8.5. The final solutiun was passed through s

membrane filter (0.45 ym) to remove any insoluble material.
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The absorbance at 260 nm of the filtered CsCl solution was
Measured; 1f the absorbance exceeded 0.05, the CsCl was
repurified by filtration or recrystalization from hot ethsnol.
The technique of lMeselson et tl. (1957) was followed. The
density of the CsCl solution was brought to about 1.718 g
cm-3 by mixing 0.8, ml of the concentrated CsCl stock solu-
tion with €.23 ml of a 0.1 x 33C solution contalining 0.5 to
2.0 »e of the Dna to be examined plus about O.Slyg of the
gtandard reference DnA (E. ccli DNa or S. coelicolor DNA iIn
0.1 x 88C). It has been determined by Schildkraut et al.(1961),
that the refractive index of the CsCl-DNA solution is linearly
related to the density ass follows:

[25 ¢ = 10.8601(np25 ©) - 13.4974
where

/025 C = density at 25 C

nD25 C = refractive index at 25 ¢
The refractive index was messured with a Bausch and Lomb,
Abbe-3L refractometer. The refractive index was adjusted to'
1.401 which corresponded to an average density of 1.718 g
cm-j. When a final ad justment of density was required, it
was accomplished by edding either solid CsCl cr 0.1 x S3C.
Next 0.75 ml of the DNA-CsCl solution was carefully injected
into a Spinco 12 mm snalytical centrifuge cell equipped with
a 1° negative wedge, quartz, upper window and a plane quartz
lower window. The centerpilece was routinely the Kel-F, cesium
resistant type. The loaded cell was placed in an An-D two
place rotor with a 7.0 g counterbalance. Centrifugation was

done in a Spinco Model E analytical ultracentrifuge at L44,770
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rev min-l at 25 C. The CsCl gradient wss formed 2fter ca.
10 hr running time. By 18 nhr, equilibrium was very nesrly
achleved. Using quartz optics end an ultraviolet (UV) light
source, UV absorption photographs were taken on Kodak com=-
merclal film. The resulting ultraviolet absorption films
were traced with either the Beckman model RB Analytrol film
densitometer or with the Gilford Model 2,10 Linear Trans-
port scanning sttachment and the Gilford Model 24,00 spectrc-
photometer (Gilford Instruments; Oberlin, Ohic). The width
of the scanning beam was maintained at 100 Jme The buoyant
density of each unknown DNA wss then cslculsted with respect

to the position of sn Internal stsndard of either E. coli B

DNA (1.7100 g cm™ or S. coelicolor Muller DNA (1.7313 g
...3)

cm . The calculestions were performed using the equation

of Schildkrsut et al. (1961):
R = 0.0092(x2 - v %) + Prta

fota

il

density of standard reference DNA. This was taken to
be 1.7100 g cm"3 for E. coli DNA and 1.7312 g em=?
for 8. coelicolor Muller DNA
/Q = density of sample DNA in g cm'3
Ty = distsnce of the standard DNA bend from the centrsl
axis of rotation.
T = distance of the sample DNA band from the central
axis of rotetion.
Because the value oﬂé%,ro and r are known, the value of/e can
be calculsted. When indiceted, DNA wes denatured by dilu-
ting the stock DNA prepsration to 0.1 x SSC and boiling for

5 wmin followed by quick ccoling in an lce bath.



Measurement of Thermal Densturation of DNA, The wmid-

point of the hyperchrewic shift at 200 um (Tm) of DNA solu-
tlons heated in 0.1 x S3C was determined using the Gilforgd
Model 2000 or Mcdel 2Lj0C Multiple Sample Absorbance Recordeér
equipped with a Beckmoen monochrometer, a linear temperature
programming unit, e linear thermosensor for measuring the
temperature of the samples, an zutomatic cuvette posi-
tioner and an Hoalke thermoregulated circulator, Three DNA
samples could be run at cne time enabling one to use internsl
standards. All samples were prepared in 0.1 x SSC with 0.1
% 35C as the blankt unless otherwise noted. The A2560 of each
sample was in the range of 0.3 to 0.l which corresponded to
approximately 12.5 tr 16.5 pé DI'A/ml respectively (sssuming
1 pg of DNA has an 4260 = 0.62L). After the recorder was
ad justed tc proper zecro and 1007 and the heating system cali-
brated according tc the Gilford operation manual, the samples
Wwere placed in the cuvette heating block. An auxilliary off-
set control was used to spsce tiie recorded absorbance plots
of the three samples. The tempercoture of the cuvette holder
wag automatically reccrded for each reading. The heating rate
was linear from 50 C to 90 C and was complete in about 60 min.
Alternativelyga Zelss PMQIT spectrophotometer equipped
with a flou-through cuvette holder attached to a thermoregu-
lated circulstor was used. A260 readings were taken manually
at 1 to § min intervals end the temperature at each reading
was read from a thermometer in the civculator. The heating
rate was controlled by o Neslaeb temperature programmer and

was routinely set tc give a 1 degree rise in 5 min to allew
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equllibration of the samples snd the circulator.

Preparation_gf luC-labeled DNA from Streptomycetes. An

inoculum of 7 to 1l day old spores was prepared in 50 ml of
sterile 0.15 M NaCl. After the inoculum was homogenized,

10 to 20 ml were sdded to 1 liter of sterile, cocled medium
of the following composition: (solution A) 20.0 g glucose;
0.5 g MgSUu * 7 H0; 2.0 g NHuNoj; 1.0 g asparagine; 5.0 g
peptone and 800 ml deionized water in a 1 liter flask;
(solution B) 5.0 g K2HPOQ and 200 ml deionized water in =

500 ml flask, Solutions A and B were autoclaved separately
and subsequently mixed aseptically. The incculsted medium
was shaken at 20 C until the A2(0 reached 0.2 to C.5
(usually 12 to 24 hr). At this time rapid growth of the
organism was in progress. Next, 500 PC of 2—1MC—labeled
uracil (New England Nuclear) in 5 ml sterile deionized water
was added and the culture agsin shaken at 30 C. Samples
were taken immediastely after label addition and at 1 hr inter-
vals afterwards to follow the incorporation of label into
the mycelia. When the uptske of the label began to plateau,
the mycelia were harvested by centrifugaticn, washed three
times with saline~EDTA and the DNA 1solated as described

previously.

Shearing and Denaturation of lhC—labeled DNA. The

concentration of a 1L‘C-label@d Dna was adjusted to 0.5 to
1 mg DNA/ml in 2 x SS¢. The DNA was then sheared by twice
passing the solutlon through a French pressure cell (American

Instruments Co. Inc., AMINCO, »ilver Springs, Md.) at 10,000
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1b in 7. This produced fragments of DNA having molecular

weights of approximately 5 x 105 daltcns or less (McCarthy
and Bolton, 1963), The sheared DNA was dialysed overnight
egainst 0.1 x SSC and was then denatured by heating in
boiling water fer 5 min followed by quick chilling in an
ice-water bath. The salt concentration was brought to

2 X S3C by adding the aprropriate cmount of 10 x SSC. The
concentration of single-stranded, 1“04abeled DNA fragments
was determined by comparing the count min-l of the fragments
to the specific activity of the native labeled DNA prepara-

tion.

The Membrane Filter Technique feor Asscy of DNA Reassocia-

tion. The procedure fcr DNA-DNA reassociation on membrane
filters was derived from that of "arnaar and Cohen (1966),
in that buffers of low lonic strength and high pH were used
to elute the single-stranded, unhybridized DNA from the
membrane filter. After investigsting a number of veriables,
the following protocol was developed. Dilutions from the
stock solutions of DNA uvere made %to gilve 20 yg DNA/ml in

0.1 x 8SC. UNext, 2.5 ml of this sample was pipetted into a
gmall screwcap tube, heated in boiling water for 5 min and
was then quickly cooled in ice-uwater. This process denatured
the DNA. Densturation was generally monitcered by observing
the change in A260. When the 2,5 ml samples had cocled, 2.5
ml of 12 x SSC was added to give 5 ml of approximately 6 x
S85C solution containing 10 pg DNA/ml.

Schleicher and Schuell (Keene, N.H.) type B-%, size
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25 mm, pure nitrocellulose membrsnes and Millipore HAWP size
25 mm membranes were used. The filters were soaked for 1 to
2 min in 6 x SSC and washed by suction with 10 ml of 6 x SSC.
The previously prepared denstured DNA solution (5 ml of the

6 x SSC solution containing 50 yg DNA total) wes psssed
slowly through the filter using standsrd Millipore apparstus.
Maximum retention of the input DNA occurred when gravity
filtretion wes used. The efficiency of binding of the de-
nastured DNA to the membrenes was monitored by comparing the
A260 of the filtrete to the A260 of the solution prior to
filtretion, The filters were placed in scintilletion visls
without caps and were a2lr dried for at least lj hr followed
by 2 hr in & vacuum oven at 80 C. By tightly cspping these
vials containing the dried filters and storing them in s dry
place, the filters could be kept for extended periods before
cerrying cut the subsequent reassocistion process.

The dried filters were pleced in clean scintilletion
viels end 1.50 ml of 1.25 x SSC buffered with 0.02 M THAM-HC1
was added. The pH of this solution was 8.0. Next, 0.05 ml
of 2 dilution of sheared, labeled, denatured DNA to give 1 Je
was carefully pipetted in each vial, mixed by gentle rotation,
and each viesl was tightly capped. Depending on the experiment,
the mixture was incubsted at 60, 70 or 75 C for 15 hr to 20
hr. The filters were then carefully removed and rinsed briefly
with 0,003 M THAM-HC1, pH 9.4 (Wsrnsar =nd Cohen, 1966). After
this rinse, both sides of the filter were washed by suction
with 4O ml of the same buffer, The fllters were washed at ¢

rate not exceeding 3 ml/min. The washed filters were removed
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and dried by alr or with sn infra-red lamp and then counted
in & Packard Tri-Carb Scintillation counter. Binding was
expressed as count min'lpg'l DNA on the filter. Filters
which had no DNA bound to them, yet had undergone the entire
procedure served as controls for non-specific binding of the

labeled DNA. E. coll DNA served as one nonhomologous con-

trol while Myxococcus xanthus DNA served as a high GC yet

nonhomologous control. Salmon sperm DNA (Calbiochem, grade
A) was often included as a nonhomologous control.

The final washing of the reannealed DNA on the filter
was a critical step. The standard wash method previously
deacribed was used for most of the subsequent experiments;
however, the method was tedious and limited the number of
assays which could be run., Therefore, for some of the later
experiments, an aslternstive wash procedure was devised.
After incubation, the filters were removed from the reaction
mixture, rinsed briefly with 0,003 M THAM-HCL, pH 9.L4 and
then immersed for 10 min in a vial containing 10 ml 1 x SSC
at the incubation tempersture. After air drying, the filters
were assayed as described previously.

The thermal stability of the reassociated DNA duplexes
formed was also determined. Filters were prepared, loaded
with DNA and incubsted st various temperatures zs before.
After reassocistion was complete, the filters were removed,
rinsed briefly with 0.003 M THAM-HC1, pH 9.4 and immersed in
10 m1 1 x SSC at the incubation temperature for 10 min. The
labeled DNA was then eluted by incubating the filters for 15

min in 2.5 ml 1 x SSC in scintillation vials at temperature
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increments of 5 C. Next 15 ml of Triton X-100, toluene
scintillation fluid Béé ml toluene, 333 ml Triton X-100

5.5 g 1,li-bis-2~(5-phenyloxazolyl) benzene and 125 mg
2,&-diphenyloxazol§‘uas added to the vials snd the radio-
sctivity determlined. Up to 30% aqueous salt solution can be
counted in this fluid with cnly & small loss in efficlency
due to quenching, The results were expressed as the rela-
tive smount of luC-DNA released, that is, =23 the ratio:

count min“1 released at a given temperature x j100%
total homologoug count min™*




Results

CsCl Density Gradient Analysis., Purified DNA from

selected actinomycetes, most cf which had A260/A280 ratios
in the range of 1.8 to 2.0, were individually mixed with s
reference E. coli DNA snd centrifuged in CsCl as described
previously (p 30 of this thesis). Because a linesr rela-
tionship exists between the buoyant density of DNA and its
base composition (Schildkraut et al., 1962), the following
relationship wes used to cslculate the mole fraction of
guanine plus cytosine of the various DNA samples:

f = 1,660 + 0.098 (GC)

/D

GC

where

-3
buoyant density in g cm -

i

mole fraction gusnine plus cytosine

At least three determinetions were made with most
streptomycete DNA samples while two determinetions were
generally made with other samples of actinomycete DNA. The
bucyznt densities of the actinomycete DIA samples studied
ranged from 1.721h to 1.7312 g cm_3 (Teble 2). All DNA pre-
parations showed only 2 single, symmetricol band in the CsCl
gradient. The calculated %GC of the streptomycete DNA pre-
perations ranged betwsen 70.1 and 72.6, those of nocardiae

were between 62.6 =snd 70.7, and those of the mycobacterila

Wwere between 6.3 and 70.3. MyxXoccccus xenthus IB was

determined to have a GC content of 68.5%.



Buoyant Density and Base Composgition of Selected
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Table 2

Actinomycete DNA Preparations

Source of DNA

Buoyant Deng%ty

GC

(g cm” (%)
S. coelicolor Muller S253 1.7312%0.00 03 72.6
S. griseus S1945 1.7312%0.0005 72.6
S. sureofaciens S10762 1.7311 72.6
S. coelicolor $2419 1.7309%0.0007 72.3
S. cinnamomeus s1285 1.7207 72.1
S. frediae 1.7304 71.8
S. violesceoruber Sl 1.7304%t0.000L 71.8
S. violaceoruber S207 1.7202%0.0007 71.7
S. violaceoruber S3740 1.7303%0.0003 71.7
S. violaceoruber S199 1.7202%0.0003 71.6
As{én§ﬁgcnldium casruleum 17300 710
S. griseus S104 1.7300 TL.L
S. violaceoruber S1,980 1.7299t0.0006 71.2
S. violaceoruber S3442 1.7299%0.0002 71.3
S. violaceoruber S16 1.7298%0.0006 71.2
N. corallins NS5 1.7293 70.7
S. venezuelee S13 1.7287%0.0002 70.1
e ez tan 30 118 1.7289 70.3
e 1.7278 69.2
N. opaca N76 1.7267 68.1
Mggggfrtfiﬁi?f;i& 1.7266 67.9



M. smegmatis VACH33
M. fortultum

Nocerdia copsca N109

Mycobacterium stercoides

Al 06

M. rhodochrous 155C

M. tuberculosis H37Ra

N. corallins N305
XN. erythropolis N2

Myxococcus xanthus FB

-

1.726l
1.7255
1.7252

1.7242
1.7231
1.7230
1.7228
1.721)
1.7271

67.7
66.8
66.5

65.5
6l .4
6l .3
6l .2
62.6
68.5

8 Standard deviations were calculated only on trisls of

2 determinations or mors.
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DNA Reasgociation: Immobilizstion of Dengtured DNA

on Membrane Filters. The amount of input unlabeled DNA

retained by both Millipore and Schleicher and Schuell (SS)
membrane filters was dependent on the ionic strength of

the solvent. Solvent concentrations of 2x, Lx, 6x, 8x

and 10x SSC were tested and 6x SSC proved the best for

DNA retention. The amount of input DNA retszined by the
filter varied inversely with the speed of filtration.
Gravity filtration gave optimum retention of input DNA.
Millipore filters reteined only 50% of the input DNA, while
SS filters retained almost 100% of the input DNA at optimum
conditions, Millipore membranes gave virtually the same
results in DNA reasgsoclation experiments as did the SS
filters, but for ease of quantitation the majority of the

assays were conducted with SS membrane filters.

Quantitative Nucleic Acld Relationships. 1hC-—labeled,

sheared, denatured S. venezuelse S13 DNA (specific activity
between 3000 to 7000 count min~ yg-l depending on the
preparation) was reassociated with a number of unlabeled,
denatured actinomycete DNA samples bound to nitrocellulose
membrane filters. The fraction of the labeled S. venezuelae
S13 DNA bound to each membrane filter was calculated and
expregsed as a per cent of the fraction bound to the filter
with unlabeled S. venezuelas S13 DNA attached to it (the homo-
logous reference system). This fraction 1s presented as the
relstive per cent bound DNA. The followlng three controls

were included: (1) Myxococcus xanthus FB DNA as an unrelated

DNA with a high (68%) GC content, (2) Escherichis coli B DNA
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as en unrelseted DNA with a moderate (50%) GC content and
(3) 2 membrane filter with no DNA attached, to measure non-
specific binding of the th-labeled DNA to the membrenes.

Many investigators have stressed the importance of the
temperature of incubstion on DNA reassociation (McCarthy and
Church, 1970). McCarthy (1967) has pointed out that tempera-~
tures significantly lower than the optimum permit distantly
related nucleotide sequences to resssociate. To examine the
effect of incubation temperature on the relative amounts of
hybrid duplexes formed, = series of experiments was done at
60 C and 70 C (Table 3). When the temperature of incubation
was raised from 60 C to 70 C, the reassociation of homologous
§. venezuelae S13 DNA dropped about 5%. Furthermore, these
data emphasize the importance of the incubation tempersture
on the extent of duplex formetion. Examination of the control
filters suggested that the 70 C incubatlon was high enough to
exclude any non-related sequence reassociation, i.e., duplex
formation between 211 but well matched sequences was precluded.
The extent of reactions at 60 C was, in general, higher than
the corresponding 70 C reactions, but the difference seemed
variable from reaction to reaction. It was a2ssumed thet these
differences were due to the reaction of distantly related
sequences.

In the 70 C reaction, the blologically recombinsble pair
S. violaceoruber S199 and S16, while having identical GC

—

composition, were seen to be quite different by S. venezuelae

S13. Also, DNA frem S. venezuelse 386 and from S. griseus

S10L, two organlsms which are morphologically similar, reacted
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Teble 3

-

DNA Reassociation with Selected Actinomycete DNA Prepsrstions

Unlabeled DNA Source % Relative Bind- Divergence
ing 2t an Incubation Index
Temperature of (DI)
60 C 70 C
S. venezuelse S13 100(1168)° 100(920)®  1.00
S. sureofaciens 810762 95° 32¢ 0.34
S. violaceoruber S199 70 52 0.74
S. venezuelae S86 98 88 0.90
S. rimosus S10970 91 77 0.85
S. griseus S104 99 88 0.89
S. cinnamomeus $1285 87 66 0.76
S. erythreus 5233 80 54 0.68
S. fradise S347 70 26 0.37
S. griseus S1945 72 38 0.53
S. violaceoruber S16 75 37 0.49
N. opaca N76 50 27 0.74
N. corgllina NS5 a7 36 6.97
N. corellins N78 41 4o 1.00
N. erythropolis N2 25 23 0.92
Mycobsacterium g .
rhodochrous M370 -- 4

ﬂ. tuberculosis HB?Ra - 5 ek
Myxococcus xsnthus FBE 10 5 0.50
Escherichia coli B 5 1 0.20
Salmon sperm 2 2 1,00



Blank filter 2 1 ————

Streptomyces venezuelze S13 is the homologous reference
system.

b The actual binding in count min~1t

The average of Lj to 6 trials. Standsrd devistion wass less
than 5%

Not done
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the seme by S. venezuelae S13 reference DNA. DNA from
Nocardia, a different genus in another actinomycete family,
showed between 20 to LO% reaction with the reference DNA
indicating a significant degree of relatedness; however,
mycobacterial DNA (organisms in the seme family as Nocardia)
showed no resction with S. venezuelee S13 DNA. Finally,
some of the streptomycete DNA samples bound less reference
DNA than did DNA from nocardiae.

By comparing the reactions st 60 C and 70 C, another
important parameter wass provided; that is, zan estimate of
base sequence similarity to or divergence from the homologous
reference DNA. I have chosen to call incubation temperatures
that allowed distantly related sequences to react non-exact-
ing. This is to contrast exscting incubstion conditions that
;Izgwed only closely related sequences to react, By dividing
the amount of relative binding at exacting conditions by th-t
at non-exacting conditions, & useful ratio was obtained.

This ratio has been called the Divergence Index (DI). This
ratio has been called the thermal binding index (TBI) by
Brenner et al, (1969a). DI values are useful in gauging the
presence or absence of closely related genetic maeterial, A
value close to 1,00 indicates thet all of the sequences that
bind the reference DNA are virtuslly identical to the reference,
whereas a value approaching 0,00 indicates the test DNA shares
almost no regions of similarity with the reference DNA.

The streptomycetes used in this study seemed to show a

large spectrum of reletedness to the reference DNA with DI

values ranging from 0.33 to 1.00. Interestingly, slthough
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the nocardial DNA preperstions bound less than LO% of the
streptomycete reference DNA, the DI values suggested the
exlstence of small but significant amounts of conserved
nucleotlde sequences with respect to the S. venezuelae S13
reference DNA. These masy be asncestral sequences indicative
of common origin or they mey represent evidence for relatively
recent gene transfer.

DI velues were also determined for & number of closely
related streptomycetes (ss determined by classicsl determina-

tive methods) using S. violeceoruber 1980 Uc.18beled DNA

(specific sctivity L0OOO count min~! yg-l). The exacting
Incubetion condition was 75 C to preclude 21l but closely
related sequences; the non-exacting condition was kept st
60 C. Within this group, the DI values ranged from 0.66 to
1.00 (Table L4). This suggested & significznt smount of
sequence conservation among the ten organisms examined. S.

coelicolor Muller and S. violaceoruber 14,980 were, however,

distinctly different by this method. Interestingly, the
organisms fell in two groups, those clustering eround the
reference DNA and type culture for the specific eplithet §.

violaceoruber and those clustering around S. coelicolor Mulley

the type culture for the specific epithet S. coelicolor.

Thermal Stability of Intrs- snd Interspecific DNA

Duplexes. The thermal stability of reassocisted DNA freaegments
formed at various incubetion temperatures mey be used es an
index of the extent and specificity of sequence pasiring. Pre-

viously reassociated DNA fragments were dissoclated end eluted



-},8-

Table L

DNA Reassociation Among Streptomycetesa

Unlabeled DNA Scurce % Relative Bind- Divergence
ing at an Incubation Index
Temperature of (DI)
60 C 75 €
S. violaceoruber S14980 100(660)P 100(520)®  1.00
S. violsceoruber S3443 100 96 0.96
S. violaceoruber Sl 100 85 0.85
5. viclaceoruber S3740 100 97 0.97
S. violsceoruber S199 100 95 0.95
S. violacecruber 5307 89 83 0.93
S. violaceoruber S16 100 88 0.88
S. griseus 1945 65 52 0.66
S. coelicolor Muller
Ts35Z2 57 38 0.67
S. coelicolor S2419 L8 37 0.77
Myxococcus xanthus FB 18 e 0.55
Escherichia coli B 16 9 0.56
Blank filter 5 4 ----d
a

Streptomyces violeceoruber S14980 is the homologous
reference systenm

b .-
The actual binding in count min 1
¢ The average of || trials. Standard deviation w=s less than
(2]
d

Not done
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from the filters by incressing temperature stepwige, =znd
asseaying the eluted fractions by messurement of radiosasctivity.
The thermel midpoint of elution (Tm,e) is defined ss that
temperature at which 507 of the resssociated fragments have
become dissociated by strand sepuration and eluted.

Thermal elution studies were done to determine the
degree of Ilncomplete matching in the duplexes formed with
S. venezuelae S12 reference DNA under exacting =nd non-exact-

ing conditions. N, opacs N76 and S. violaceoruber S16 were

chosen becsause both had 2 similsr extent of reassocistion of
70 C, yet were members of different taxonomic femilies.
Moreover, semples of DNA from these two organisms have dif-

ferent GC contents. Myxococcus xsnthus FB DNA wss included

28 a non-related, high GC control.

At the very non-exacting incubation temperature of 50 C
(Fig. 1), the majority of the reassociated duplexes wss
either non~specific or very lcoosely matched. The homologous
reagsociation showed = small degree of specific duplex forma-
tion, however, most homologous duplexes were of very low
stability. The Tm,e for the homologous reasction was 57 C,

for 8. violsceoruber S16 the Tm,e was 54 C snd for N. opscs

N76 the Tm,e was slso 54 C. Very little discrimination
occurred st this temperature as demonstrated by the Tm,e of

54 C for the non-related DNA of Myxococcus xanthus FB.

i

At the incubstion temperature of 60 C (Fig. 2), the

reactions became more specific. The Tm,e for the homologous

reaction was 85 C, for S. violaceoruber 816 the Tm,e wss 77 C

5 ) ~ ml ) Tt ions wore
and for N. opsce H76 the Tm,e WS 73 C. The conditlions Wer



Fig.

_Sﬂa-

Thermal stability of DNA duplexes formed between
3. venezuelae S12 DNA and DwA of selected actino-
mycetes. The top graph is the integral form of
eluticn or cumulestive percent released versus the
temperature cf eluticn., The Tm,e 1Is read directly
from this plot by determininge the temperature at
which 507 of the DnA duplexes are dissociated.

The incubation temperature wass 50 C. The specific
activity of the input labeled DwA wes 7000 count

-1 -1
min "pg . The absolute homclogous binding was

10,99,

C—C0O : S. venezuelae S13 (labeled)
@ —® : S. violaceoruber S16
®—O® : N. opsca N76

&—A : Vyxococcus xanthus FB

The bettom greph is the differentisl form of elutlon
or relstive percent released versus temperature of
elution. The conditions are the same as steted
above.

S. venezuelae S13 (lsbeled)

S. violaceoruber S156

: N. opaca N76

¢ Myxoccccus xanthus Fg

Blagugl
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Fig. 2

Thermal stebility of DNA duplexes formed between
S. venezuelae S13 DNA end DNA of selected ectino-
mycetes. The top greph is the integral form of
elution or cumulstive percent released versus the
tempersture of eluticn. The Tm,e is read directly
from this plot by determining the tempersture st
which 50% of the DNA duplexes sre dissocisted. The
incubation tempersture was 60 C. The specific
activity of the input labeled DNA weas 7000 count
min‘lyg'l. The »~bsclute homclogous binding wss
26%.

: S. venezuelae S13 (labeled)

: S. violaceoruber S16

1]

: N. opesca N76
A——A @ Myxococcus Xanthus FB
The bottom graph is the differentisl form of elu-

tion or the relative percent relessed versus temp-
erature of elution. The conditions are the same as

steted sbove,.

1

. venezuelae S13 (labeled)
: 8. violaceoruber S16

: N. opacs N76

¢ Myxococcus xenthus FB

360




100
90
80
70
60

peseaTay 3JuddID4 SATIRTIUM)

50
40
30
20
10

0

100 Filter

35

920

55 60 65 70 75 80 85

50

Temp C

100" Filter

95

a0

50
45 =~
40 =
35 =
30 p~-
25 -
20 =
15 =
-

posesTay IUIDIDg SATIBTSY

Temp C



-go.

such that the extremely low stability duplexes formed during
the 50 C incubetion were lost. The extent of binding of

Myxococcus xanthus (15%) still suggested that the 60 C incu-

bation was non-exacting.
At en Incubation tempersture of 70 ¢ (Fig. 2), most
of the low stsbility duplexes formed at 60 C were lost. The

Tm,e of the homologous reference DNA remasined 85 C. The

ma jority of the reference DNA bound by S. violaceoruber S16

formed duplexes having = Tm,e ebout 7 C lower than the
homogous DNA. Interestingly, N. opaces N76 formed duplexes
with §: venezuelase S12 DNA that were 5 C lower in thermsl
stability. The extent of reasction of N. QBEEE.N76 and S.

violaceoruber S16 st this exscting incubstion temperature

wes virtuslly the ssame, yet the thermel stability of the
duplexes were distinctly different. Furthermore, as can
be seen by the elution profile, N. opaca N76 formed a
significent number of duplexes with stabilities epproeching
those of §. venezuelae S12 duplexes. These deta correlate
well with the predictions obteined from DI values.

The thermel stebility profiles of DNA duplexes formed
between 3. yenezuelse S13 reference DNA and representetives
of two importsznt streptomycete species are presented in Fig. L.
The difference between S. coellcolor S352 and S. yiolaceoruber
5199 and S14980 was quite striking. The obvious biphsasic
elution profile for S2352 is 1n contrast to the integrsl
"Gaussian-1like" dissocistion curves for the S. vlolaceoruber

strains, The DI for S. violaceoruber S199 (0.7L) suggested

the existence of closely related sequences compared to S.



Fig. 3 Thermal stability of DNA duplexes formed between
S. venezuelase S13 DNA snd DNA of selected actino-
mycetes. The top greph 1s the Integral form of
elution of cumulative percent released versus the
temperasture of elution. The Tm,e is reed directly
from this plot by determining the tempersture at
waich 50% of the DNA duplexes sre dissocisted. The
incubstion tempereture was 7C C. The specific
ectivity of the input lebeled DNA was 7000 count
min’%ﬁg'l. The absolute homologous binding was
25%.
oO—0:
@ —@: 3. violaceoruber S16
®——®: N. opacs N76
A—— 4 : Myxococcus xanthus FB

The bottom graph is the differential form of elu-

|t

. venezuelae S13 (labeled)

tion or the relstive percent relessed versus
tempersture of elution. The conditions are the
same =23 stated sbove.
E::] ¢ S. venezuelae S13 (labeled)
t::] : 3. violsceoruber S16

E::] : N. opacs N76

E:t] ¢ Myxococcus xanthus FB




M~
w ~
= 3
o —
i -
[
o
o (o]
— (@]
—
w wn
(")) ()]
o
& =
o
w
[o9] wn
[o9]
o
@
o
O ©
v
~ E
4] [ts)
(3] o~
o
~
(=]
~
w
[\e)
w
[\e)
o
6 P
o
O
w
w —
o
o | 1 | | I I I | |
uw
o o < (@) o o o o o o o o wn (o] n o wn o wn (o] o
(o] (o2} @ ~~ O uw < o ™~ — w < A o o ™ (o] — —
—

poseaTay 3U82I9d SATIRINUND posesaTsy 3IU9DISg dATIRTIH

Temp C



venezuelse S12. This prediction sgain wes borne cut by the
thermal stability profiles. The Tm,e of $199 was only 1 C
lower than the humolegous Tm,e. On the other hand, S.

violaceoruber S14980 had a Tm,e cf 79 C, sbout 6 C lower

than the Tm,e of 8. venezuelae S13. There seemed to be
little doubt thet S. coelicclor 3352 wes distinct from 3.

violaceoruber S199 and S14980.

Ysmaguchi (1965) cencluded from cell well anslyses

that the genus Actincpycnidium wes not separoble from the

genus Streptomyces. DMonson et al, (1969) cenfirmed this

conclusicn using direct DNA reassocisztion. It was of

interest to determine the stability of the duplexes formed

between the DNA of S. violaceoruber S14980Q end Actino-
pycnidium DNA. It is interesting that 2t €0 C (Fig. 5)
extensive low stability duplexes wmere formed with the

reference DNA 3, viclsceoruber S1G80, Tne results zre

strikingly similar to the 50 C incubaticn wita S. vene-
guelse S13 DNA as the reference. A significant number of
high stebility complexes were formed by the DNA from the

closely related S. viclaceoruber S199 and DNA from Actino-

pyenidium streins.
At 70 ¢ (Fig. 6), almost all the low stability duplezes

were removed asnd, 23 dewonstrated by the very tenacious bind-
ing, only high stability complexes remained. The Tm,e of all
DNA samples was almost identical =t 96 C. The sequences of

Actinopycnidium DNA which rezcted with the reference S. vio-

laceoruber S14980 DNA were closely related os seen by duvlex

stability and by positlion of elution. This substrutiates



Fig. L

Thermal stsbility of DNA duplexes formed between
S. venezuelae S13 DNA and DNA of selected actino-
mycetes. The top graph is the integral form of
elution or cumulative percent released versus

the temperature of elution. The Tm,e is read
directly from this plot by determining the tempera-
ture st which 50% of the DNA duplexes are dis-
soclated. The incubstion temperature was 70 C.
The specific activity of the input labeled DNA

was 2000 count min'lpg'l. The atsolute homologous
binding was 12.5%.

|

. venezuelae S13 (labeled)

| tn
.

violaceoruber S199

violaceoruber 14980

111

| ta

. coelicolor Muller 8352
The bettom graph is the differential form of
elution or the relstive percent relessed versus
temperature of elution. The conditions sre the

same as steted above.

S. venezuelns S13 (labeled)

.-

l;:] : 5. violaceoruber S199
[F]

N

S
: S. violacecruber S1,980
S

. coelicolor Muller S352
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Fig. §
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Thermal stability of DNA duplexes formed between
8. wviolaceoruber S14980 DNA and DNA of selected
streptomycetes. The top greph is the integral form
of elution or cumuletive percent relessed versus
the temperature of elution. The Tm,e is read
directly from this plot by determining the tempera-
ture a2t which 50% of the DNA duplexes are dis-
socisted. The incubetion temperazture was 60 C.
The specific activity of the input labeled DNA was
4000 count min'lpg'l. The absolute homologous bind-
ing was 18%.
O——O : S. violeceoruber S14980 (lsbeled)
@ —® : S. violaceoruber S199

OLO———A : Actinopycnicium caeruleum VAC 22
A 4 : A, caeruleum VAC L9

The bottom greph is the differential form of elution
or the relative percent released versus temperseture

of elution. The conditions sre the seme as stated

sbove.

(R

violaceoruber S1,980

. violaceoruber S199

vaeruleum VAC 342

4000

[

caeruleum VAC 449
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Fig.

6

_573_

Thermsel stability of DNA duplexes formed between

S. violaceoruber 514980 DNA and DNA of selected

streptomycetes. The top graph is the integral form

of elution or cumulative percent released versus

the temperature of elution. The Tm,e 1s read

directly from this plot by determining the tempera-
ture at which 50% of the DnA duplexes ere dissociated.
The incubation temperature was 70 C., The specific
actlvity of the input labeled Dua was ;000 count
min‘lyg-l. The absolute homologous binding weas

9.1%.

S. viclaceoruber S1,980 (labeled)

¢ S. violaceoruber S199

: Actinopycnidium caeruleum VAC 22

1]

: A. caeruleum Vac U9
The bottom grapn 1s the differential ferm of slution
or the relative rercent relessed versus temperature

of elution. The conditicns are the same as stated

above,

1%

vicloceoruber 214980 (labeled)

§. viclaceoruber 3199

: A. caeruleum VAC 342

e

¢ A, caeruleum VAC L4449
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the observations of Monson et al (1969),

A Grephicel Approsch to Nucleotide Divergence in

Actinomycetes. If one sssumes that the reduced thermal

stability of the "distently related" sequences reflects the
proportion of unpsired bases within the interspecific duplex,
then i1t 1s possible to 23sess the relative degree of base
sequence divergence within 2 group of organisms.

When surveylng the DNA from 2 large group of micro-
organisms, 1t was time consuming to determine the thermsl
stability of ezch resction gt a number of incubastion tempers-
tures. A graphical spproasch was derived which indicsted
relastionships between test orgasnisms and provided information
regarding the degree of base sequence divergence without
resorting to time consuming thermal elution experiments.

The date were obtalned using two incubetion temperatures,
exacting and non-exacting. DI values were calculated ss
described earlier (Tsble 2 and ). Previous thermsl elution
experiments suggested that there wes e direct correlestion
betweendlm,e (the difference between Tm,e velues of an
interspecific duplex and thst of the homologous reference
reection) and the DI; the lower the DI, the greater the
ATm,e.

DI values can be interpreted 2t the moleculsr level in
terms of the distribution of nucleotide divergence (Fig. 7).
Nucleotide divergence occurring more or less randomly through-

out the genome was designated dispersed divergence. This wes

in contrast to localized divergence or localized conservation

where changes occur in specific regions only.
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Fig. 7 Distribution of mutstions and the effects of
different patterns of nucleotide divergence on

reassoclation assays.
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DISTRIBUTION

DISTRIBYTION EFFECT ON REASSOCIATION
IDIVERGENCE INDEX|EXACT BINDING

DISPERSED
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LOCALIZED
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The duplexes formed during non-exacting conditions
were most easily thought of as being composed of both
Incompletely matched and clcsely matched sequences. Under
the more exacting incubation conditions, the duplexes fcrmed
were those of closely matched sequences.
Symbolically, let:

a = percent of incompletely matched duplexes

b

percent of closely matched duplexes

¢ = percent of unreacting DNA seguences

Then the non-exscting incubaticn gives (a + b) while
the exacting incubation gives (b).

The Divergence Index (DI) = b
a+h

The values of (a+b) and (b) are subject to the followlng
limitetions:

10022 (a+b) 2 O

b & (a+b)
The total number of sequences available to react is defined
by:

a + b+ ¢ = 100%

When binding at exacting conditlons (b) was plotted
against binding at non-exacting conditions (a+b), a graphical
presentation of the date relative to the reference DNA was
obtained (Fig. 8). The diagonal (45°) separates the graph in
two parts, fthe upper portion ccntoined values e {ue-
related DNA). These sequences have dlverged to the point that
even at non-exacting conditions they dld not react. The DI

for a given test DNA wlth respect to the reference DNA was



e
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Determinaticn of divergence petterns. & = percent
of incompletely matched duplexes; b = percent of
well matched duplexes; ¢ = percent of unreacting
DNA sequences. Tie Divergence Index (DI) is
defined as b/(s+b). £11 points cn a2 line drswn
through the origin have the scme DI, The line for
DI = 1.00 divides the grsph intc an uvpper half
containing values of '¢" 2nd a lower half contain-

ing values of "a"

and "b". Points near the line
of maximum divergence indicate that the respective
DKNA preperations have undergone extensive dispersed

divergence.,
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given by the slope of the line drawn from its characteristic

point through the origin,

same D1,

Any point on a given line had the
The vertical distance from e point to the 45°

diegonal gsve the percent of distantly related sequences

while the vertical distance from the disgonal to 100% above

the point gesve the percent of unrelated sequences.

Insight

Into the mechanlsm of evolutionary divergence can be gained

by considering the nature of nucleotide reassociation

betwsen DNA preparations containing different degrees of

partially matched pairing but essentially no totally unmatched

sequences, il.e., as c-—po, (a+b)=»100%.

Graphically maximum

divergence wss indicated by the vertical line from the 100%

polnt on the abscissa, that is, the upward projection from

the point of 100% binding under ncn-exacting conditions.

Any point on or near this line
that sequences in the test DNA
DNA to the point that any more
gequences would result in loss
to a detectable extent.

Thus,

gone essentislly all dispersed

of maximum divergence indicated
had diverged from the reference
changes in these nucleotide

of their ability to reassociate
organisms whose DNA had under-

divergence with respect to the

reference Dna fell on or near the line of maximum divergence.

DNA samples exhibiting localized divergence or segquence con-

0 ..
servation were found near the 45  line.

It is imperative that the

and (b) be cbserved.

l1imitations placed upcn (a+b)

Misleading data and erroneous interpre-

tations srise when inappropriste 'exacting" and 'mon-exacting”

conditions are selected.

In this study,

the checice of con-

ditions was appropriate as indicated by thermal elution
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studies (Fig. 1 - 6).

Base Sequence Divergence in Actinomycete DNA. The de-

gree of dilvergence from the reference S. venezuelae S13 DNA
was quite veried (Fig. 9). Orgsnisms like S. griseus S104
end S. venezuelae SB86 exhibited only a small number of
unreacting sequences, while the nocsrdisl DNA samples
showed between 50 to 80% totally unrelated sequences. It
was of interest thet In the Nocardia those sequences that
did react were closely related to the reference 23 indicated
by their high DI value &and position on the grasph. S. gureo-
faciens S10762 appeared to have undergone almost all dispersed
divergence with respect to the reference DNA; furthermore it
gshowed virtually no totally unrelated DNA., Interestingly, it
exhibited only 30% closely related sequences. The remzining
streptomycete DNA samples showed a marked diversity with
respect to the reference, but all showed a significant amount
of relatedness. Of the sequences that rescted, the nocardiae
N76, No, NS5, and N78 along with streptomycetes S104 and S86
showed less than 10% distantly related sequences.

Using more exscting conditions (75 €) and S. violaceoru-
ber S14980 as the reference, 1t was possible to show this
marked divergence between S. coelicolor cultures and S. viola-

ceoruber cultures (Fig. 10). Of the S. violaceoruber DNA

ssmples studied, only S3207 appeared to have diverged to any
extent; it exhibited less than 10% distantly related sequences
and about 10% totally unreactive sequences. The S. coelicolor
DNA samples were found to have about L,0% closely related

sequences and almost 50% totally unreacting sequences.
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Determination of divergence patterns with respect
to S. venezuelae S12. The DNA reassociation data
was obtained from Table 3. The diagonal line
(Divergence Index = 1,00) divides the graph in two
parts, the upper half representing unreacting DnA
sequences and the lower half representing reacting
DNA sequences. All points on & line drawn through
the origin have the seme Divergence Index (D1).
Points near the dlagonal (Di = 1.00) indicate that
the respective DNA preparations exhibit sequence
conservaticn with respect te S. venezuelae S13.
Points near the line of maximum divergence (see
previous figure) indicate that the respective

DnA preparations have undergone extensive dispersed

divergence. The organism designations are given

in Table 1.
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Interestingly S1945 showed about the same divergence from

3. violaceoruber 1980 as from S. venezuelae S13.




Fig.

~-6be-

10 Determination of divergence pstterns with respect

to 8., violaceoruber S1,980, The DNA reassociation

data was obteined from Table Y. The disgonsal line
(Divergence Index = 1,00) divides the graph in two
parts, the upper half representing unrescting DNA
gequences and the lower half representing react-
ing DNA sequences. All points on 2 line drawn
through the origin have the same Divergence Index
(DI). Points nesr the diagonal (DI = 1.00)
indicate that the respective DNA preparations

exhibit sequence conservetion with respect to

S. violaceoruber S1,980. Points neasr the 1line

o maximum divergence indicete that the respective
DNA prepsarations have undergone extensive dispersed

divergence. The orgenism designations sre given

in Table 1.
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Discussion

The purpose of this study was to exsmine the relation-
ships of selected actinomycetes on & molecular level. Rather
than deel with phenetic relstionships which are based on the
overt characteristics of organisms es they sre presently
observed, I chose to examine phylogenetic or evolutionary
relationships. The ultimate goal was to probe the evolu-
tionary pathways that gave rise to the sctinomycetes as we
observe them today. The major premise underlying this work
was that the evolutlionary history of =n organism is retained,
inscribed in the sequence of nucleotide bases in DNA, It
seemed logical to begin the anslysis by comparing total, gross

nucleotide composition of the organisms.

CsCl Density Gradient Analysis of Actinomycete DNA.

Marmur et sl. (1963) concluded that a necessary, but not
sufficient condition for substantisl genetic relastedness
between pairs of organisms was oversll similarity in the DnA
base composition. In practice, however, the principal value
of the %GC content is its use as 2n exclusionary determinant
in the formulstion of tsxonomic groups. Because similiarity
in %GC does not necessarily indicate gencmic similerity, only
differences in %GC are mesningful. For example, the GC ratios

of DNA from Saccharomyces cerevisiae, Bacillus subtills and

Homo sapiens sre all sbout the same. In the final anaslysis,

DNA base composition is useful as a first epproximation of
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relatedness, but 1t cannot be used as s quentitative measure
of evolutlonary divergence.

The cslculated mole percent guanine plus cytosine (%GC)
of the streptomycete DNA samples used in this study fell be-
tween 70.1 end 72.6. This is iIn relatively good agreement
wlth previous determinations based on thermal densturstion
and buoysnt density values (Monson et z1., 1969; Tewfik ¢nd
Bradley, 1967 and Brzdley, 1966).

The values for noczrdial and mycobzcterisl DNA prepara-
tions ranged between 62.6 snd 70.7 9GC. These values
correlete well with the studies of Wayne and Gross (1968),
Tewfik end Bradley (1967) and Jones and Bredley (1964).
Whereas the streptomycete DNA preperations were rether homo-
geneous in %GC, significant diversity wes found in both
nocardlisl and mycobacterisl DNA samples. A bimedzal cluster-
ing effect wes observed for values of 7GC ian these DNA prepara-
tions: the noca»dia gove two distinct clusters, the 62 to
6l 4GC group and the 68 to 70 7GC group. N. opsca N109 fell
directly betweecn these clusters. In ogreement with Wesyne
and Gross (1968), the myccbzcterial DNA preparations exhibited
a low %GC group in the 6 to 66 %GC rsnge and a high GC
group with values in the 67 to 70 “GC range. Accordingly, my
limited study corrobirstes the cbservetions of Jones sud

Sneath (1970) who suggested that the genus Streptomyces was

a rather homogeneous grcup, while the genera Hocardia and

Myvcobacterium were quite heterogeneous.

Tt should be re:lized that of the routine methods used,

only hydrolysis and chromstography and possitly the depurins-
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tion method give direct estimates of bage composition. The
calculation of nucleotide composition from measurements of
buoyant density in CsCl or Tm is prediceated on an empirically
established relationship with chemical data., The correspond-
ence of vulues derived by the different techniques may differ
because of the uncertainty of the formulae used in the
interconverslion of thermal transition and buoyant density
data to chemical composition (Gasser and Mandel, 1968). The
GC content of DNA can be useful for diasgnostic and taxcnomic
purpcses only when the Jdeterminations are truly comparative.
It must be emphasized that the techniques, chemical supplies
end equlpment used in different laboratories and even in a
given laboratory can differ encugh to produce mincr discrep-
ancies in observed 4GC results. Investigators must refrain
from placing undue welght on differences in GC content
determined in various laboratories by diverse methods (Mandel
et al., 1970). Nevertheless, Jones and Sneath (1970) sug-
gested that a difference in %GC of 5% implies a species dif-
ference, whereas & difference of less then 2% 1is not of

taxonomic significance.

DNA Reassociatlon in Actinomycetes. If we assume that

the evclutionary development of an organism is reflected in
the sequence of bases in its DNA, then comparison of Dua
sequences of organisms should give a complete phyletic eval-
uation of their present relatedness. Although this proposal
1s extremely provocative, the complete, direct sequence
anelysis of a Dna molecule is not currently possible. Fortu-

nately, the complementary nature of the DNa double helix itself
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cen be used to circumvent these technical difficulties. By
determlining the extent of inter-specific DNA reassocistion,
the relative number of sequences held in common can be cal-
culsted. By measuring the thermal stability of these inter-
specific DNA duplexes, the exactness of fit can be estimated.
Using these two parameters, 1t 1is possible to assess quanti-
tative relatedness (extent of reaction), and slso to estimate
the degree of evolutionsry divergence (sequence mismatching).

At first,it seemed that "cne number" would define the
absolute relatedness of cne organism to enother., However,
since the recognition that DNA samples from related organisms
often contain identicsl sequences, a spectrum of partially
matched sequences, and totally dissimiler sequences, the
inadequacy of the "one number' concept becesme obvious
(Brenner, 1970). Although somewhat of a dilemme at first,
the analysis of this spectrum of sequence matching provided a
basis for deducing relationships among actinomycetes.

The streptomycetes, a homogeneous group by totel base
composition, showed diversity in DNA reassocistion studies.
Significantly @11 streptomycete DNA examined resssociated
measurably with S. venezuelae S13 DNA. This underscores the
total evolutionasry relatedness of the streptomycetes. 3.
griseus S104 and 3. venezuelae S86 have diverged only slightly
compared to the reference S. venezuelse S13. S. fradise saL7,
on the other hand, has diverged to the point where over 30%
of its DNA does not resct with the reference DNA.

Most of the genetic studies on streptomycetes have been

done with cultures designated as S. coelicolor. The results



-71-

in this study confirm the observstions of Monson et =al.
(1969) in that the cultures historically called S. coelicolor

are virtuslly identical with the S. violaceoruber nominifer

end are clearly distinct from the S. coelicolor nominifer.
These studies slso indicste thet considerable divergence czn
occur within groups of closely relsted organisms.

One of the most significent facts to emerge from this
study was thest nocardial DNA exhibited significsnt reassocia-
tion with S. venezuelse S13 DNA; furthermore, thermal stability
experiments suggested these inter-femiliel DNA duplexes were
closely mestched. It 1s tempting to suggest that these
sequences represent encestral remnants unchsnged through the
evolution from & common sncestor. An equally intriguing
interpretation is that these sequences hsve been recently
transferred in some type of genetic exchange. In any event,
the nocardis exemined in this study now contain DNA sequences
very similar to sequences found in S. venezuelse S12, In
contrest, the mycobacterial DNA samples studied showed no
reaction with_§. venezuelae S13. The conclusion reasched was
that mycobacteria hasve diverged to such an extent that they
are not presently relsted to S. venezuelae S13.

The graphical determination of divergence patterns was
extremely useful. It not only visualized the relstionships
of the test DNA ssmples to the reference DNA, but it also
provided this dats without resorting to time consuming thermel
elution experiments. It is imperative, however, that the
limitations placed upon (a+b) end (b) be observed in using

this graphical approach. Mislesding date snd erroneous
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Interpretations arise when insppropriste "exacting" and
"non-exacting" conditions are selected. Moreover, it must
be emphasized that the "evolutionary divergence" measured
1s divergence from the reference DNA. For a survey to have
evolutionary significance, many reference cultures must be
studied including the type cultures of the species and genera
involved.

Although 1t is experimentally possible to estimate the
degree of divergence of DNA sequences with respect to =2
glven reference DNA, two major factors are missing from the
analysis. PFirst, the genome size of organisms in question
should be known for truly comparable studies. Second, a
fixed reference point in evolutionary time for the divergence
of a particular organism should be established. It is now
possible to estimate genome size by renaturstion kinetics.
However, for the organisms used in this study no such data
are available, although preliminary experiments with 5.
venezuelae 313 DNA suggest that the DNA contsins no rapidly
reassocliating portions and follows second-order reassociation
kinetics (p l3of this thesis). At present, no reference
point in evolutionary time for microbial divergence 1s avail-
able, In fact, it is not readily possible to distinguish
recent gene transfer from conserved ancestral sequences.
Jones and Sneath (1970) suggested that bacterial evolution
could follow reticulste modes of change with numerous partial
fusions of phyletic lines. This concept presents severe con-
ceptual and practical problems for analysis of DNA reassocia-

tion data. On the other hand, Mandel (1969) suggested that
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such reticulation of diverging lines wes n» minor problem

due to the reletive rarity of genetic interaction in nature.
This issue still remeins to be resolved. The influence or
importence of the so-called neutral mutstion theory of
evclution on DNA resssociation dats has not been thoroughly
examined. If this concept is valid, then 1t is conceiveble
that phenetically similer orgenisms might possess substantisl
amounts of genomic diversity. In such instances, there would
be a significant degree of base sequence mispaziring during
DNA reassociastion. In practice, there is little specific
reegsocistion of DNA between organisms of phenetic similari-
ties below 50%. This could very well indicate that the
neutral mutstion concept 1s valid.

From a deterministic point of view, no formal guldelines
exist with which to correlate reassocistion dats to texonomic
groupings. It does seem clear that when DNA from two organisms
cannot resssociate, these orgenisms ere not presently related.
Brenner (1970) suggests that when the extent of interspecific
DNA reassocistion is virtuelly 100% and the thermel stability
of the duplexes is identical to that of the reference reaction,
the orgenisms in question sre in the same species. In this
regard, e unit of classificatlion applicsble to DNA resssocia-
tion data 1s the "genospecies” (Ravin, 1963). This concept
involves a group of stroins potentislly eble to contribute to
or share in & common gene pooel. Phenotyplically, this results
in 8 cluster of satellite strains around a central core.
Probably even more useful in the present framework of taxonomy

would be the recognition of the type culture concept in the
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arbitrary definition of species. If this were done, then
reessociation data using the type cultures as reference DNA
preparations would estsblish meaningful and compsrable rels-
tionships (Monson et al., 1969).

Ideally, microbial taxonomy should be besed on phylogene-
tic reletionships (Brenner et al., 1969a). Very little is
presently known of the evolutionasry relations among bacteris.
However, the technicel tools developed and presented in this
thesis may make the approach to & natural classification
feasible. Mandel (1969) predicted that the next few yesrs
will see the emergence of z new specialty, "Quantitative
Systematics". Hopefully, the time is fast approaching when
the relationships of microorganisms will be integrated with

the main lines of organic evolution.



II. Characterizstion of DNA from Spores of Streptomyces
venezuelae S13




Introduction

Searches for industrially useful fermentation products
synthesized by streptomycetes and developmental studies on
these fermentation processes have generally been focused on
the vegatative stage of growth. Consequently, little is
known about potentially useful substances made by, or present
in, strepbtomycete spores. Because sporulation can often be
correlated with the gain or loss of ability to make novel
substances (Schaeffer, 1969), the search for useful fermenta-
tion products should be extended to include streptomycete
spores., Furthermore, an analysis of secondary metabolism and
sporulation may provide insight into the biochemical mechan-
isms regulating this seemingly simple differentiation process
(Kornberg et al,, 1968).

I based my search for novel spore products upon the
observations of Tewfik and Bradley (1967) who noted that the

DNA from Streptomyces venezuelae S13 spores possessed unique

properties. Somewhat similar discrepancies between DNA
preparations from spores and vegatative cells have been

described for Bacillus subtilis (Halvorson et al., 1967).

Evidence is presented in this sectlon that a substance
unique to spores of S. venezuelae is strongly complexed with
the spore DNA. A partial purification and characterization

of the suspected substance 1is also described.
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Review of the Literature

Endospore formation in eubacteria, conidiation in
ectinomycetes and lower fungi and ascosporogenesis in yezst
are commonly designated sporulation. In spite of the con-
spicuous differences existing amcng them, they sare all intra-
cellular differentiation processes subdividing the cell by
new membrane formation and they remain unexpressed as long
as rapid growth is possible (Schaeffer, 1969).

Thils intracellular differentiction con often be cor-
related with gain or logs of the ability to produce novel
substances such as antibiotics, exoenzymes, torins snd lcow
molecular weight compcunds. In 19E, Schatz cnd Weksnan
discovered that spoantsnecusly arising ssperogenous vsriants
of 8. griseus also lost the ability to produce streptomycin.
This same phenomena was also found 1In S. lavendul-~e when
streptothrycin production was studied (Wsksman and Schatz,
1945). Schaeffer (1969) pointed out that these observations
may not be due to the abllity of the strains to conldiate,
but may be due to a change in the branching hebits of the
growing mycelium.

Other metabelic changes often coincident with the onset
of sporulstion include changes in respiratory rate, appear-
ance of tyrosinese and formation of carotencids (Cochrane, 1963).

Cochrane (1963) suggested that in Aspergillus flavus, the appear-

ance of conidia was coincident with a marked fall in mycelial
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nitrogen; moreover, durlng spore formation, mycelizl
phosphorus declined es much as 80%. Cantino snd Horenstein

(1955) reported that during morphogenesis in Blastoclaediells

emersonil, the formation of the resistant sporasngium wes
accompanied by synthesis of chitin, melenin and/3—carctene.

Melenins ~ or s class of insoluble black pigments - are
usuelly essumed to be products cf tyrosinsse action (Cochrsane,
(1963). The pigment cf S. scsbies is probebly of this class,
although the correlstion of pigment production with sporula=-
tion was tenuous (Cochrane, 1963). A similasr melenin-like
plgment was described by Mencher and Heim (1962) in &.
lavendulae. In this regard, it is interesting thet Gregory
and Huang (196L) postuleted that the gene for tyrosinese
production in S. scablies wes borne by s smell plsesmid.

The peptolides, sporidesmin and sporidesmolides, though
not endowed with antibiotic activity, sre extremely cytotoxic
in very low concentration (Wright, 1968). These mycotoxins

sre produced by isoclates of Pithomyces charterum (Done et =1.,

1961). Sporidesmolides were not isclated from cultures which
did not sporulate (Dingley et al., 1961); furthermore, these
peptolides were located et the surface laeyers of the fungal
spores (Bertaud et al., 1963). Lower fungl produce s number
of toxins whose possible relation to sporulation has not
been examined to date (Wright, 1968).

Bradley and Ritzi (1968) using electron microsccopy,
showed that the wall of spores from _S. venezuelse was inlaid
with meny tiny rods extractable with xylene and alcohol. The

rods were not present in vegetative mycellal walls.
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Protease and nuclesse production in actinomycetes
was discussed by Cochrane (1961) and Woksmen (1959) but no
ingight was given whether sporulstion was involved or not.
The extrecellular wall-lytic enzymes (L-alsnine amideses)
of S. glbus seem to be produced exclusively by the aserisl
mycelium when sporulstion is initisted (Ghuysen et sl., 1962).

Novel cytological and biochemical features of sporulation
of bacllli and clostridia have been reviewed by Schseffer
(1969). 1In Bacillus species besides the well known dipico-
linic acid and N-succinyl glutemic acid, other new low
molecular weight compounds found only in sporulsting cells
have been described (Srinivassn, 1965).

Bonsen et al. (1969) found 3-L sulfolactic scid to be
a major constituent of spores of B. subtilis. The compound
was completely sbsent from vegetstive cells during growth,
but large amounts accumulated just before the development of
refractile spores. The 3-L sulfolactic acid accounted for
5% of the dry spore weight. The compound was completely an
rapidly released into the medium upon germination. It was

not found in_B. megaterium, B. cereus or B. thuringiensis.

Teichoic acids were found to be sbsent from the spores

of B. licheniformis and B. subtilis (Chin et al., 1968).
Appsrently the spores of B. licheniformis lacked the enzymes

responsible for teichoic acid synthesis. However, in B.
subtilis,portions of the teicholc acid synthesizing machinery
were present, yet in the spore no product was mede.,

Warth and Strominger (1969) working with the peptido-

glycan of vegetative cells and spores of B. subtilis, showed
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that the lactam of muremic ecid, e suger not previously
found in neture, was a unique spore constituent. Moreover,
the cross-linking wes found to be 19% in spore peptidoglycan
compered to 41% in vegetative peptidoglycan; D-aslanine was
the carboxy terminus of peptide substituents in spores wnhile
E@gg—diaminopimelic acild residues were found in vegetative
cells; the meso-disminopimelic ecid residues in the vegeta-
tive cells were =2midested but were not amidated in the spore.
The suthors proposed that the synthesis of the spore pepti-
doglycan 1s carried out by an entirely different set of
enzymes than those used for synthesis of the peptidoglycan
in vegetative cell wslls.

Dipicolinic acid has not been found to date in any
sctinomycete spore with the exception of the unusual and
styplcal hest resistent "endospores” of two thermophilic
actinomycetes described by Cross et al. (1968). These
spores contained 3.6% dipicolinic acid on a percent dry
welght basis.

DNA having & buoysnt density in CsCl heavier than that
from vegetative cells has been isolsted from spores of B.
cereus (Douthit and Halvorson, 1966) end B. subtilis
(Helvorson et al., 1967). The heavy DNA slso exhiblted a
higher melting point. The heavy DNA was double-stranded,
contsined no sbnormal sugars or bases and hed the same base
composition as the vegetative DNA. It was unable to bring
sbout genetic transformetion and did not compete with
vegetative DNA in genetic transformastion. The heavy DNA

formed during sporulatlon and dissppeared upon germination
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(Halvorson et al., 1967).

In &n effort to explein this phenomenon, Szulma jster
et al., (1969) studied the B. subtilis culture used by
Halvorson. The authors found that & mutant (Clb-1) occur-
red spontaneously during the normal growth of the wild type
culture. The mutant spparently excreted a substance which
killed the wild type cells and allowed the slower growing
Clb-1 mutant cells to overtske the culture. The DNA of
Clb-1 had a buoyant density in CsaCl of 1.7l g em™3 com-
pared to normal B. subtilis DNA of 1.703 g cm'j. Both DNA
preparations had an identical bsse composition of 2% by
chemical analysis. To date, no explanation of the 1ncressed
buoyant density of the mutant has been proposed, although
W. Steinberg (personal communication) suggested that teichoic
acids may be bound to the DNA,

Evans and Spizizen (1970) partially characterized spore
DNA from B. subtilis 168, PR97 snd BR43. They discovered
two density classes of spores, one with an average density of
1.340 g cm™3 end one having a density of 1.280 g em™3. The
spore fractions were physiologically distinct populetions
that differed from each other with respect to heat resistance
and rate of germination. Interestingly, DNA from both spore
populations had novel properties that readily distinguished
them from vegetative cell DNA. The spore DNA samples from
both spore populations had low affinities for methylated
albumin kieselguhr (MAK) columns and exhibited an unusually
high hyperchromicity upon deneturation. More importent, how-

ever, the spore DNA samples had certaln other characteristics
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which set them apsrt from each other. DNA from heavy spores
was ective in transformation, had the same buoysnt density
in CsCl and hed the ssme Tm ss vegetstive DNA. DNA from
light spores was biologically insctive and had an increased
buoysnt density iIn CsCl and sn incressed Tm compared to
vegetative DNA. No explenation was given for the aberrant
DNA properties.

Preliminsry investigations by Tewfik and Bradley (1967)
have established thst S. venezuelase S13 spore DNA displayed
a buoyant density seppreciably less than thst of the mycelizl
DNA. Bednar and Frea (1967) scught, but did not find, eny
differences in the bucyant density of DNA from spores snd

vegetative mycelis of S. fradise.

Interaction of Substences with DNA. A substance may

heve many modes cf interaction with DNA involving =z number
of bonds. The reason for these varied Interactions is the
complex nature of solvated DNA. DNA in solution can manifest
a) polyanionic chsrscter; b) hydrcgen bonding capacities;
¢) hydrophobic bond capsbilities; d) resonance and Bi—inter-
actions and e) dipole interactions (Felsenfeld and Miles,
1967; Ts'o, 1969). Moreover, DNA in solution can exist In
meny conformations. Thus in snalyzing interaction of sub-
stances with DNA, the multi-faceted nsture of DNA in solution
mugt be remembered.

At physiologicsl pH, DNA carries a high density of
negative charge. For this reason DNA can assoclate with

various species of cations, especislly the alkesline earth



~82-

2

cations such as Mg+ (Fishman et al., 1967). The most

rigorous analysis of cation binding to DNA has been done by
Shapiro et al. (1969). These authors used a novel method

of competltive equilibrium dialysis to quantitate the bind-
ing. They concluded that Ca+% spermine +h, basic amino acids
and their derivatives, Na+l, L1+1, Cs+l and K+l were bound
with equal affinity to DNa preparations of all base compo=-
slticns. Pclylysine, however, reacted preferentially with
DNA richer in adenine and thymine (AT) pairs. This reaction
was reversible and cooperative with one lysine binding per
nucleotide. In 2 M tetramethyl ammonium chloride, this
effect was reversed so that polylysine rescted selectively
with DNA rich in guanine and cytosine (GC) pairs. Tetra-
methyl and tetraethylammonium ions were bound more tightly
to AT rich Dna than to GC rich DNA., When the binding of the
series mono-lysine to tétra-lysine wgs examined, all were
bound equally tightly to all DnA samples regardless of base
camposition.

Fishman et al. (1967), Eichhorn et sl. (1966) and Kit
(1963) showed that the divalent cations Mg'?, Bat2, Mnte,
Co+2, Ni+2 and Zn+2 increased the Tm of DNA whereas Cu+2,
Cd*2 and Pb*2 decreassed the Tm. 41l of these cations
affected the buoyant density of DNA in CsCl but usually were
displaced by Cs*l. The cations Hg*l and Ag*l didn't affect
Tm but did increase the buoyant density in CsCl.

The concept of intercalation was Introduced by Lerman

(1961) to explain certain observations on the interaction of

acridine dyes with DNA. He suggested that planar molecules
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possessing fused ring systems might insert (intercalate)
between adjacent base-pairs of the DNA double helix., As a
result, the base-palrs above snd below the molecule become
separated by over twice their normel distance; an event
that requires partial uncoiling of the helix. Lerman (1961)
proposed that the energy for this process came from charge
interactions. Ts'o (1969) suggested from entropic considers-
tions, that hydrophobic ©bonding may play s role in the inter-
calation process.

Waring (1966) has reviewed the characteristic lines of
evidence which indicate the intercalation phenomenon:
a) viscosity showed & dramatic increase (3 to L times
greater than normal DNA)} due to physical lengthening and
stiffening of the molecule; b) sedimentation coefficient (S)
was lowered compared to free DNA due to a reduction in the
mass per unit length of the DNA molecule; c¢) x-ray diffraction
patterns showed a complete dlisappearance of the layer-line
array indicative of double~helical DNA with retention only
of the meridional spot corresponding to the 3.4 £ separation
between base pairs; d) small angle x-ray scattering showed
a diminished mass per unit length; f) fluorescence depolari-
zation and flow dichroism studies showed that the DNA base-
pairs relative to the helical axis remalned unaffected by the
presence of the iniercalated molecules and that these
molecules were in a plane perpendicular to the helical axis;
g) the amino groups of the intercalated molecules were
shielded from electrophilic attack by nitrous acid and h)

the Tm showed an increase indicative cf helix stabilization.
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The original intercelation model proposed by Lermsn
(1961) suggested overlsp of the sacridine dye with both mem-
bers of a base peir with the subsequent prediction that
denatured DNA will bind little if =any acridine. However,
Blake and Peacocke {(1968) have shown that there were ss many
binding sites for acridine in denatured DNA ss for native
DNA and that the binding constsnts were similer to those for
the native duplex.

The compounds for which zn interczlation mecheanism has
been proposed are meny (Waring, 1968). Usually, the mechanism
is chosen on the basis of one or, at most, a few of the major
characteristics of intercalation. The following list 1s not
Inclusive, but it serves to show the variety of =zgents
implicated in intercslation. Wagner (1969) suggested from
circular dichroism date that lysergic acid diethylamide inter-
calated with c21lf thymus DNA. Wright (1968) reviewed the
literature on mycotoxins end concluded that aflstoxins bind
to DNA. Moreover, there sppeared to be a differential
affinity for DNA with the four classes of aflatoxin. Complex
formation was observed between the rosaniline dye, crystal

violet, and DNA or RNA purified from Escherichia coli (Adsms,

1968)., The evidence was based upon spectrsl shifts of the

dye when DNA wes added. The 5-methyl phenezinium cztion wes
found to heve two types of interaction with DNA (Ishizu et al.,
1969). The interaction involving a2 smrll number of ligsnds
with strong binding was characterized 2s intercalation, while
the other interaction involving meny ligsnds with wesk bind-

ing was characterized as charge complexing.
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Miracil D (Burroughs-Wellcome) and a series of its
derivatives were tested to determine the nature of the
complex formed with DNA (Hirschberg et al., 1968). The
authors concluded that the proximal nitrogen on the Miracil
D side chain interacts with a phosphate residue on the DNA
backbone and the heterocyclic ring system intercalates with
base residues in the DNA. Kersten and Kersten (1969)
reviewed the inhibitors acting on DNA synthesis and reported
that the following classes of antibiotics bound to DNA:
acridines, anthracyclines, quinacrines, ethidium bromide,
actinomycing, chromomycin, mithramycin and luteoskyrin.
Stewart (1968) examined in detail the effect of intercalated
acridine orange on the Tm of DNA. He noted that acridine
orange broadened the thermal transition of DNA. The con-
clusion was that the dye dissociates from DNA when the DNA
denatures; the broadening was the result of the transfer of
acridine orange molecules from denatured to native DNA. The
nogalamycin family of antibiotics was studied by Reusser and
Bhuyan (1967), Bhuyan (1967) and Bhuyan and Smith (1965).
The results were that nogalamycin bound to A, T or both in
DNA; however, the intercalation mechanism was not ruled out.
Kersten et al, (1966) studied the properties of complexes
between DNA and antibiotics which affect RNA synthesis. They
concluded that anthracyclines like cinerubin, daunomycin and
nogalamycin behave like acridine dyes giving the typical
intercalation symptoms. However, unlike acridines they were
persistently bound at high ionic strength. The authors

observed binding to DNA but without such intercalation
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characteristics for actinomycins C and D and for the
chromomycin-like antibiotics (chromomycin A3, olivomycin and
mithramycin)., These compounds all caused a decreasse in
buoyant density (CsCl) but, with the exception of the
actinomycins, had no effect on the Tm. Muller and Crothers
(1968) provided extensive data showing that the actinomycin
chromophore was intercalated between the base pairs in the
DNA complex. Moreover, binding was shown to occur adjacent
to any GC pair., However, binding at & given site produced

a distortion of the helix that greatly disfavored binding of
another actinomycin closer than six pairs away. The authors
pointed ocut that several forms of the complex existed at
equilibrium due to conformational changes within the cyclic
peptide rings of actinomycin. It was suggested that each
peptide ring interacted with one strand of the double helix.
Wells (1969) concluded that the presence of guanine moieties
in a DNA was not, in itself, a sufficient requisite to cause
binding of sctinomycin D. He suggested that the DNA structural
considerations may be of paramount importance., The presence
of guanine may induce a suitable configuration to permit the
binding of actinomycin, hence explaining the observed depen-
dence of actinomycin binding on guanine.

Yielding (1967), O'Brien et al., (1966) end Kurnick and
Radcliffe (1962) examined the reaction between DNA and the
antimalarial drugs quinacrine (Atabrine), chloroquine
(Aralen), quinine and L-aminoquinoline. The conclusions
reached were that these compounds all have properties sug-

gesting intercalation with DNA. Charge-complexing was also
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strongly implicated as an equally important parameter in the
ability of this group of drugs to bind to DNA. Interestingly,
of the antimalarials tested, the presence of the diamino-
butane side chain greatly increased the tenacity of binding.

Steroidal diamines (primarily of the irehdiamine A group)
were also suspected of intercalating with DNA (Mahler et al.,
1966). The authors suggested that a phosphate bridging,
charge-neutralizing interaction was the primary event, but
that intercalation could be a secondary process. Digquaternary
amines were most effective as stabilizing agents while mono-
amines were ineffective.

Interestingly, neutral hydrocarbons including pyrene,
3,4-benzpyrene, dibenzanthracene, coronens, tetracene,
pentacene and 20-methylcholanthrene have been shown to bind
to DNA (Isenberg and Baird, 1969; Lesko et al., 1968).

Pyrene, 3,4 benzpyrene and dibenzathracene bound to DNA by an
Intercalation mechanism whereas the others bound by an
unknown process. Ts'o (1969) pointed out that in view of the
hydrophobic stacking properties of bases in DNA, it 1is not
surprising that many hydrophobic compounds of great biological
importance, such as steroids and the polycyclic carcinogens,
interact strongly with nucleic acids.

Antibiotics which bind covalently %o DNA constitute an
interesting class of compounds. Most of these substances have
been classified as alkylating agents. Mitomycin is generally
taken as the representstive and most studied example
(Kersten and Kersten, 1969). Contrary to the review of

Waring (1966), Kersten and Kersten, (1969) presented evidence
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that the inhibitory effect on DNA synthesis by mitomycin was
not casused by cross-linking of the DNA. They suggested that
tne qulnone ring of mitomycin pleys an important role in the
inhibitory effect on DNA synthesis. These suthors did not
discard, however, the evidence that mitomycin does produce
cross-links. Their point was that derivetives of mitomycin,
lacking the aziridine (the alkylating portion) ring, Were
3till active inhibitors of DNA synthesis. Other antibiotics
implicated =s alkyleting agents include phleomycin, carcino-
phylin, streptonigrin, nydroxyurea and nslidixic acid (Kersten
and Kersten, 1969),.

It 1s feir to say thet DNA has not yet been isolated en-
tirely free of amino ecids despite rigorous efforts st their
removal (Bendich and Rozenkranz, 1963). To date, it is not
clesr whether these amino acid residues are present 2s such
in covalent linkage or as covalently attsched peptides or
small proteins. Bendich and Rosenkranz (1962) reported that
some eleven smino acids were obtained upon hot 6§ HC1
hydrolysis of bull sperm DNA. These amounted to about 0.1%
of the mess of DNA with one-third of the amino aclds beilng
serine and threonine. It was interesting to note thet these
authors found that serine could be obtained as O-phospho-
serine., In this regard, Messie and Zimm (1965) suggested
that the genophore of B. subtllis may consist of subunits
heving a moleculsr weight of 250 x 106 held together by
serine, threonine or small peptide linkers. Szlser and Balis
(1969) found that amino acids were extremely tightly bound to

E. coli B and ¥K-12 DNA. Moreover, the amount was a function
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of growth conditions; it varied with changes in the composi-
tion of the media and with phases of the growth cycle. Inter-
estingly, under conditiongof protein labeling and inhibition
of DNA synthesis, the cell protein was highly lsbeled but

the DNA assoclated amino acids were not. Attempts to remove
the amino acids with CsCl banding, gel filtration in 5 M

urea, 2 N HCl or 0.5 N HC10; were not successful. Signifi-
cantly, serine was obtalned as O-phosphoserine. The authors
pointed out that no abnormal amounts of basic amino ecids

were found.

As reviewed by Yarus (1969) a surprising number of pro-
teins could bind specifically to DNA thus apparently recog-
nizing nucleotide sequences. Among the meost studied proteins
were: DNA polymerase, restriction ~nd modificatiocn eunzymes,
repair enzymes, ligases, repressors, RNA polymerase,
initiastors, membrane attachment sites, and antibodies. Bhaga-
van snd Atchley (1965) isclsted a DnA-protein complex from
B. subtilis by precipitation with 0.01 M MgClo. The complex
was more soluble at higher and lower MNgCl, concentrations.
Butler and Godson (1962) working with B. megaterium also used
a medium containing 0.01 M MgCl, in preparing the Dna-protein
complex. Alberts et al. (1968) isolated a number of DNA-
binding proteins from E. coli. Unexpectedly, the vast
ma jority of these proteins were negatively charged indicating
8 binding mechanism more complex than charge interaction.

Jacob, Brenner and Cuzin (1953) proposed that the con-
tact of DNA with the cell membrane was important in the

replication of bacterial DNA. Goldstein and Brown (1961)
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found evidence for the preferentizl location of replicating
DNA in contact with large aggregsastes of materizl in lysed
cells of E. coli. Genesan and Lederberg (1965) later showed
that a large amount of the replicating DNA of B. subtilis was
linked to cell membranes, an =ssociation which could be
reduced by pronase treatment. Davern (1966) has shown that
pronase released DNA from lighter fractions during CsCl
density gradient sedimentation of E. coli spheroplests lysed
by detergent. By the action of sonicstion, pronase and
ribonuclease treatment of detergent lysed cells, Porter and
Freser (1968) concluded thst protein was active in the bind-
ing of membrane components to DNA. Tremblay et al. (1969)
have devised & simple method for isolation of a cell mem-
brane-DNA complex from bacteria., The method exploited the
ability of portions of the cell membrane to which DNA wes
attached to adhere to the hydrophobic surfeces of crystals.

The crystals were formed using Mg+2

and the detergent
sarkosyl. Separation wss accomplished by slow speed sucrose
gradient centrifugstion.

Young and Jackson (1966) exemined the extent and
significance of contamination of DNA by teichoic acid in
B. subtills., The authors discovered that telcholc acids
were solublllized by lysozyme. The deta suggested that
teicholc acilds were not completely removed from DNA by pre-
cipitetion with ethanol, phenol extraction or by density
gradlent centrifugation. Significently, teicholc acids did
not affect buoyant density of the DNA. The teichoic acids

could be separated from DNA by 1% agarose or methylated
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glbumin kieselguhr columns. Moreover, unlike DNA, teichoic

acids were soluble in and removed by cold perchloric acid.



Materials and Methods

Isolation of Streptomycete Spores. Streptomycete cul-

tures were propagsted on tomato paste oatmeal agar. The
cultures were incubated at 30 C for Y to 12 days. The aerial
mycelia were scraped from well sporulating growth, suspended
in distilled water and immediately lyophilized. Lyophilized
Spores were stored in sterile plastic bags at -20 C. Some
spore preparations were not lyophilized but were stored at

4 C in 95% ethanol for varying periods of time (overnight

to L} weeks). The usual procedure was to harvest these
alcohol soaked spores by filtration or centrifugation and to
wash them in § volumes of anhydrous acetone. The acetone was

removed by ailr drying.

Rupture of Streptomycete Spores. Streptcmycete spores

were quite resistant to lysis by lysozyme, pronase and sodium
dodecyl sulfate. Consequently, an alternative form of rup-
ture was developed. Equal amounts of lyophilized spores and
acid-washed ZO‘ym glass besds (3 M Co., Minneapolis, Minn.)
were mixed in a pre-cooled mortar and ground manually (gen-
erally from 5 to 10 min). Pulverized dry ice was added dur-
ing grinding to keep the mixture dry and cold. The grinding
process was quite critical to the extractlon of DNA; too much
grinding sheared the DNA while not enough grinding did not

rupture the spores. The ground spores were suspended in
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10 ml sa2line-EDTA and the suspension was treated with

2 mg pronase followed by incubation st ;2 C for 1 to 2 hr.
The spore suspension was then transferred to a ground-glass
stoppered flask and L ml 25% SDS was added followed by
incubation at 60 C for 15 min with occasional shaking. After
the incubation period, the flssk was cooled slowly to ca.

25 C and DNA was isolsted as described earlier.

Broth cultures of the streptomycetes were also grown
and the mycelia harvested and washed as previously described
for mass culture of streptomycetes. This material was lyo-
philized and lysed in the same manner as the spores; DNA was
then 1solated es described earlier, This DNA was used as a

control when snalyzing the corresponding spore DNA.

Buoyant Denslity Determinations. The procedure for

determination of buoyant density in CsCl hes been described
earlier (p 30 of this thesis). For some experiments spore

DNA was denatured in 0.1 x SSC by boiling for 5 min followed
by quick-cooling in an ice-water bzth. The sample was then

immediately prepared for centrifugation.

Preparative Density Gradient Centrifugation of DNA in

Cesium Chloride. The procedure was carried out in the SW5OL

rotor of the épinco L2-65B preparative ultracentrifuge. A
L ml1 amount of CsCl stock solution of density 1.799 g cm'3
(pH 8.5) was added to cellulose nitrate tubes contsining

0.2 ml of the test DNA solution. Included with the test DNA
solution was 1 pg of Uc.1abeled S. coelicolor Muller DNA

for a reference. The CsCl solution was then overlaid with
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mineral oil to within 1/8 inch of the fop of the &5 ml tube.

The samples were centrifuged for L0 hr at 0,000 rev min~1
gt 25 C. The rotor was brought to sn unbrsked stop end the
tubes carefully removed. The bottom of the tubes was
punctured and 10 drop fractions were collected in 1.0 ml
water. Each fraction vss 2ssayed for radiosctivity and for

absorbance at 260 nm.

Thermsl Denaturation of DNA. This procedure has been

described previously. (p 33 of this thesis).

Determination of DNA Baese Composition by Depurinstion.

The nucleotide composition of selected DNA samples was
determined by spectrophotometrically essaying for free purines
released by acid-induced depurination sccording to the method
of Huang and Rosenberg (1966). DNA solutions were precipltated
with 95% ethanol and collected by spooling on a glass rod.
Enough precipitated DNA was dissolved in 2 ml of 1 x SSC to
give 2 concentration of 200 to 300 pg DNA/ml. Visking
dialysis tubing (! in.by 10 in) was boiled twice for 10 min
in saline-EDTA, rinsed and bolled 2 third time for 10 min in
deionized water snd soaked in 1 x SSC overnight to remove any
ultraviolet absorbing substances. One-h2lf ml of the DNA
dissolved in 1 x SSC was carefully pliced in the pre-washed
dialysis tubing.,. Special care was taken not to sllow any DNA
to contaminate the outside of the tubing. The tubings were
then looped into individuel scid-usshed test tubes (13 x 100
mm) conteining 5.0 ml 1 x SSC with the pH adjusted to 1.58

With HCl. The ends of the tubing were secured with 2 rubber
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band and the test tubes were covered with 2luminum ceps.
After gentle rolling action for 2! hr at 37 C, the absorbance
of the dialysates was determined at 265 nm =nd 280 nm in a
Zeiss PMQII spectrophotometer. A sample containing 1 x SSC
but no DNA at pHd 1.5C wos used =s the blanl,

The mole fraction of G+C can be expressed as a function
of the absorbance ratic =t twc given wavelengths. Huang
and Rosenberg (1966) provided the follewing formula:

(1) R = (1-Xg)e + X5,
TT=X, 5+ Tog

where R = A265/A280
Xg= mole fraction guanine
& = molar absorptivity of sdenine at 265 nm
b = molar sbsorptivity cf adenine st 28C nmm

¢ = molar absorptivity of guanine at 265 nm

Q
=Y

d = molar absorptivity guanine 2t 280 nm

Solving for Xg from equation (1)
(2) o= a - (DbR)
{a-c) + (d-b)R

The values sssigned to a,b,c #nd 4 at a pH of 1.58 were

determined by Huang and Rosenberg (1966). Equation (2)

then becomes:

¥q = 13.1 - (5.0R)
5.8 + L.9R

It is a simple matter then to solve for the mole fraction
gusnine, which is taken to be equal tothe mole fraction

cytosine.
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Reassociation Between Spore znd Mycelial DNA Prepara-

tions. Reassocletion was assessed by measuring the extent
of in vitro duplex formation, S. venezuelse S13 mycellsl
DNA was lsbeled with uracil-2-llig ag described previously on
p 34 of this thesis. The specific activity was between

3000 count min'PPg‘l and 7000 count min‘%pg"l depending on
the preparation. The membrane filter technique of Warnasr
and GCohen (1966) as modified by Monson et =l. (1969) was
used. Thermal elution of spore-mycelisl DNA duplexes was

done as described earlier on p 37 of this thesis.

Kinetics of Reassoclation of Spore and Mycelisl DNA

Duplexes in Free Solution. DNA samples at a concentration

of 4O to 70 fg/ml were denstured in 5 M NaCth in quartz
cuvettes pleced in a Beckman DU spectrophotometer equipped
Wwith & Gilford multisample absorbsnce recorder, linear
thermosenseor and a Hesie clrculating water bath. Denstura-
tion was zccomplished by incressing the temperature of the
cuvette chamber until no change in A260 wes observed. After
densturation was judged to be complete, the temperature was
rapldly lowered to 52 C (25 C lower than the Tm in 5 M NaC10y )
by circulating -5 C ethylene glycol through the cuvette
chamber. The temperzture dropped to 60 C within 5 min.
Ethylene glycol-water (70:30) at 52 C was esdded to the cir-
culstor and the temperature guickly stabilized at 52 C by

10 min after denaturetion. During the cooling procedure snd
for the next hour, ~bsorbsnce recdings at 260 nm were suto-
matically taken ~t 2 min intervals. Reassociation was subse-

quently monitored by A260 readings every ;0 min. The pro-
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portion of the DNA which had renstured at any glven Cot
(concentration of nucleotides in moles per liter, times
duration of incubation time in seconds ) value was determined
by relating the decrease in absorbance at 260 am to the

meximal decrease possible (Wetmur and Davidscn, 1968):

% Reassociation = %ﬁ_:_x X 1009

by i
where Ay = AZ60 of native DNA at 25 C
Ap = A260 of denatured DnA
A = A260 of reassociating DNA at a given time

Cot values were determined by the following formula:
Cot = A260/2 x time of incubation in hr
The value of 0.02l; for the A260 of 1 )e of Dna was used to
calculate relative concentrations (Brenner, 1970)

Spectral Analysis of DNA. Tue spectra of certain

unusual DnA samples were analyzed in the ultraviolet (UV)

and visible region using a Beckman Dn-2A ratio recording
spectrophotometer or a Beckman DB spectrophotometer equipped
with a Sargent recorder. For asnalysis in the UV region, the
DNA samples were diluted to 20 Pg/ml, whereas in the visible
region DNA samples were not diluted (500 pe DNA/ml or greater).
Matched quartz cuvethes were used for all measurements. The
blank consisted of an S3C sclution of the same concentration
ag the DNA samples. If the samples to be analyzed were in
SSC of a pH different from the blank, then the blank was
adjusted to that pH by adding an equal amount of acid or bese
(1 N HC1 or 1 N NaOH). David Peterson (Dept. Microbiol.,

Univ. Minnesota, Minneapolis) assisted in calibrating the
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DK-2A and in Interpretation of the spectra.

Sephedex Column Chromatography. Certain DNA samples

were analyzed by Sephadex G-100 chromatography. G-100
Sephedex (Pharmacia, Piscataway, N.J.) was nydrated in 1 x
SSC, packed in a 1.5 x 20 cm column that was then equili-
brated for 30 hr with 5 x SS5C. DNA in 1 x SSu was heated in
a boiling water bath for 10 min 2nd 0.5 ml was applied to the
column. The column was washed with 5 x SSC at rcom tempera-
ture (ca. 25 C). Fractions of 1.0 ml were collected at a
flow rate of 10 ml/hr. The absorbance at 260 nm was monitored
using an ISCO flow cell and U2-A recorder (Instrumentation
Specialties Co., Lincoln, Nebr.). The void volume of the
column was determined for 0.5 ml of 0.2% Blue Dextran
(Pharmacia, Piscataway, N.J.) which was used as an excluded
reference,

For analysis of certain streptomycete spore products,
Sephadex G-75 end G-25 were each hydrated in distilled water
and packed in 1.5 x 30 c¢cm columns. The void volume was
determined using 0.2% Blue Dextran as an excluded reference.
Distilled water was routinely used as the elutant. Columns
were monitored using the ISCO flow cell and U2-A recorder
as previously described. The flow rate for G-75 colums was
maintained st 25 to 30 ml/hr by a2 20 cm column of water; for
G-25 columns the flow rate was 50 ml/hr maintained by a 20

cm column of water.

Column Adsorption Chromatography. Column adsorption

chrometography waes used to isolate pigmented products from
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streptomycete spores. The adsorbent used was silicic acid
(siliCar, 100-200 mesh; Mallinckrodt Chemical Works, St.
Louis, Mo.). A 2 x 4O cm glass column with & fritted glass
disc to hold the adsorbent was used. The column was wet-
packed using a slurry of hexsne and the adsorbent. Ths
column height was generally 10 to 15 cm. The top of the
column was covered with a 1 ¢m layer of 20 ym glass beads
to prevent disruption of the adsorbent surface. The spore
pigments in 10 ml butanol were layered on the column. When
the sample entered the column bed, 25 ml hexane was added.
Elution with hexane continued until the hexane eluate was
clear and dried leaving no residue. Next, the column wss
eluted with butanol until the eluate was clear, Finsally,
the majority of pigment was recovered when the column was
eluted with a 0,17 solution of HCl in methanol (acidified

methanol).

Paper and Instant Thin Layer Chromatography. One

dimensional (descending) paper chromatography was done on
Whatman No., 1 paper. The solvent system used was n-butanol,
acetic acid, water (L:3:1). Samples wWere dried onto the

paper under a stream of warm air from a hair dryer. The paper
was placed in a chamber equilibrated with the proper solvent
system. Most runs were complete by 10 hr with a solvent ad-
vance of about 30 cm. Completed chromatograms were placed

in a fume hood to dry. When dry, the chromatogram was first
examined under long wave UV (320 nm) and short wave UV

(253 nm) using respectively the Blacklight and Minerallght

(Ultraviolet Products, Inc., San Gabriel, Calif.). The
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followlng reagents were subsequently used to locate and
characterize the substances separated: ninhydrin spray
(Gelman Products, Ann Arbor, ¥ich.), Gelman aniline phthalate
spray, and an alkaline silver nitrate dip.

Instant Thin Layer Chromatography (ITLC) was done using
a Gelman ITLC chamber and Gelman ITLC paper (either silica
gel SG or silicic acid SA). Solvent systems employed were
chloroform, methanol, 58% ammonie (2:2:1); n-butanol, scetic
acid, water (4:3:1); hexane, methanol (1:1); ethyl acetate,
0.1% HC1 in methanol (1:1). S mples were applied with a 10
Pliter capillary pipette end dried under a stream of warm
air. The chamber was prepared and equilibrated as described
in the Gelman IVLC manual. Runs were usually complete within
90 min with a solvent advance of 15 to 20 cm. Completed
chromatograms were removed and dried in a fume hood. The
chromatograms were analyzed in the same manner as the paper
chromatograms with the exception that no alkaline silver
nitrate dip was used in ITLC experiments.

Standard solutions of authentic amino acids were preparsd
by dissclving 2 mg of each of the 21 common amino acids in
2 ml of 50% isopropanol pH 2.5 with HCl. The purified amino
acids were purchased as a complete kit from Calbiochem.
Ethanolic solutions (1 mg/ml) of gluccse, glycerol, arabinose
D-galactose, D-mannose, N-acetyl-D-galactosamine, D-gelactos-~
amine, D-glucosamine, ribose, ribitol, DL —N;E-digminopimelic
acid and ethidium bromide were also prepared., Solutions of
S5-methyl cytosine, urscil, thymine, adenine, adenosine,

cytosine, guanine and thymidine were prepared by mixing 2 mg
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of the desired compound in 2 ml 10% isopropanol contsining
1% concentrated HCl. The polyamines spermine, spermidine
and putrescine were prepasred zs 1 mg/m} solutions in 507%
ethanol containing 1% concentrsted HCI.
Mr. Miles Sharpley (Der%. Biology, Virginia Commonwealth

Univ., Richmond) provided a mixture of the four mycotoxins

produced by Aspergillus flavus grown on autoclaved rice greaing

The mycotoxins were dissclved in chloroform and stored a2t L C.

Paper Electrophoresis. Six strips of Whatman 3 1, 2 cm

x 20 cm filter paper was gsecured to the rack of an electro-
phoretic cell (Buchler Instruments) and wetted with zbout

i ml of barbital-sodium berbitel buffer, pH 8.6 (ionic
strength = 0.075; commercial buffer, Buchler Instruments).
Next 1 liter of the buffer wss added to fill each well to

the proper level. After equilibreting for 2 hr with the cur-
rent on and cover closed, the strips were spotted with 10
pliter samples. A current of 2 ma cm™ at a potentisl of

100 volts wes applied for 3 hr. The strips were air dried and
examined under short and long wave UV light =28 described for

peper chromatography.

Chemical Assays. Colorimetric determinations of protein

content were performed with the Folin phenol reagent as
described by Lowry et =l. (1951) with bovine serum zlbumin
8s the stsndard. DNA wss sssayed colorimetrically with the
diphenylsmine resgent according to the method of Burton

(1956). Total phosphate was determined by the method of

Bartlett (1959) using KHZPOM as the standard.
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Enzyme Assays. Sensitivity to deoxyribonuclease I

(DNe2se I; Calbiochem) of selected DNA preparations was
monitored with » Zeliss PMQII spectrophotometer. DNA wss
dissolved in 0.5 M sodium acetate, 0.0l M MgS0) buffer
(scetete-Mg buffer) pH 6.0. DNase I (bovine pencrease)
was made up to 1 mg/ml in scetste-Mg buffer. Finelly, 100
e of enzyme was added toc 2.0 ml DNA solution and the
increase in A260 with time wss mezsured. The temperature

was maintained at 30 C.

Crude Pigment Isclation From Streptomycete Spores. Pig-

mented products were isolated from whole cell preparstions
of spores or mycelisz by extracting them first with 100 ml
of 954 ethanol =nd then with 100 ml scetone. The solvents
were collected by filtrastion snd subseqguently evaporsted to
dryness. Alternstively, the yellow chloroform layer from
the Mermur DNA extraction procedure was used as = source of
crude pigments. A third isolstion method which proved most
successful involved washing the whole spores with 0.1 N KOH
or NHMOH with subsequent extraction of the KOH wash with

n-butsnol. The butanol lsyer contnined the pigmented products.
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Results

Aberrant Spore DA 2nd Sporogenesis. Tewfik end

Bradley (1967) reported that DNA extracted from the spores

of S. venezuelae S12 exhlbited a significantly lighter
buoyant density in CsCl than the DNA extracted from the
mycelia. In early =ttempts to verify this observation, DUA
was isoclated from a number of spore preparztions. The yields
of DNA for these enrly studles were quite low (often less
than 200 pg DNA/ml) because not enough spores were available
for efficient extraction. Seversl pre-treztments of spores
including lyophilization, washing with ethanol or washing
with ethenol and acetone were used in gn attempt to increase
tre efficiency c¢f spore rupture. Significantly, depending on
the pre-treatment of the spores, bucyant density values were
obtained ranging between 1.7209 g cm"3 to 1.7300 g em~2.  More-
over, there seemed to be a decreecse in buoyent density with
tte age of the spore. To test this hypothesis, DNA isolated
from spores of varying chronological age was compared to DNA
obtained from mycellis using the following parameters: buocyant

density in CsCl, direct resssociation of spore DNA with

wa

mycelial DNA and thermzl denaturation in 0.1 x 88C and 5 M
NaClOu. Interestingly, the DNA of the 6, 8 and 10 day old
spore samples was distinctly yellow in color. The DNA from

3 day old spores and from 10 dey solvent extracted spores wss

colorless as was mycelial DNA. Microscopic examinetion of

spore samples stained by crystal violet before DNA extraction
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Table 5

Effect of Spore Age on the Physical Properties
of Isclated DNA

Sample CsCl Tm Binding to
(g cm~3)  T.Tx 35C 5 M NaC10] Mycelial
DNA
Mycelial DNA 1.7275 85 ¢ 89 ¢ 100%
Spore DNA

3 days 1.7275 -8 - 100%

6 days 1.7215 87 ¢ 89 C 72%

8 days 1.7072 88 ¢C 89 C 30%
10 days 1.7082 88 ¢ 89 ¢ 60%
10 daysP 1.7272 85 ¢ 89 ¢ 100%

(seclvent)
8 days® 1.7222 - - -

(denatured)

& .: not done

b 10 day old spores were washed with ethanol and acetone
prior to DNA extraction

¢ The B day old spore DNA preparation was denatured in
0.1 X SSC
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-

extraction showed that the 3 day old serisl mycelium con-
sisted mainly of aeri=1l nhyphae with no visible spores.
However, at 6, 8 end 10 days few, if any, eerisl hyphee

were seen; the preparstion wss =lmost entirely free spores.
As the spores aged, their DNA became progressively less
dense (Tsble 5 ). Significsntly, DNA from spores washed
with ethsnol and scetone prior to DNA extraction behsved
like mycelisl DNA. Uhen the 8-dsy spore DNA was hest
denatured, it formed o symmetricsl band in the CsCl gr=dient
snd gave s 15 mg em™2 increase in buoysnt density indicsting
thet the DNA wss double-stranded. In 0.1 x S3C, the Tm of
gpore DNA increesed 2s the spores aged. It should be noted
thet for the 8 =nd 10 d2y old spore sample, the Tm of the
DNA wes probebly higher than 88 C because the spore DNA had
not completely denstured at 100 C. The Tm of DNA from 10-
day old spores that had been weshed in ethanol snd =2cetone
prior to DNA extraction wes virtually identicel to the Tm of
mycelial DNA. When the Tm determinstions were done in 5 M
gsodium perchlorate, e different result was cbteined. Both
spore and mycelial DNA ssmples pave the same Tm velues. This
was a possible indicstion thst something was removed or
eltered by the sodium perchlorste snd hesat.

The capecity of mycelizl DNA to reassoclste with myceliel
or spore DNA on membrane filters was measured by direct
reagsociation sssays., These results established that the
mycelisl reference DNA bound less effectively to spore DNA
than to the homologous mycelisl DNA. Moreover, this reduced

binding cepscity continued to decline with 2ge of the spore.
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It should be noted that the 10-day 0ld spore sample washed
with ethanol end acetone prior to DnA extraction showed

100% binding to mycelial DNA.

Chemical Determination of Base Composition of Spore DNA,

To examine the possibility that the overall nucleotide com-
position of the spore DnA had changed, the base composition
of spore DNA was determined by acid-induced devpurination

(Table 6 )., The values for E. coli and B. cereus DNA were

congistent with literature values. The most obvious result
wag that there was no discernible difference between mycelial
DNA and the aberrant spore DNA samples. The aberrant nature
of spore DNA wes apparently not due to a change in its
nucleotide composition. Moreover, no novel material was
detected in the dialysate during the prolonged dialysis of

the spore DNA against 1 x SSC (pH 1.58).

Thermal Stability of Reassoclated Spore-Mycelial DNA

Duplexes. Previous experiments suggested that labeled
mycelial DNA reasscciated less effectively with spore DNA
than with the hcmologous mycelial DNA. The thermal stability
of the duplexes formed between spore and mycelial DNA was
also examined. Spores grown for 13 days (240 plates) were
harvested and lyophilized as described previously (p 92

of this thesis). The spores were divided in two portions and
DNA was extracted from each portion. The spore DNA so
cbtained was labeled 13 day #1 and 13 day #2. Mycelial DNA
was obtained in a similer manner. he chemical and physical

characterization of these DNA samples will be described in the
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Table 6

Chemical Analysis of the Nucleotide Composition
of 5. venezuelae S13 Spore DNA

Mole Fraction

DNA A2658 Guanine Plus
Sample E780 Cytosine
Escherichia coli 1.707 0.51
1.691 0.51
Bacillus cereus 1.908 0.38
1.921 0.36
Mycelial DNA 1.5j11 0.71
1.401 0.72
1.415 0.71
1.426 0.70
8-day spore 1.409 0.71
DNA 1.411 0.71
1.421 0.705
1.,09 0.71
10~-day spore 1.410 0.71
DNA 1.425 0.70

28 Absorbance of dialysate at 265 nm divided by dialysate
absorbance at 280 nm
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following sections, Suffice it to say that both spore DNA
preparations were yellow in color and clearly asberrant, The
results shown in Fig. ll indicsted that of the duplexes formed
between both spore DNA semples and rmycelisl DNA (sbout 65%
relative reassoclation for both) the majority were of lower
stability. In fact, few high stability complexes were
formed. The results shown ere the average of two trials.
Although the general trend of duplex stability was the same,
the thermal stability seemed %o vary unpredictably with
duplicate samples of spore DNA. The standard error for
spore DNA samples was 87 while for mycelial DNA samples, the

standard error was 3%,

Renaturation Kinetics of Spore and lMycelial DNA. The

renaturation of denatured DNA can be considered to be a
gecond-order reaction with a maximum rate at a temperature
ca, 25 C below the Tm c¢f the DNA. Because spore DNA gzve not
only low total reassociation with mycelial DNA but also
formed duplexes of low stability, it was of interest to
examine the kinetics of reassociation. Experiments of this
sort reported in the literature are usually done in a solvent
of 1 x SSCvor.O.lE M sodium phosphate buffer. Unfortunately,
the high Tm of mycelial DNA and even higher T of sporc DNA
in these buffers presentsd o serious problem. Even if total
strand separation could have been effected, the incubation
temperature would have had to be between 75 C and 85 C to
reach the optimum rate of renaturation. Initial experiments
were attempted in 1 x SSC end 0.1 x S5C; however, these

experiments were not successful., Evaporation, degradation
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Thermal stability of DNA duplexes formed between S.
venezuelae S13 mycelial DNA and spore DNA. The DNa
duplexes were formed at 70 C. The specific activity
of the input labeled DNA was 3000 count min”'pg~l.
The sbsolute homologous binding was 12%. The top
graph 1s the integral form of elution or cumulative
percent released versus the temperature of elution.
The Tm,e 1s read directly from this plot by determin-
ing the tempersture at which 507 of the DIA duplexes

sre Cicaccinied.

O—Q : 3. venzz clase 317 ryeelizl DA (labeled)
@—@: °. vencorclie 3120 5pove 17 3a #1

O—: °. venorvel e 817 5-o00 12 da; 42

Tho Lobhe v lo9s fus 31Pfewiniisl Tore of elution
or tae ralative percent released versus temperature of

elution. The conditions sre the same as stated above.

: S. venezuelae S12 mycelial DNA (labeled)

]
l::j : 5. venezuelse S13 spore 13 day #1

: 5. venezuelse S13 spore 13 day #2
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of DNA &nd spectrophotometer sensitivity to high temperatures
were some of the problems encountered. Another solvent
system (5 M NaClOu) proved usefut. The perculorete anion
was known to be s dencstursnt of DNA (Kit, 1963); moreover
the rate of DNA resssocistion was practiczlly independent of
salt concentration over 1 M in Natl (Wetmur and Davidson,
1968). Furthermore, both spore and mycelisl DNA melted et
the s=me temperature in § M sodium perchlorzte. By lower-
ing the concentration of SSC to 0.05 x 8SC in 5 M NeClOy,
Tm of sbout 77 C wss reached for both spore and mycelial
DNA., This meant thst ccmplete strsnd sepesrstion of both
DNA prepsrztions wss possible and more important, renstura-
tion cculd be carried cut 2t the relatively low temperature
of 52 C (Tm - 25 C). With this system it wes possible to
exemine the rete of reneturction of spore 2nd mycelizl DNA.

The raw densturastion and recsssocistion dats for spore
13 day #1 and mycelizl DNA sre shown in Fig. 12. The dats
for spore 13 dsy #2 end mycelial DNA 2re shown in Fig. 13
The average of both reassoclstion experiments is plotted
semilogarithmicslly (% reassociation versus log Cot) in Fig. 1k
The Tm of spore 13 day #1 and spore 13 dey #2 wes 77 C;
the same Tm wss observed for mycelinl DNA. Unlike denature-
tion in 0.1 x SSC, spore DNA 2nd mycelisl DNA melted sharply
with the ssme width of trensition in 5 M NaClQ).

The sigmoid shepe of the Cot plot (Fig. 1y ) end the
slope of the linear portion suggested thet the rate of
rensturation of mycelisl DNA followed second-order kinetics.

On the other hand, the Cot plot established that spore DNA
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Denaturation and renaturation of §. venezuelase S13
mycelial and spore DNa in § M NaClO“ a2t an incuba-
tion temperature of 52 C. Note change of scale from
temperature to time and back to temperasture on
abscissa. All measurements taken at s wavelength

of 260 nm.

e— : S. venezuelae S13 mycelial DNA

@meenann e : S, venezuelae 313 spore 13 day #2 DnA
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Fig.13 Denaturation and renaturation of §_ venezuelae S13
mycelial and spore DNA in & M NaClOl4 at an incubation
temperature of 52 C. Note change of scale from
temperature to time and back to temperature on
absclssa, All measurements taken at a wavelength
of 260 nm.

o——o : S. venezuelae 513 mycelial DNA

P e : S. venezuelae S13 spore 13 day #1 DnA
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Fig.l; Renaturation Xinetics of denatured DNA from S.
venezuelae S13 spore and mycelial DNA. Denatured
DNA from both sources was allowed to renature at
52 ¢ in 5 M NaCth. These data are averaged from
two trisls (see Fig.l2 and Fig.l3)
@®—® : 5. venezuelae S13 mycelisl DNA
O0—o0: 5.

venezuelae S13 spore DnA



-113-

10

20

30

40
50
60

UOTIRIAMIRUSY 3JUIDIDG

70

80

90

100

100.0 1000.0

10.0

Cot



Fig.15

-11lha-

Renaturation of S. venezuelae S13 mycelial DNA

and spore DNA in 5 M NaC10), . 1/A - A3 = reciprocal
of change in absorbance., Dats 1s obtained from

Fig. 1°

o—0:

O——0O : 5. venezuelase S13 spore DNA

(2

. venezuelone 517 myrcellsal DNA
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renatured slower and to 2 lesser extent than did mycelial
DNA. To establish more rigerously the kinetic nrder of
reasscciation, the data were plotted in such n way nsg to
yield a linerr relationship between the concentration of
denatured DnA and the time of reassociation. Such a rela-
tlonship was found when the reciprocal of caange in
abscrbance st 260 nm was plotted ezainst time of incubation
in hours (Fig.15 ). Eecause the change in =2bsorbance is
directly proportional tc the concentration of denetured DNA
(Wetr.ar and Davidson, 1968). the linear relationship fcund
strongly suggests that the reassociation of mycelial DNA was
indeed a2 bimolecular reaction, Spcrs DNA definitely renatured
more slowly than mycelisl DNA; however, the data suggest that
tte spore DnA reaction was also second-order.

Even after O hr incubation, the spore DNA did not
exceed 55% reassociation compared to the 9% reassociation
observed for mycelial DnA. Significantly, the Tm of the
renatured spore DNA vas 5 to 7 C lower than the native spore
DNA preparation. Renatured mycelial DNA gave essentially

the same Tm as native mycelial DNA.

Spectral Analysis of 3pore and Mycelial DNA. The svectral

analysis of spore and mycelial DNA 1n the ultraviolet (UV)
region (220 nm to 320 nm) showed few, if any significant dif-
fer ences (Fig.16 ). The spore DNA used in this study was the
8-day spore DNA characterized in the experiment on the effect
of spore age and DNA (Table 5 ). Tre DNA was definitely

yvellow in color and clearly aberrant compared toc mycelial DNA.
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Fig.l6 Ultraviolet spectra of spore and mycelial DNA from

S. venezuelae S13. The solvent was 1 x S8C, pH 7.0

: S. venezuelae S13 mycelial DNA

--------------- : S. venezuelas 513 8-day spore DnA
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Fig.17 Visible absorption spectrum of § venezuelae S13
spore DNA in 1 x SSC at pH 3 (‘e=seseecsss) or pH 12
( ).
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In the UV region, there seemed to be s minor shift of the
ma jor peak from around 257 nm for mycelial DNA to 260 nm
for 8-day spore DNA. The A260/A280 ratio for spore DNA was
1.81 for mycelial DNA, the ratio was 1.83. The major peak
of both samples advanced to 264 nm at a pH of 1} with the
A260/8280 for both becoming 1.71. At an acid pH of 2.0,
depurination occurred with the ma jor peak for spore DNA
shifting to 277 nm and the corresponding mycelial DNA peak
shifting to 278 nm. Spcre DNA routinely gave A260/A280
ratios between 1.8 and 1.9.

The visible spectrum of concentrated spore DNA was
noteworthy (Fig. 17). At e pH near neutrality and below,
the spore DNA was distinctly yellow and transparent. The
spectrum showed a weak, broad absorbance in the J00 to 50
nm range. In basic solutions (pH 12.5), the DNA changed to
a light pink color with & wezk absorbance near 540 nm.
Significantly, the color change was reversible, and remained
reversible even after heating the DNA in 1 N KOH at 100 C for
30 min. At DNA concentrations less than 100 yg/ml, no color
could be detected even with the most aberrant DNA. Mycelial

DNA gave no absorbance in the visible reglon st any pH.

Sensitivity of Spore DNA to Ribonuclease, Pronase and

Deoxyribonuclease. The evidence thus far indicated that

something may be bound to or assoclated with the spore DNA.
It was suggested that DNA could be associated with the spore
DNA; therefore, an experiment was devised in which the spore

DNA was treated with pancreatic ribonuclease and Tl ribo-
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nuclease. S. venezuelae S13 mycelial DNA, yeast RNA (grade
A, Calblochem) and 13 day #2 spore DNA were used. The RNA
and DNA samples in 1 x SSC were denatured by boiling at
105 C in a glycerol-water bath for 7 min followed by quick
cooling. Next, 0.1 ml of a 1 mg/ml solution of pancrestic
RNase (Calbiochem) was added to each sample in a screw cap
tube and the contents were quickly and thoroughly mixed.
Then 1 ml from each tube wes placed in a separate dialysis
beg prepared exactly as in the depurination assay (p 9l of
this thesis). The tubing was looped into a 13 by 80 mm test
tube with 2 ml 1 x SSC, Incubation was carried out for 2 hr
at 37 C. The A260 and A280 of the dialysate wes then read
(Table 7 ). A similer experiment was conducted with T1
ribonuclease. The results with ribonuclease show that no UV
absorbing material was detectable in dialysates from either
Spore or mycelial DNA during the dialysis with pancreatic or
Tl ribonuclease (Table 7 ). The dlalysis assay was sensitive
enough to detect the hydrolysis of yeast RNA by both enzymes,
The 13 day #1 spore DNA wes digested with pronase
(Calbiochem) at 37 C for 1 hr. The buoyant density of 12 day
#1 spore DNA before pronsse digestion was 1.6997 g cm-3;
after pronase digestion, the buoyent density was calculated
to be 1.7002 g em™2. The difference of 0.0005 g cm™2 wes
hardly significent because experimental error for previous
buoyant density experiments ranged between +0,0002 and
i0.000? g cm~3. Moreover, pronase 1s used during the iso-
lation of DNA. This proteolytic enzyme did not seem to

affect the aberrant buoyant density of spore DNA.
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Toble 7

Sensitivity of Spore DNA to Ribonuclease

Pancreatic RNase T+ RNase
Dislysate D}alysate
Absorbance at Absorbance at
Nucleic Acid Sample A260 A280 A260 A280
S13 mycelial DNA 0.068% 0.069 0.068 0.065
(initial A260=0.8L)
13 day #2 spore DNA 0.039 0.040 0,037 0.037
(initial A260=0.97)
Yeast RNA 0.372 0.292 0.56l 0.320
(initial A260=1.2)
1 x SSC blank? 0.026 0.030 0.028 0.030

Average of two determinations

Dialysis tubing with 100 Js of each respective RNase in

1 = 22C

(SIS
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Mycelial DNA and spore DNA responded differently to
pancrestic DNase 1 (Calbiochem) in acetate-Mg buffer, pH 6.
The rate snd extent of hydrolysis of spore DNA depended on
the time that the DNA was in the scetete-Mg buffer prior tc
the addition of 0.1 ml (100 yg) cf DNase to & 2.0 ml solution
of DNA, Even after 1llj hr in zcetate-Mg buffer pricr to
additicn of DNase, the raste of hydrolysis of spore DNA was
clearly different from thet for mycelial DNA. Mycelial DNA
wag consistently sensitive to DNiase regsrdless of prior

exposure to the buffer.

Paper Electrophoresis of Sporas and lMycelial DNA. The

8-dey spore DNA (buoyant density 1.7197 g en™2) and mycelial
DNA were spotted on strips of Whatmen 3 MM paper and subjected
to 3 me em™2 at 100 volts for 3 hr. The buffer wass barbital-
sodium barbital, pH 8.6. Several trisl runs were made with

a sample of spore DNA shaven overnight with 2 M LiCl. The
untrested 8-day spore DNA remained 2t the origin; moreover,

no compounds were removed from the DIA that were detectable
with UV light or ninhydrin, Significently, the spore DIA
sppesred red or marocn under long wove UV light. DMNycelial
DNA, like spore DNA renained ~t the origin: liltewise, ao
compounds were detected with UV or ninhydrin. Mycelisl DNA
gppeared derk purple under long wove UV light. Interestingly,
the 8-day spore DNA treated with LiCl showed & yellow bund
migrating toward the cothode with short weve Uv lizht. The
dark red absorbence characteristic of spore DNA remained at
the origin. To determine the nszture of the cethede-migrating

vellow bend, the strips were sprayed with 25 H,80). The



Fig. 18

Susceptibility of S. venezuelae 313 mycelial DwnA
({@—@) and spore DNA to hydrolysis by deoxyribo-
nucelase I. Spore DNA was Incubated in acetate-Mg
buffer for 0.5 hr (©@—O), 1.5 hr (O—0Q) or

1, hr (@——®) prior to the addition of 100 pg

(0.1 ml) of enzyme to 2.0 ml DNA solution. The
concentration of DNA used was 20 pg/ml. The tempera-

ture was maintained at 30 C.
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vellow band did not cher, indicsting that 1t was not
organic. Experiments with 2 M LiCl alone produced the same
yellow band. Apparently the tsand was the Li+ ion front or
2 complex produced by LiCl interacticn with the barbitel
buffer. It is 2lso possible that the LiCl contained this
materisl as a contaminsznt.

Spore DNA routinely geve no color with ninhydrin even
after heating 2t 105 C for 10 min. The red absorbance obser-
ved with long weve UV light waes quite striking when compared
to the dark purple absorbsnce of mycellial DNA., Significantly,
when the spore DNA reacted with ninhydrin st room tempersture

(c2.25 C), the red asbsorbsznce under longwasve UV wss lost.

Chemical Anslyses of Spore DNA. Colorimetric determina-

tions of protein content were performed with the Folin phenol
reagent nas described by Lowry et 2l. (1951) using bovine

serum albumin as = standard. DNA was assayed colorimetricslly
with the diphenylemine reagent sccording to the method of
Burton (1956) using selmon sperm DNA (Celbiochem, grade A) ss
2 standard. Totel phosphate was determined by the method of
Bartlett (1959). KHZPOM was used as a stendard for the
phosphste assay.

When the councentrastion of DNA was cslculsted on the bssis
of the extinction coefficient st 260 nm snd on the bssis of
the diphenylamine test, both spore and mycelial DNA s=mples
gave essentially the same values (Table 3 ). Apparently,
whatever was bound to or sssocisted with the spore DNA did
not Interfere with the dipnenylrmine test nor with the

cbsorbance at 260 nm. The amount of Folin positive materisl



Table 8

Chemical Anslyses of Spore DNA Samples

DNA Concentration By: % Folin %p ByP
A260% Diphenylamine Reacting Chemical
DNA Sample (pg/ml) (pg/ml)  Material Assay
13 day #1 spore 380 365 12.0 1.5
DNA
13 day #2 spore 370 370 11.0 1.0
Duna
8-day spore DNA 180 175 12.5 15.0
Mycelial DNA 567 570 1.3 10.5
Sslmon sperm 720 720 1.1 10,0
DNA

8 A260/0.02], = concentration of DNA in yg/ml

P = pg P ¥ 100%; where P in pg/ml = pmoles PO, X
g DNK ’ re e

JI3pe P
2%‘§%B§%h X QTfﬁgh?Uh
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was distinctly different for Spore and mycelial DNA. Spore
DNA samples showed about 127 more Folin reacting material
than did mycelial DnA. Furthermore, total phosphorus
snalysis based on Bartlett's method for total phosphate
indicated that spore DNA contained about 4% more phosphorus
(in absolute terms) or about 40 to 50% more phosphorus in

relative terms than did mycelial DNA.

Acid Hydrolysis and Chromatography of an Aberrant Spore

DNA. DNA extracted from 7-day old spore was used in the
following experiments. This DNA gave a tuoyant density of
1.707L4 g cm'j, a Tm 3 C higher than mycelial DNA, 2% more
phosphorus (absolute value) than mycelial DNA and about 11%
more Folin positive material, Spore DwA and mycelial DnA
were diluted to give an A260 of 15 which corresponded to
625 s DNA/ml in 1 x SS¢. Next, 1 ml of each DNA solution
was placed in a 13 x 100 mm soft glass test tube and 1 ml of
concentrated HCl was added to give ca, 6 N HCl. Immediately
after the addition of acid, the tubes were sealed and placed
in an oven at 105 C. After 12 hr the acid was removed by
flash evaporation. Then 0.5 ml distilled water was added and
the hydrolyzed samples were frozen (-20 C) until needed.
Descending chromatography wes done using butanol, scetic acid,
water (4:3:1) as previously described (p 99 of this thesis).
A1l the ninhydrin positive spots for both spore and
mycelial DNA were visualized only after heating at 100 C.
The one exception to this was a faint blue-brown spot at
Rf = 0.23 which appeared at room temperature (Fig. 19). This

was probably glycine as the standard glycine solution reacted



Fiz. 19 Descending peper chromatogrephy of DNA acid hydro-

lysetes.

The sclvent system used was butanol,

acetic ncid, weter (L:2:1).
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In & simller msnner. YWith the exception of methionine, all
the stendard zmino scids developed color at sbout 25 C with
ninhydrin. Both ribose and deoxyribose migrated to Ry = 0.48
and showed s white spot with ninhydrin snd 2 dasrk grey spot
with eniline phthalste. Thus, the aniline phthalste positive
spot for both DNA semples was most likely deoxyribose or
ribose. Spots ebsorbing shortwsve UV light corresponding to
standard solutions of adenine (0.61), gusnine (0.22) were
seen in myceliel DNA but not in spore DNA. Spots correspond-
ing to uracil (0.46) were seen in both DNA prepsretion
(cytosine 1s rspidly converted tc urscil in strong minersl
ecids). Thymine gsve s blue absorbesnce with shortwave UV
light snd hsd sn Ry value of 0.55. Both DNA prepsrstions
showed a light green spot with short wave UV at thls Re.
Spore DNA showed at lesst five distinctly different spots
from those obtained with mycelizl DNA. On the other hand,
mycelial DNA showed four spots not seen with spore DNA, OF
the stendard solutions tested, the following were not detected
in the DNA sezmples: glucose, glycerol, srabinose, D-galectose,
D-mannose, D-gzlactosamine, D-glucosamine, ethidlum bromide,
S5-methyl cytosine, cytosine end none of the stesndard emino
acids except glycine. No reducing sugsrs {(with the exception
of the spot 2t Ry = 0.48) were seen in elther DNA ssmple with
the aniline phthalste sprey. Alkaline silver nitrate trest-

ment showed one spot with spore and mycelial DNA which cor-

responded to ribose end deoxyribose.,

When nestive spore and mycelial DNA were run with this

golvent, nothing was seen with ninhydrin, aniline phthelate,
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silver nitrate or UV. When observed with longwave UV light,
the spore DNA appeared s deep maroon or dark red st the
origin while mycelial DNA eppeared a dark purple. Under
short wave UV, both showed a dark purple absorbance.
Chromatography was done using Instant Thin Layer Chroma-
tography paper and equipment mesnufactured by Gelman Products
(Ann Arbor, Mich.). The results with this system were not
very reproducible, but as in paper chromatography, both spore
DNA and mycelial DNA exhibited a variety of spots. Interest-
ingly, with silicic acid support and a solvent composed of
CHClj, CH40H, 58% NHuOH (2:2:1), very few ninhydrin positive
spots were seen, Hydrolyzed spore DnA gave two UV absorbing
spots which were quite distinct and different from the hydro-
lyzed mycelial DNA. A spot with Rp = 0.86 which appeared
red under longwave UV was very obvious while a faint blue
spot (Rp = 0.18) appesred with ninhydrin. No ninhydrin
reacting material was visible untll the chromatogram was
heated at 100 C. No aniline phthalate reacting material
was seen.

When the solvent system was butanol, acetic acid, water
(3:1:1), two spots unique to spore DNA appeared: with
ninhydrin, an orenge spot (Ry = 0.40) and with longwave UV,

a red spot (Rp = O.44). Again, no aniline phthaleate reacting

material was geen.

The native spore and mycelial DNA showed no movement
with both solvents. Significantly, after reaction with
ninhydrin at room temperature, the red absorbance of spore

DNA under longwave UV disappeared. The red spots under



longwave UV found in spore hydrolysates were also lost

when sprayed with ninhydrin,

Solvent Extraction of Spore and Mycelial DNA. No

chromatographically identifiable compounds nor characteristic
color were extracted from spore DNA by & number of solvents
and conditions including acetone, ethincl, ethanol-ether
(1:1), ethyl =cetate, butanol, 8 M urea, 5%,cold trichloro-
acetic acid or 1 N KOH at 100 C for 30 min. Treatment of
spore DNA overnight with 0.5 M HC1 at ca. 25 C followed by
descending paper chromatography with butanol, acetic acid,
water (L4:3:1) as the solvent produced some interesting
results. Both spore and mycelial DNA showed characteristic
spots on shortwave UV corresponding to adenine and guanine,
Mycelial DNA showed no spots upon ninhydrin or silver nitrate
treatment. Spore DNA, on the other hand, showed two definite
silver nitrate positive bands (Rp = 0.25, 0.34) and one faint
silver nitrate reacting spot at Rp = 0.48, A faint, pink
ninhydrin spot appeared after 10 min st 100 C at Re = 0.20.

No reducing sugars were detectable using aniline phthalate

spray.

Binding of Spore Products to Added DNA. Experiments

were carried out to determine whether tlie aberrant properties
of spore DNA were due to & spore product which could be non-
specifically bound to any DNA or whether it was specific for
spore DNA. TIn these studies, 12 day old spores uere lyophiliz~
ed, the dry spores and frozen mycelle were mixed, greund

manually together and the DNA extracted (Table 9 ). The
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Table 9

Alteration of Normal Mycelial DNA by Disrunted Spores

Mycelizl DNA Spore
Analysis DNA Ifixture DNA
A260/A280 1.82 1.84 1.85
Buoyant Density 1.7287 1.7142 1.6997
in Cs@l
(g cm™)
Tm (0.1 x SSC) 86.0 C 87.0 C 89.5 C
% Folin Pogitive 1.3 9.2 12.0
Material
DNA Concentration Ey:
Diphenylamine 990 pg/ml 580 pg/ml 365 pg/ml
A260 1000 pg/ml 600 pg/ml 385 pg/ml

% Phosphorus 10.2 12.23 .1
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resulting DNA gave only one symmetricsl band in the CsCl
gradient. Moreover, the buoyant density of this mixture
was Intermedinte between that of the unmixed 12 dey spore
DNA end thst of the unmixed mycelial DNA. The Tm of the DNA
from the mixture in 0.1 x SSC wss intermediste between the
Tm values of each DNA alone. The =mount of Folin positive
material and the totsl phosphorus concentration wes inter-
mediate between the velues for pure spore DNA and pure
mycelial DNA. DNA reasscocistion between the mixture and
mycellial DNA followed by thermal elution revealed s bimodal
elution profile; one portion heving & Tm,e corresponding to
mycellsl DNA end the other with = Tm,e 8 C lower than myceli=l
DNA,

When the lazbeled, purified DNA from =znother streptomycete
(g. coelicolor Muller) wns sdded to lyophilized, msnuslly
disrupted spores and the extracted DNA fractionated on & CsCl
gradient, similsr results were obtained (Fig. 20 ). The added
labeled DNA had the s=me buoyant density as the spore DNA
(the buoyant density of S. coelicolor DNA is normelly 1.7212
g cm™"; the buoysnt density of 13 doy #l spore DNA was 1.6997
3)

g cm” The UV -bsorbance of the lszbeled DNA was less then

0.05 so the gpore DNA clonre contributed to the A260 pesk. It
appesred that whatever was bound to the spore DNA could be

partitioned to sdded DNA. Significantly, sdded DNA was
sltered only if it was mixed with freshly disrupted dehydreated

spores, but waes not altered 1if it was mixed with menuelly

disrupted spores thst hod been stored for 12 hr at lj C after

grinding.
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Fig. 20 Alteration of the buoyant density of luC-labeled
DNA from S. Eoelicolor Muller by ruptured E.
venezuelase S13 spores. The position of the
untreated 1hc—labeled E. coelicolor Muller DNA {s
marked by an arrow. The position of the treated
labeled DNA is marked by closed circles. The
absorbance at 260 nm of the spore DnA is denoted
by open circles. The A260 of the input labeled
DNA was less than 0.05 so that the spore DnA alonse

accounts for the absorbance at 260 nm.
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Yeast RNA (Czlblochem, grade A) and szlmon sperm DNA
(Calblochem, grade A) were =dded to ground 12 day old spores.
The DNA wes extrected in the ususl manner. Compared to the
yields of DNA from spores -lone, the yields ¢f DNA cbtained
from spores were excellent when additional nucleic acid was
provided; moreover, the isolated DNA was quite yellow. Prep-
arative CsCl centrifugstion of the spore DNA, RNA, spore DNA
plus RNA, spore DNA plus RNA subsequently treated with pancre-
atic RNase and spore DNA plus salmon sperm DNA provided the
following informaticn., Yeast RNA zlone wss quite heterogene-
ous and gave a number of peaks near the bottom of the centri-
fuge tube. No change was seen in the general sppearance of
the grsdient profile when spore DNA plus RNA wasrun i.e.,
the spore DNA did not chenge its position in the gradient when
the RNA wes asdded. Ribonuclease digestion of spore DNA plus
RNA yielded a gradient profile indistinguisheble from that
of spore DNA alone, again indicating that adding RNA to
ground spores did not slter tiie aberrant spore DNA. When
salmon sperm DNA was mixed with cpores, the resulting DNA
was very yellow snd a yield of over 2 mg/ml was obtsined.

This suggests that 2dding carrier DNA to spores could be a
good method for isolation of the binding material. The
buoyant density profile in CsCl revecled =z broasd band from
the top to the bottcm of the tube. Tm analysis in 0.1 x 3SSC
showed that a2lthough the native salmon sperm DNA and the
spore plus salmon sperm DNA mixture gave the same Tm, the
spore plus salmon sperm DNA mixture began melting earlier and

gave a broad melting transition. A very slight transition
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was seen in the ~res where spore DNA would be expected to

melt.

Sephadex G-100 Column Chrometography of Spore DINA.

Previous results indicsted th:t he~t and increased salt con-
centration might remove whatever wss bound to the DNA, there-
fore an attempt was mede to isolete this meterial by Sephadex
G-100 column chromatography. Spore DNA in 1 x SSC wss heated
in & bolling water bath for 10 min znd then pessed through

a Sephadex G-100 column equilibreted with 5 x SSC. Two

me jor peaks of UV-sbsorbing meterial passed quickly through
the column and & minor peak wss retsrded by the G-1CC Sephadex
(Pig. 21 ). When mycelizl DNA wes simil-rly treated, only
one peal emerged and this coincided with the first pesk (the
void volume). Chemical sn=lyses showed that the first two
peaks were pradominantly DNA but that there was some Folin
positive material in the second peak. The smell third peak
gave & negative diphenylsmine test cnd contained most of

the input Folin positive meterial. UV cnslysis of this peak
geve a nucleotide-like spectrum with a broad meximum at 250-
255 nm. The first two pesks could be elimin~ted by treatment
with DNase but the third peak wes not 2ffected. Pronsse did
not alter the behavior of the DNA samples during G-100
Sephadex column chrometography. Nstive spore end mycelial
DNA pzssed through the column as & single peak approximsztely
colncident with the second peak shown in Fig.2l . This
indicsted that the first peak was probebly denatured DNA where-

£s the second pesk was partislly denatured material. This



Fig. 21 Separation of components from denatured spore DNA
by Sephadex G-100 gel chromatography. The elutant

was 5 x 33C. The arrow indicates the vcid volume,
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impression was strengthened by slow-cooling of the de-
natured DNA prior to applying to the column. The sane
general profile wes generated but the first peak was con-
siderably reduced in size while the seccond peak was cor-
respondingly larger. Charscterization of the small third
peak has been unsuccessful to date. Initial attempts to
alter mycelial DNA by adding fractions of the third pesak to

it have been unsuccessful.

Anomslous Spore DNA Preparations. An interesting

anomaly was discovered when DnA was extracted from 7-day old
spores that had been lyophilized and stored at -20 C for 6
months (Table 10). Initial isclation of DNA from the freshly
lyophilized 7-day spores ylelded the expected aberrant DNA;
however, the DNA obtained from stored spores was not yellow
and did not exhibit an aberrant Tm or buoyant density.
Unexpectedly, the DNA from the stored spores had more Folin
positive material than did the original aberrant DNA. The
thermal denaturestion profile, although giving the same Tm

as mycelial DNA, had a slightly broader transition width with
a shallower slope. This was not unlike the Tm of salmon sperm
DNA added to spores. These same alterations were observed
with & substentisl number of spore samples, Moreover, almost
25% of the spore samples that were stored in the cold failed
to yield high molecular weight DNs upon extraction.

By storing the lyophilized spores over a degiccant in 2

sealed conteiner at -20 C, the loss of the aberrant character

was delayed. In this regard, 1t was found that the DNA
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Teble 10

Anomolous Spore DNA Preparations

Buoyant Tm in
. DensiE 0.1 x 85C

Spore Sample? (g cm” § (c) 7 Folin
Fresh 7-day spores 1.7094 88.5 12.1
7~day spores stored 1.7291 87 17

6 months
7-day spores partially 1.7297 87 1.8

hydrated
8-day spores 1.7291 86.5 20
12-day spores 1.7285 87 23
8-day spores 1.7282 87 ~-b
9-day spores 1.7285 87 --
10-day spores -—- 87 --
l1-day spores - 87 -

8 Each entry represents a different spore preparation with
the exception of the first three 7-day old spores which
are representative of three functions of the same initial

The ace of the spore given is the

pepulation of spores.

time from inoculation to time of harvesting.

exception of the first three e
were stored for 6 to 12 months 2t -20 C prior to D

lation.

not done

With the
ntries, all spcre samples
NA iso-
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extracted from freshly lyophilized gpores that had been
partlelly rehydreted, wzs not aberrant with respect to
buoyant density, Tm, chemical anslysis and DNA reassocistion.
It 1s probsble that the storage effect wss due, in psrt,

to rehydration. This effect may have significence in

germination of the spores.

Analysis of Selected Streptomycete Spore DNA Semples.

DNA was extracted from lyophilized spores of selected
streptomycetes in & preliminsry search for other novel spore
DNA specimens. Interestingly, the DNA from 13 dey old spores

of S. violaceoruber 14980, 199 snd S16 was distinctly blue

in color, while the spore DNA of S. violzceoruber S307 was

a red-violet color, The Tm in 0.1 x SSC for sll the mycelial
DNA prepzrations wes 85 to 87 C while the Tm's for spore

DNA samples were 5 to 10 C lower that the corresponding
mycelial DNA preparetions. Euoyant density determinations
with S199 spore DNA showed & 2 mg cm~3 incresse in buoyant
density over mycelial DNA; moreover, when S199 spores were
washed in ethanol snd zcetone, the buoysnt density remained

2 mg cm—3 heavier than the 5199 mycelizl DNA. These results

indicete that spore DNA in several S. violaceoruber strains

had properties directly opposite to gberrant spore DNA in S.

venezuelae S13. Most significant, however, is the fact thsat

the spore DNA was gberrant.

Charscterizetion of s Possible DNA-binding Pigment from

S. venezuelase S13 Spores. Until i1t was discovered thet spore

DNA hed distinct pH indicetor activity, little progress wes
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made in isolating any suspected DNa-binding pigments from
spores., Addition of acetcne or chloroform extiracts of whole
spores to mycelial DNA had failed to alter the DNA by the
criteria of buoyant deusity and Tm. However, extracts from
the chloroform layer during DNA isolation were bright yellow
in coler and thus were first examined fcr the yellow-pink
pH Indicator pigment. Upon adding chloroform to the air
dried Sevag's extract followed by 0.1 N KOH, two layers
formed; the top aqueous layer wes pink, the bottom chloroform
layer was yellow-brown and opaque. Addition of 1 N HC1l caused
the pink layer to beccme yellocw. The yellow-brown chloroform
layer became yellowish and transparent. A number of solvents
were tested for ability to extract the suspected DNA-binding
pigment from the aqueous laysr. Butanol was found to be
efficient in extraction, volatile enough for ease in solvent
removal and only slightly soluble in water.

The crude pigment extracted with butancl was soluble iIn
chloroform, ethyl acetate, distilled water, water made pH
3 with 1 N HC1l, water made pH 10, 12 and 13 with 1 N KOH
and 1% sodium carbonate. When butanol was added to the
aqueous or chloroform solutions, the pigment was extracted
into the butancl layer. The visible spectra for the crude
butanol pigment dissolved in water at various pH's are shown
in Fig.22 . The correspondence of these spectral pesks to
those of spore DNA is striking (see Mig.l17 of this thesis,
pll7). In dilute solutions ne marked UV absorption peaks
were seen. A slight shoulder wes seen in the rapidly rising

absorbance profile at the 260 nm to 280 nm range. After
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Fig. <2 Absorption spectrum of a crude butanol extract from

S. venezuelae S13 spores. The extract was air-dried

and dissolved in distilled water at the indicated pH.
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250 nm the absorbance roge rapidly off scale.

A pigment with the same spectral characteristics could
be isolated from whole spores by homogenizing the spores in
0.1 N KOH followed by extraction of the pigment with butanol.
Examination of this crude butsncl extract using instant Thin
Layer Chromatography (Gellman Products; Ann Arbor, Mich.,)
with a chloroform, methanol (100:3) solvent revealed an
extraordinary number of compounds in this extract. Many
exhibited bright yellow, blue or orange fluorescence under
UV, while others gave no UV absorbancesor fluorescence but
had atrong ninhydrin reactions. No reducing sugars were
detected using aniline phthalate spray. A pigment having
yellow-pink color transition was found at the origin and one
with orange-red transition was found at Re = 0,35,

Mr, Miles Sharpley (Biology Dept., Virginia Commonwealth
University, Academic Division, Richmond) provided a mixture

of Aspergillus flavus toxins which was run in the same system.

Four distinct spots were seen using longwave UV light: a blue

fluorescing spot at R, = 0.40, a blue-green spot Rp = 0.43,

f
a green spot at Rp = 0.51 and a similar colored spot at

Rf = 0.60. No compounds giving these appearance under UV
light nor having these Rp values were found in the butanol
extract of spores. When the standard amino acids were run in
a solvent composed of butanol, scetic acid, water (3:1:1) two
distinct clusters of ninhydrin reacting spots were found in

the regions Rf = 0,22 to O.)_]O and Rf = O.SO to 0.80. The

butanol extract gave strong ninhydrin reactions in both these

reglons suggesting presence of most amino acids. Spots
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having the appearance under shortwave UV light andwithR
values corresponding to adenine and guanine were quite prom-
inent. With this solvent the suspected pH indicator pig-
ment remained at the origin,

An attempt was made to purify the crude butanol extract
using Sephadex G-75 column chromatography. A 1.5 by 50 cm
column was used and distilled water, pH 5.5 was used as the
e luant. The butanol extract was air drled and dissolved in
water, pH 5.5. A solution containing 0.2% blue dextran plus
0.002 M cytosine was used to callbrate the wvoid and bed
volumes nf the column. Blue dextran emerged in sbeout 12 ml
while cytosine emerged in zbout 50 ml. When 2 ml of the
aqueous pigment solution was chromatographed, two peaks were
obtained (Fig. 23). The first peak containing very strong
pH indicator activity emerged in the vold veclume while a
smaller colorless peak with nc detectable pH indicator
activity emerged in the bed volume. ¥hen the void velume
plgment wes concentrated by flash evaporstion and run again,
the same two peaks were observed. The small bed vclume peak
increased in size when the crude pigment wes adjusted to pH
3 with 1 N HC1 or the pH 12 with KOH. When the smaller bed
volume pesks were pooled and concentrated by flash evaporation,
pH indicator activity with the same spectral characteristics

as the crude extract was found., Passasge of this material

through the G-75 column gave one peak coincident with the

bed volume, i.e., nc high molecular welght material was found.

When alr dried, ccuncentrated crude butancl extract was

made to pH 13 with 1 N KOH a flocculeant precipitate formed.



Fig. 22 EZlution profile of crude butanol extract of S.
venezuelee S13 spores. The butanol extract was
air-dried and dissolved in weter, pH 5.5. Sephadex
G-75 was used; the elusnt was distilled water, pH 5.5.
The excluded reference, 25 blue dextran, emerged in

12 ml while cytosine emerged in 50 ml.
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gemoval of this precipitate by Millipore filtratlion snd sub-
sequent pessage of the pH indicator filtreste through a G-75
column reveazled only the low molecular weight component,

The precipitete wes not scluble in water or ethyl scetate

but was readily soluble in butancl, benzene and hexane. The
precipitste did not have significent pH indicater sctivity,
The low mcleculer weight pigment did nct pess through dialysis
tubing during cvernight dielysis sgcinst distilled weter at
either I} C or 25 C. The low mclecular weight pigment was
concentrated by flash eveporation and its visible and UV
spectra were determined (Figs. 2L, and 25). A sample of this
pigment wes dissolved in weter pY 5.5 and divided in three
vertivns. One portien wes made to pH 2 with HC1, one wss made
to ol 13 by a2dditicn of IO =nd the remaining vortion wrs kept
ot pH 5.5. Passcge of these semmles through Sephadex G-75
showed & single sherp veak -t the bed volume (57 ml) for the
pil 5.5 seuple, 5 brond pesnk becinninc -t 4G ml for the pﬁ 3
tube nnd twe pealis for the pH 12 porticn - one sharp, lerge
peak st 50 ml ¢nd a sm=ll peak excluded in the void volume.
These results are surgestive of o°n ezgregation phenomenon at

A

extremes of pH.

an initisl attempt wes made to determine the moleculer
welght of the G-75 bed volume pigment using Sephadex G-25.
A single peuk emersed after the void volume and before the
cytosine reference penl, Tnitial extimstes place the molec-
ular weight in the 1,007 to 5,000 range.,

When TPO medium weas scraped free of spores nnd the used

medlum extracted with butanol, a pH indicator pigment similar
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Ultraviolet absorption spectrum of partislly

purified, lcw mcleculer welight pigment from S.

venezuelse S12 spores. This is 1/10 dilution

of the sample shown 1n the previocus Figure.
(Fig. 23). The pH wes adjusted t¢ pH 2,0

(O—0) with HC1 and to pH 12 (@—@) with KOH.
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Fig. 25 Visible absorption spectrum of partially purified,
low molecular weight plgment from S. venezuelae S13
spores. The pH was adjusted with HC1l to pH 2.0
(O—C0Q) or with KOH to rH 12 (@—@).
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to that found in the spores was found. The ms jor difference

was that the pigment fuund in the wmedium had no high molecular
welght component in G-75 chromatography, No pH indicator
pigment could be isolated from fresh TPy medium. Work with
the medium plgment was complicated by an orange, low
molecular weight compound aprarently derived from the tomato
paste uged in the growth mediunm. Attempts to remove the
contaminating pigment by dialysis against water were partially
successful because the pH indicator pigment apparently adhered
or bound to the dialysis membrane whils the orange pigment
passed through.

The pH indicator rigment was found to be associated
only with spores and not with mycelia. When 15 g of broth
grown mycelle were extracted with KO4 and butanol, no pig-
ment was detected in the butanol layer. On the other hand,
pigment production in spores was = function of spore age
(Fig. 26 ). The aberrant nsture of spore DNA also followed
a similar time course.

To obtaln the pigment in larger quantities, a bulk puri-
fication scheme using silicic acid columns was devised.
Previous chromatography experiments showed that when paper,
silica gel, silicic acid and alumina were used as supporting
material, the pigment remained at the origin regardless of
solvent system used. Only when 0.1 N HC1l was added to the
solvent, did any migration take place. This suggested that
the pigment was binding to the support material. Accordingly
the pigment in crude butsnol extracts was bound onto a silicic

acid column. Hexane removed a yellow non-polar pigment which



Fig. 26

-1 8a-

Time course of pigment production in S. venezuelase
813 spores, Forty plates cf TPO medium were
incculated with S. venezuelae S13., On the day indi-
cated, | plates were removed and the surface growth
was gently removed by scraping. The aeriel mycelirl
so obtsined were extracted with 2 ml 1 N KOH in =
tissue homogenizer. Next, U ml butancl were added
to this mivture and then shaken for 5 min et 25 C.
The butancl lsyer was decanted and filtered through
Whatman ;flj filter peper. The AS520 of this fluid

was read using KOH saturated butencl cs the blanl,
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when concentrated by flash evaporation, displayed very
slight pH indicator activity. No other colored products
were eluted with benzene, chloroform or butanocl, but when
acidified methanol was added, a yellow pigment quickly eluted.
This pigment had very strong yellow-purple pH indicator
activity. Using silics gel as s supporting medium,'thin
leyer chromatography of the pigment with hexane, acidified
methanol (1:1) showed a sharp spot at Re = 0.45 with a small
spot at Ry = 0.5. Both spots showed pH indicstor activity
when exposed to NHMOH fumes, When this pigment was passed
through a Sephadex G-75 column, only a low molecular weight
form emerged.

Because very little pigment was aveilable, only one
attempt thus far has been made %o bind the pigment to DNA.
Salmon sperm DnA {(Calbiochem, lyophilized, grade A) was mixed
with a glass rod in a tube containing dried crude, butanol
extract. No water was used at this step because previous
results with whole spores sucgested that water inhibited
binding of the spore material to DNA. The dry DNA was mixed
until it appeared a mottled brown color. Next, 5.0 ml 1 x 3SC
was added and the DnA was shaken 2t ca, 25 C overnight. The
following day the dissolved DNA was reprecipitated with
ethanol. The Dia was distinctly yellow at thiis stage. The
DNA wos dissolved in 1 x SS¢ and dialyzed against 1 x SSC,
overnight at j C. The DNA was yellow and turned a light pink

when KOH was added. No further characterization of this DNA

has been done to date.
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Antibiotic Sensitivity Experiments Using Crude Butanol

Extracts from Spores. B. subtilis B-1l, 3tcphylococcus

aureus S~1 and L. coli CSH-2 grown in Pen=ssay broth (Difco)

were obtained from Dr. J.D. Punch., A 0.1 ml sample of an
18 hr broth culture was mixed aseptically with 10 ml melted,
sterile Penasszy agar and poured into plastic petrl disnes.
Next, 0.1 ml crude butanol extract wes applied to sterile
Schleicher and Schuell (Keene, N.,H.) paper antibiotic-test-
ing discs and allowed to 2ir dry. The discs were placed on
the seeded agar surfece and the plates were incubated &t 37
¢ for 18 hr. Three pH values for the extract were used:
pH 2, pH 7 and pH 8., At pH 3 a 2 mm zone of inhibition wes
seen around each disc; at pH 7 end 8 no zecnes of inhilbition
were seen. When sterile water, pH 2 was added to discs, =
similar sized zone was seen suggesting thaet the observed
inhibition wes due only to HY ions snd not to the extroct.
The plates were observed at 2l and 48 hr with no observeble
chenge in results.

When low moleculer weight pigment from TPO medium was
used in the ssme &ssay, nNoO inhibition of the test organisus

was observed. Only one pH (7.5) was used for this experiment.



Discussion

Aberrent DNA from bscterial spores hes been reported in
the genus Bacillus; however, the properties of spore DNA
from S. venezuelse S1? sre distinctly different from those
of Bacillus endospore DNA. Briefly, the DNA from Bscillus
spores 1s more dense thsn vegetztive DNA wheress £. venezuelze
spore DNA i3 definitely lighter then the vegetative DNA. S.
venezuelse spore DNA is totally eberrsnt, becoming more so
with spcre age, while Bacillus spore DNA shows two density
clzsses of DNA whici vary with spore age. The sbnormel hypo-
chromicity seen for Bacillus spore DNA is not szpparent in

DNA from streptomycete spores. S. venezuelee spore DNA is

distinctly yellow and changes to pink at slkeline pH. Bacil-

—

o

4]

spore DNA, on the other hend, shows no such visible color.

192]
—

2 gpore DNA is relstively insensitive to DN=se while

Bacillus spore DNA is quite sensitive. Finzlly, solvent treat-

ment of streptomycete spores restores the DNA to normsl prop-

erties while solvent hreated Bacillus spores remsin =2berrant.
There =re some overt similsrities, however. The Tm of

both spore DNA preparations is incressed over vegetstive DNA.

The bsse compositions of the spore DNA samples are identical

to the corresponding vegetastive DNA compositions. Pencreatic

end T1 RNese have no effect on the aberrant DNA properties;

the non-specific protease, pronase, is nalso ineffective. The

ultraviolet spectrum of both spore DNA samples compared to
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vegetative DNA is unchenged, Finally, both spore preparastions
are lyophilized prior to DNA extr=ction.

The studies with S. venezuelse S12 spore DNA indicate
that its aberrent properties esre due to a spore-produced
substence bound tenaciously to the DNA. This substance is
@ Folin-positive, phosphate containing compound which hss
few, if any common 2mino scids or reducing sugars in its
structure. It most likely contains s conjugated system of
double-bonds asscciated with 2 moiety responsive to pH, the
pK of which is neer 12. Moreover, this conjugated system
involves an smino-group or similar ninhydrin rescting molec-
ule. The substance has secondary or tertisry =mine groups
in its structure. The material is bound uniformly over each
DNA molecule, i.e., it is not bound at a2 single site on the
genome. It is bound to single-strands of DNA, thst is, the
binding is not solely dependent upon the duplex structure of
DNA. The DNA-binding substance is probably associated with
the DNA phosphate backbone in such a way to stabilize the
DNA helix. This zssociation is steble in CsCl ond in 0.1 x
SSC et high temperature. A solution of § M NaCth displaces
the stabilizing effect of the complex, but probably does not
remove the binding meteriel; moreover, in this solvent, the
binding meterisl msrkedly interferes with the hydrogen bonding
ability of the nucleotide beses. The stubstance csn bind to
DNA other than S. venezuelre spore DNA under suitrble condi-
tions. Fin"lly:.'s the spores msture, mere of this miteri ]

1s bound to Lhe TITA.

The 1l=c¢l: of sensitivity to both prnerestic ond T1 RN se
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In addition to the light buoyant density of the spore DNA
effectively rules out the presence of a DNA-RNA hybrid. In
fact, the light buoyant density alone excludes many of the
possible DwA-binding materisls including most cations, short
chain pclyamines, teichoic acids sand most preteins. Signi-
ficantly, the streptomycetes themselves produce many DnA-
binding compounds including s variety of antibiotics affect-
ing buoyant density and Tm (Kersten et al., 1966). A pos-
sible model system epplicable to streptomycete spore DNA may
be a class of streptomycete-procduced antibiotics called
anthracyclines. These antiblotics are virtually the only
class of ccmpounds which when bound to DNA, have properties
similar to the S. venezuelae spore DNA complex. These
properties include: a progressive decrease in DNA buoyant
density and corresponding increase in Tm with increasing
antiblotic concentrations; & persistant binding in CsCl and
in 0.1 x S3SC at high temperatures; a more effective binding
to DNA of high %GC than to DNA of low %GC and finally, once
bound these compounds are extremely difficult to remove.
Their mode of binding has not been definitely characterized
although most investigators agree that intercalation is in-
volved. These antibiotics do not, however, have the spectral
characteristics of streptomycete spore DNA nor do they contain

phosphate. Unlike the substance from S. venezuelae spores,

anthracyclines bind to DNA iIn aqueous solutions. These facts
limlt the usefulness of these compounds as a model system for
studying the streptomycete spore DNA complex,

There are a number of reasons to believe that the pH
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indicator pigment isoleted from whole 3. venezuelae spores

is the substance bound to the spore DNA. PFirst, the spectral
characteristics of the pigment in scidic and basic sclutions
corresponds very closely to similarly trested spore DNA.
Second, the pigment is produced only by spores and not by
mycelia. Third, the time course of plgment production in
spores parallels the production of aberrant DNA. Fourth,

the chromogenic ability of the pigment, like S. venezuelase
spore DNA, 1s destroyed by ninhydrin. Finally, the pigment
can be bound to DNA, Although no structural characteriza-
tion of the pigment is available, some of its physical
properties are useful in deducing the probable nature and
significance of the compound. S. venezuelse S13 often pro-
duces a brown soluble pigment. The brown-black pigment is
sometimes referred to as "melsnin” or "melanin-like". The
pigment isolated from S. venezuelae spores is not of this
class because unlike melanin, the spore pigment 1s soluble

in water, yellow in color at pH's up to 12 where it changes
to a pink color and finally 1is not precipitated from alkaline
solutions bv HCl.

One of the most obvious properties of the isoclated pig-
ment is its existence in two moleculasr weight forms. The
high molecular weight pigment hes both pclar and non-polar
characteristics being soluble in water, butanol and benzene.
The low molecular weight pigment 1s soluble in water and
butanol, but not 1n benzene. The high molecular weight pig-
ment can be most easily thought of as being composed of a

complex of a non-polar material (membrane fragment?) with
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the polar pigment. The nature of the binding between the
polar and non-polar cowmponents is such that 1t can be easily
disrupted by base and the activity of silicic acid. The
spores themselves excrete the low molecular welght pigment
into the media. It appears that most of the pigment isolated
from the spore itself is complexed uith the non~polar frag-
ment .

The apparent sssociation of the suspscted DNA-binding
pigment with a membrane-like fragment is significant, Elec-
tron micrographs of S. venezuelse S12 spores show s membrane
associated with the genome (Bradley and Ritzi, 1968). The
pigment could link the DNA to the membrane in some manner.
This association could be a mechenism for protection of the
spore DNA from dessication., In this capacity, the pigment
may attach to the DNA when water is absent and be removed
when water is present. This same mecnhanism could also be
invoked to explain the phenomenon of germinstlion. During the
guiescent stage of the spore's life cycle, the pigment may be
bound to the DNA, repressing most functions. When conditions
are suitable for germination (when water is present), the pig-
ment is released, de-repressing the system, and outgrowth
occurs.

It is also conceivable that there could be no in vivo
function of the pigment-DNA complex. The complex may be
formed only as an artifact of the DNA extraction procedure.
In any event, however, 2 compound which binds to DwA in the
manner observed with 3. venezuelae spore DNA will have experi-

mental utility. If specific base sequences or DNA conforma-
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tion are required for effective binding of this compound, it
could prove useful in probing the structure and function of
nucleic acids.

If further work proves that the DNA binding function
of the pigment is indeed an srtifsct of the extraction proce-
dure, the role of pigment in sporul=tion and germination nmust
not be overlocked, if for no other reason than the pigment is
produced only by spores. If the pigment has & function in
sporulation, it should be possible to find similar pilgments
in related streptomycetes. Although pigmented DNA has been
isolated from spores of selected streptomvcetes, no work has
been done on characterization of these spore pigments with
respect to the S. venezuelase 3513 pigment.

It is conceivable that the pigment may function in the
extensive membrane reasrrangement that occurs during sporula-
tion or in germination. Moreover, the lipophilic nature of
the pigment could suggest a transport function. For example,
molecules that cannot pass through the membrane could be
Yransported out of the thick walled, hydrophobic spore by
attachment to the pigment. The pigment may also be involved
somehow in the commitment of the cell to sporulate. If the
pigment proves not to have a direct functional role in
sporulation, its blosynthesis may nonetheless be necessary.
For example, its synthesis could resultAin reduced internal
pools of certain compounds thereby de-repressing or repress-
ing certain enzymes. The pigment could function as a bio-
synthetic scavenger, eliminating toxic products by incorport-

ing them in 1ts structure. The compound's pigmented properties
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€ould also suggest s function in shielding the spore

from certain harmful wsvelengths of light.
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Summary

Deoxyribonucleic acid (DNA) analyses were used to
assess on a moleculer level, the relationships among

representatives of the genersa Streptomyces, Nocardis and

Mycobacterium. The methods developed in this study have

been used for routine analysis of DNA from a large number
of actinomycetes and have given reliable and reproducible
data,

DNA isolated from various actinomycetes was character=-
ized by buoyant density determinations in CsCl from which
the mole fraction guanine plus cytosine (GC) content was
calculated. All the streptomycete DNA preparstions
studied had buoyant densities in the range of 1.7287 to
1.7312 g cm'3 which corresponded to GC compositions of 70%
to 73% GC respectively. The nocardial DNA preparations
tested fell in two groups, one With a GC content in the
range of 62 to 64% GC and another in a 68 to 70% GC group.
The mycobacteriel DNA tested had GC values overlapping
those of the nocardial DNA specimens; moreover, myco-
bacteriasl DNA exhibited a bimodal clustering of GC vslues,
6L, to 65% GC and 67 to 70% GC. All DNA preparations
examined by equilibrium buoyant density centrifugation in
CsC1l contained a single component with no satellite bands.

The method of Warnaar and Cohen for sssay of DNA/DNA

reassociation on membrane filters was modified for studying
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reassoclation of DNA in high GC organisms. DNA isolated
from selected actinomycetes was tested for homclogy with

Streptomyces venezuelae S13 mycelial DNA by direct reas-

sociation experiments. Unlabeled DNA from the various
actinomycetes was immobilized on Schleicher and Scheull
nitrocellulese B-6 membrane filters and then incubated

for 15 to 20 hr at 70 C with Hc-labeled DNA. The

measure of relstedness was the relative vercentage of
rengturation of a2 denatured test DNA with lebeled, dens-
tured homologous DINA. Unrelated DNA having GC contents

of 5¢ and 709 were included =28 controls. The streptomy-
cetes studied were relastively homogseneous in that measursble
interspecific duplexes were formed between the reference
DNA and all streptomycete DNA examined. Significantly,

the results also suggested that 5. venezuelae S13 wes
releted to the nocardial specimens examined but was not
related to the mycobacterial cultures studied. The results
agreed generally with prior agar-gel stud’es on DNA reas-
sociation and with previocus classifications.

Nucleotide sequence divergence in DNA sxtracted from
streptomycetes =nd nocardise was determined by me2suring
the extent of renaturation at 60 2 and 70 C. The use of
thermal elution of labeled, renatured duplexes from filters
substeontiated the exlstence of a class of nuclentide se-
squences which cen reassoclate at 50 C but ecconnot reassociste
at the more exacting 77 C incubstlon temperature. The use
of exacting incubation conditions (70 C) permitted the

o

formation only of those DNA duplexes that exhiblted ¢ high
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degree of thermsl stability snd hence, closely related to
the reference DNA, The non-exacting 60 C incubation
allowed those sequences to associate which were distantly
related. The ratio of binding at 70 C to the binding at

60 C was designsted the Divergence Index (DI). The DI

was useful for gauging the presence or sbsence of closely
related geﬁetic material and for determining divergence
patterns. The conclusions obtained from this method were
corroborated by the much more time consuming thermal elu-
tion method. The divergence studies suggested that the
streptomycetes contain a wide spectrum of related sequences
compared to the reference DNA. Interestingly, the nocar-
diae examined seemed to have a small but significant amount
of conserved nucleotlde sequence compared to the S. venezue-
lae S13 reference.

During these studies on actinomycete DNA it was
realized that DNA from S. venezuelae S13 spores had novel
properties. As spores aged the buoysnt density in CsCl
decreesed from 1,727 to 1.707 g cm-a, the midpoint of
thermal denaturation (Tm) in 0.1 x SSC increased from 85
to 88.5 G, and the apparent reassociation with mycelial DNA
decressed from 100 to 30%. Spore DNA in 5 M NaClOy had the
same Tm as mycelial DNA. Spore DNA (1.707 g cm'j) after
heat densturstion showed a single band in CsCl (1.722 g
ecm=3). Spore DNA weas resistant to pancreatic deoxyribo-
nucleagse I, but became progressively sensitive alter treat-
ment with 0.5 M sodium scetate. Chemical nucleotide analysis

of spore and mycellisl DNA showed no detectable difference in
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GC content. The aberrant nature cf spore DNA was not
affected by bronase or ribonuclense. Washing the spores
with ethancl and acetone pricr to DNA extroction restored
the isolated DNA to normsl bucyant density and Tm values.
When alcohol snd chloroform extracts of spores were dried
and mixed with cuthertic DNA preparations, no change in Tm
or buoyant density wes found. Spore DHNA wzg yellow in
color at pH vslues below 12 and pink in coler 2t values
above 12. Spore DNA heated in high sslt showed three
characteristic pecks in Sephadex G-100 column chromato-
graphy, but only cne peak was found with comparzhly treated
mycelial DNA. Attempts to characterize these pesks have
been incenclusive to dete. Chemiczl snalyses of spors DNA
showed 15 to 207 Folin positive materisl, L0 to 50% more
phosphorus than mycelial DNA end no detectable sugars. It
eppeared that whsotever wes bound to the spore DNA could be
partiticned to codded DNA. Experiments of this type were
successful only if the test DNA was added to freshly dis-
rupted, dehydrated sporcs with crushed dry ice. Rshydra-
tion of spores showed logs of this binding activity. No
chromatographically identifiasble compcunds or characteristic
color were extracted from spore DNA by a number of solvents
and cinditions including: acetone, ethancl, ethancl-ether,
ethyl acetate, butanocl, 8 M urea, 5% cold trichloroscetic
acid end 1 N KOH et 100 C for 20 min.

A crude pigmented fraction was 1solated from spcres
which had similsr chemical characteristics as aberrant

spor=DNA., This pigment could not be demonstrated in mycelis;



moreover, pigment production seemed to be directly cor-

releated with the age of the spores. The dataz suggested

thet this pigment is probasbly bound to spore DNA and is
responsible for the sberrant chasracteristics of S. venezue-~

lae S13 spore DNA,.
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