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1. INTRODUCTION: NATURE OF
THE PROBLEM

The essence of the dogma, so acceptable to our time,
can be briefly summarized by the following familiar
diagram:

DNA - RNA - Protein.

Here, the
formation.
formation

arrows are meant to indicate flow of in-
The presumption is that the genetic in-
coded in the base sequence of DNA is
ultimately transcribed into the amino acid sequence
of protein via a polyribonucleotide intermediary. It
1s the primary purpose of the present paper to focus
attention on the first step in this chain of events.

The simplest imaginable transeription mechanism
one can propose would suggest the synthesis of comple-
mentary RNA copies of the DNA. The RNA so formed
would mimie the base ratio of its parental DNA pro-
viding one of the two following conditions was satis-
fied.

(a) Both strands of the DNA are employed as
templates for complementary RNA synthesis, or

(b) The over-all base composition of the two com-
plementary strands of DNA are the same or nearly so.

Comparison of the base compositions of the total
RNA among bacteria of widely differing DNA com-
positions does not encourage the belief that a major
proportion of the cellular RNA ix analogous to its
homologous DNA. Examination of the principal RNA
molecular speeies reveals a surprisingly uniform pie-
ture among rather unrelated organisms. Three major
components are umversally found which are dis-
tinguishable by their sedimentation constants (238,
168, and 48). The 23S and 163 varicties have the same
base compositions, are found in the ribosomes (Kur-
land, 1960), and constitute approximately 85% of
the total RNA of the ecll. The 48 variety has, in gen-
eral, a different base ratio and is found in the supernate
or “soluble” fraction.

Thus far, none of the three major components have
exhibited any detectable correlation in their base ratio
with the DNA composition of the cells from which
they are derived. This i illustrated in Fig. 1 with
respeet to ribosomal RNA. Figure 1 reproduces Belo-
zersky and Spirin’s (1958) relative plot of total RNA
base composition (open cireles) versus homologous
DNA and includes as solid circles data on ribosomal
RYNA (23S + 168) obtained from D. pneumoniae, and
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M. lysodeikticus (Woese, 1961), E. coli, Ps. aeruginosa,
and B. megatertum (Hayashi and Spiegelman, 1961).
Although the information on ribosomal RNA is still
seanty, the five samples available do derive from
organisms which extend over a considerable portion
of the GC range of DNA base composition. Never-
theless, the ribosomal (G + C/A + U) ratios fall
within rather narrow limits and show no correlative
tendency. Such data suggest that the comparatively
slight correlation established by Belozersky and his
co-workers between bulk RNA and homologous DNA
18 to be ascribed to a small fraction of the cellular
RNA. If, therefore, hope is to be retained for the
existence of the simple transcription mechanism pro-
posed above, it will have to be assumed that a quanti-
tatively minor component of the RNA is involved in
transferring information from DNA to the protein
synthesizing machine. From the viewpoint of such con-
siderations, the normal eell would not appear to repre-
sent ideal material for the initial search for the RNA
which programs protein synthesis.

Several years ago my colleagues and I decided to
turn our attention to the virus infected cell. The bae-
terial-virus complex possessed a nuinber of obvious at-
tractive advantages for the experimental analysis of
the relations among DNA, RNA, and protein. In the
first place, the data accumulated over the past 15
vears suggested that infection of bacterial eells with
virulent viruses is followed by a restriction of protein
and nucleie acid synthesis to a comparatively small
class of macromolecules relevant to the formation of
viral components. Second, and more important, were
the experiments of Volkin and Astrachan (1956)
who demonstrated the incorporation of P* into an
RNA fraction which was distinguishable by its ap-
parent base ratios from the bulk of the host’s RNA.
These ratios were determined by estimation of the
relative P¥ content of the corresponding 2-3 nucleo-
tides izolated from an alkaline hydrolysate of RNA
from infected cells. Of greatest interest was the fact
that the numbers so obtained appeared to mimic the
DNA base ratio of the infecting particle. Here, we
have the first suggestion of a complementary RNA
which could play an informational role in the syn-
thesix of a particular elass of proteins. The intriguing
implications of these observations made it manda-
tory that they be extended in several directions.

The existence of an RNA peculiar to virus infected
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Ficure 1. Relative plot of base composition of RNA
and DNA from the same organisms. Open circles are
Belozersky’s (1959) data on total RNA from 22 bacteria.
Closed circles are data on ribosomal RNA from five
bacteria (Woese, 1961; Hayashi and Spilegelman, 1961).

cells is inferred from the Volkin-Astrachan experi-
ments solely on the basis of the distribution of izo-
tope among the four nucleotides. In the absence of
further information, it was possible to interpret these
results in terms of unequal pool labeling and other
conceivable complications. It was elearly of importance
to provide independent evidence in support of their
inference. The unequivoeal proof of the existence of
a “T2-gpecific” RNA would immediately generate a
host of new cxperimental possibilities. As a convenient
guide to the following discussion, we may set down the
questions which stimulated us to the performance of
the experiments we will describe.

1) Is it possible to effect a physical separation of
the RNA formed subscquent to T2-infection and thus
provide proof that “T2-specific RNA” exists?

2) What relation, physical or other, does the T2-
gpecific RNA have to the normal RNA containing
components of the cell?

3) Is the similarity of base ratios between T2-RNA
and DNA a reflection of & more detailed identity in
terms of base sequences? More specifically, are they
complementary ?

4) Can one find evidence of naturally oceurring
RNA-DNA complexes predicted by the assumption
that RNA complementary copics are the normal inter-
mediates in the flow in information from the genome?

5) Does a similar type of complementary RNA
also exist in normal non-infected cells?

It will be noted that the posing of each question
makes sense only if the preceding one has been an-
swered in the affirmative. We now undertake to de-
seribe the nature of the experiments which led us to
these conclusions.

II. PHYSICAL PROPERTIES AND LOCATION
OF T2-SPECIFIC RNA

Nomura, Hall, and Spiegelman (1960) undertook
to obtain information pertinent to the first two

questions raised. In addition to radioactive labeling,
two techniques were used in this investigation to ex-
amine the nature of the RNA synthesized following
infection with T2, One involved zone eclectrophoresis
through starch columns (Rotman and Spiegelman,
1954). The other emploved centrifugation through
linear sucrose gradients developed by Britten and
Roberts (1960). These procedures were used to ex-
amine isolated ribosomes and purified RNA prepared
from ribosomes by the phenol procedure of Gierer
and Schramm (1956). The data so obtained should
detect differences in size, clectrophoretic mobility,
and degree of association with ribosomes.

An examination was first made of the distribution
of RNA synthesized subsequent to T2-infection. Here,
care was cxercised to use cell breakage and extraction
conditions which insured integrity of the ribosomes. It
was found that with such methods most (63%) of
the newly synthesized RNA was ribosome bound. How-
ever, the association of the new RNA involved a
linkage which was much more labile to low Mg con-
centrations than that which characterizes normal
ribosomal RNA.

This is illustrated in Fig. 2 which deseribes the re-
sults of electrophoresis experiments of ribozome frac-
tions obtained from T2-infected cells. In these ex-
periments, free ribosomal RNA was included as a
marker and is represented by the leading peak of the
optical density profile. It will be noted that at 5 x 107
M Mg™ the bulk of the newly synthesized RNA (P™
labeled) travels with the ribosomes although there is
gsome apparent dissociation evident even at this level
of magnesium. When the magnesium concentration
1s lowered to 1 X 107 M most of the radioactive RNA
leaves the ribosomes and travels as free RNA. Under
similar conditions, no detectable separation of normal
ribosomal RNA from the nucleoprotein particles can
be detected.

Most significantly, 1t will be noted from the lower
half of Fig. 2 that the liberated labeled RNA moves
faster than the added carrier E. coli RNA. This dif-
ference in electrophoretic mobility provided the first
evidence that the RNA synthesized in a T2-infected
cell was indeed a distinet entity which could be
physically separated from the bulk of the pre-existent
ribosomal RNA. This property was examined in
greater detail with purified RNA isolated by the
phenol method. Figure 3 compares the results of an
eleetrophoretie analysis of ribosomal RNA prepared
from T2-infected and control cells subjected to P*
pulses of the same duration. It is clear that virtually
all of the RNA svnthesized in the T2-infected cell
possesses a higher electrophoretic mobility. In the
case of the non-infected cell, the major proportion
of the RNA svnthesized possesses a mobility very
similar to that of the non-labeled pre-existent ribo-
somal RNA.

Another difference between normal and infected
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Fraure 2. Starch column electrophoresis of the ribosome fraction of T2-infected cells. (a) Electrophoresis in 0.03
M-tris, pH 7.8 with 5 X 1073 M Mg** after 3 hr dialysis against this solvent. Duration of run—13 hr at 8.0 v/em; 11
ma. (b) Electrophoresis in 0.03 M-tris, pH 7.8, 1 X 1074+ M Mg*t* after 24 hr dialysis against this solvent. Duration
of run—13 hr at 6.0 v/em; 4 ma. Ribosomes used in this experiment ¢came from T2-infected cells exposed to P between
5 and 7 min after infection. E. coli particle RNA (prepared by the phenol method) was added as & marker just before
electrophoresis. After elution of each fraction from starch OD at 260 mu was measured; then the acid insoluble P
which was solubilized by RN Aase was counted (counts/min curve).
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Fiaure 3. Starch column electrophoresis of P32 ribosome RNA. (a) RNA from T2-infected cells, given P32 between
5 and 7 min after infection. (b) RNA from control cells given a 2 min P32 pulse. [n each case, electrophoresis was
carried out for 10 hr at 8.0 v/em, 6 ma in 0.03 M-tris buffer, pH 7.8.
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Traure 4. Sedimentation of P32 particle RNA. (a) RNA from T2-infected cells, exposed to P32 between 5 and 7 min
after infection. (b) RNA from the control cells given a 2-minute P32 pulse. 0.25 mg RNA in 0.03 M-tris (pH 7.8) were
layered on 4.4 ml of sucrose solution, with a concentration gradient from 3 to 209;. This was centrifuged for 8 hr at
37,000 rpm. Fractions were collected by piercing the lower end of the tube and collecting 10-drop fractions. To each
fraction I mi 0.03 M-tris buffer was added; optical density at 260 mu and P32 content were then measured.

cells emerged when ribosomal RNA synthesized dur-
ing short (3 min) P* pulses was cxamined by
centrifugation in linear sucrosc gradients. Figure 4
compares the profiles obtained in the two situations.
The first peak in the optical density profile cor-
responds to the 238 component and the second to, the
168. The striking difference between the infected and
control pulses is that little, if any, of the RNA syn-
thesized in the T2-infected cells corresponds to the
two main ribosomal components. There is very little
concordance between the O.D. and radioactive pro-
files in the 238 and 168 regions. Most of the RNA
formed subsequent to T2-infection appears to possess,
by these methods of isolation, a sedimentation lying
between 8 and 128. In the non-infected control we
note a considerable formation of RNA characteristic
of the 238 and 168 varieties. It must, however, again
be emphasized what is elearly evident from the two
sets of curves of Fig. 4. The synthesis of the smaller
size of RNA is not unique to the virus infected cell.
The short P*-pulse (Fig. 4b) readily exhibits its ex-
istence in the uninfeeted controls. These experiments
reveal that the essential effect of infection with virus
is a preferential suppression in the synthesis of the 233
and 16S RNA species.

In summary then, the experiments just described
establish the existence of a T2-specific RNA ag a

physieally separable entity. The features which serve
to distinguish it from normal ribosomal RNA may
be listed as follows: a) a base ratio homologous to
the viral DNA, b) metabolic instability, ¢) a higher
electrophoretic mobility, d) a greater heterogeneity in
size with an average sedimentation constant lower
than 16S.

IIT. SEQUENCE COMPLEMENTARITY OF
T2-DNA AND T2-SPECIFIC RNA

The proecedures employed (zone eleetrophoresis and
sedimentation) in the investigations just summarized
led to the seclective separation of T2-specific RNA.
They, therefore, opened up the possibilities for further
experiments relevant to an understanding of its na-
ture. The fact that T2-RNA possesses a base ratio
analogous to that of T2-DXNA is of interest principally
heeause it suggests that the similarity may go further
and extend to a detailed correspondence of base se-
quence. The central issue of the significance and mean-
ing of T2-RNA is whether or not this iz, in fact, the
case.

A direet attack on this question by complete se-
quence determinations was and iz technically not
feasible. However, the findings of Marmur (1960) and
Doty et al. (1960) suggested the possibility for an
luminating experiment. These authors demonstrated
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the specific reformation of double stranded DNA
when heat denatured DNA is subjected to a slow eool-
ing process. Such reconstitution of double stranded
structures oceurs only between DNA strands which
originate from the same or ecloscly related organisms.
Presumably, the specificity requirement for a sue-
cessful unton of two strands reflects the need for
a perfeet or near perfect complementarity of their
nucleotide sequences. We have here, then, a method
for detecting the complementarity of nueleotide se-
quences in two strands of polynueleotide. The forma-
tion of a double stranded hybrid structure during the
slow cooling of a mixture of two types of poly-
nucleotide strandx can be accepted as provisional evi-
dence for complementarity of the bases of the input
strands,

Hall and Spiegelman (1961) employed this pro-
cedure to examine for the complementarity of sc-
quences between the T2-RNA and the T2-DNA. Puri-
fied T2-RNA was used in order to provide an optimal
opportunity for the T2-RNA to combine with its
DNA complement unhindered by non-specific inter-
actions involving irrelevant RNA. Sinee the hybrid
would have a lower density than uncombined RNA,
a separation of the two should be attainable by equi-
librium centrifugation in cesium chloride gradients
(Meselson, Stahl, and Vinograd, 1957). To insure
a sgensitive and unambiguous detection of the hybrid,
should it occur, double labeling was employed. The
T2-RNA was marked with P¥, and the T2-DNA
with tritium. Two isotopes ecmitting beta particles
differing in their energies are conveniently assayed in
cach other’s presence in a scintillation spectrometer.
This device, coupled with the use of the swinging
bucket rotor for equilibrium centrifugation, permits
the actual isolation of the pertinent fractions along
with a ready and certain identification of any hybrids
formed.

Mixtures of P*-labeled T2-RNA and H-labeled
single stranded T2-DNA were subjected to slow
cooling. They were then put in CsCl and centrifuged
to density equilibration. Figure 5 shows the optical
density profiles and the distribution of tritium and
P* obtained from three preparations slow-cooled
from different starting tempcratures. Comparison of
the profiles of trittum and P* show that in all threc
cases slow cooling of the DNA and RNA produced
a new peak of P* approximately centered on the
band of tritium (denatured DNA). This new P* con-
taining band must contain a DNA-RNA hybrid having
approximately the same density as denatured T2-
DXNA. The amount of complex formed on cooling from
the three temperatures was the same within experi-
mental error. The three differ slightly, however, in the
density of the complex relative to DNA.

Exposure to the slow cooling process is necessary
since an uncooled mixture of T2-RNA and single
stranded T2-DNA exhibited no P* peak in the DNA

region when subjected to a centrifugal analysis. Fur-
thermore, the presence of single stranded DNA is
necessary during the cooling process. Double stranded
DXA is wnable to form hybrid with RNA under
these conditions. Finally, the ability of T2-RNA to
hybridize was found to be specific for T2-DNA. Thus,
when the cooling process was carried with mixtures
of P*labeled RNA of T2 and denatured DNA from
heterologous sources (Pseudomonas aeruginosa, K.
coli, and bacteriophage T5), no evidence of signifieant
hybrid formation was observed. It is of interest to
note that, although T5 bas the same over-all base
ratio as T2, no evidence of interaction of T2-RNA
and T5-DNA was detected.

The data obtained in the course of this investiga-
tion showed that RNA molecules synthesized in bae-
teriophage infected cells have the ability to form a
well-defined complex with denatured DNA of the
virus. Further, this interaction is unique to the homol-
ogous pair as shown by the virtual absence of such
complexes when T2-specific RNA is slowly cooled
with heterologous DNA. The fact that T2-RNA and
DXNA do satisfy the speeificity requirement must re-
flect a correspondence of structure between the two.
Structural specificity of this order in single poly-
nucleotide strands can only reside in specified se-
quences of nueleotides. It was concluded, therefore,
that the most likely interrelation of the nucleotide
sequences of T2-DNA and RNA is one which is eom-
plementary in terms of the scheme of hydrogen bond-
ing proposed by Watson and Crick (1953).

IV. THE OCCURRENCE OF NATURAL
DNA-RNA COMPLEXES IN THE
E. COLI T2 COMPLEX

The fact that evidence could be provided for se-
quenee complementarity between a specific RNA and
its homologous DNA lends obvious support to the
supposition that the normal process of transferring
information from DNA to the protein synthesizing
machine involves a mechanism whereby single stranded
DNA serves as a template for the polymerization of
a complementary ribopolynucleotide. If continued
formation of complementary RNA is a necessary con-
comitant, it should be possible to find RNA-DNA
hybrids in any cell actively cngaged in protein syn-
thesis,

Spiegelman, Hall, and Storck (1961) undertook to
find such complexes, and the T2 E. coli system was
selected as the most suitable in the initial search for
native hybrid. The experimental devices employed
were similar in essence to those used in the previous
investigation on artificially formed complexes. These
involved the use of double labeling and equilibrium
centrifugation in cesium chloride gradients employ-
ing swinging bucket rotors. The T2-DNA was labeled
with P* by growth of the virus in a medium containing
this 1sotope. T2-speeific RNA was marked with tritium
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Fiaure 5. Formation of DNA-RNA hybrid at various temperatures. CsCl-gradient centrifugation analysis. P32-
RNA(T2) (14 pg) and H3-DNA(T2) (6.5 ug) were mixed in 0.6 ml 0.3 M NaCl and 0.03 M Na citrate, (pH 7.8); then
the solution was immediately placed in the slow-cooling bath. Three identical solutions were made; (a) was placed
in the bath at 65°, (b) at 52°, and (¢) at 40°C. When the bath temperature reached 26°, CsCl and 25 ug T2-DNA were
added to each solution; then they were centrifuged for five days at 33,000 rpm.

by introdueing tritiated uridine. It is known that some
uridine ends up as thymidine once DNA formation
begins in the T2-E. coli complex. To avoid the com-
plications this would introduce in identifying radio-
active peaks, the inital zearch for hybrids was con-
fined to the period (2-5 minutes) when no DNA
synthesis ean be detected. In a double label experi-

ment the presenee of DNA-RNA hybrids would be
signaled by the appearance of coincident peaks of the
two Isotopes. Further, these peaks should occupy a
position in the cesium chloride gradient differing from
those which characterize the densities of RNA and
double stranded DNA.

A wvariety of procedures werc surveved for oh-
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taining material suitable for the reliable detection of
DNA-RNA hybrids by cexium chloride density equi-
librium  centrifugations. It was empirically estab-
lished that removal of most of the protein was a
necessary step prior to introducing the material
into the cesium chloride. In the absence of this pre-
liminary purtfication much of the nucleie acid, in-
cluding hybridized material, was trapped in the pro-
tein layver found floating at the top of the gradient.
The procedure ultimately adopted consisted essentially
of the first few deproteinization stages normally
(Marmur, 1961) emploved for preparing DNA from
bacterial ecells. Two modifieations were made. None
of the steps designed to remove RNA iz ineluded.
Further, at the alecohol preeipitation stage centrifuga-
tion, rather than winding around a glass rod, 1s used
to collect the nucleie acid. Sueh DNA preparations are,
of course, heavily contaminated with RNA but serve
well the intended purpose.

In experiments which employ P*-labeled T2-DNA
and tritiated uridine as the RNA marker, existence of
hybrid would be deteeted as a tritium peak in the
DYNA region somewhat heavier than the P* peak
corresponding to the T2-DNA. The P* peak should
exhibit signs of bimodality as evidence of distribution
of the T2-DNA between hybrid and unhybridized
T2-DNA. Figure 6 desceribes the results of a typical
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profile obtained by subjecting a nueleie acid prepara-
tion from a pulse labeled T2-infected cell to equi-
librium gradient centrifugation. Three peaks are
readily diseernible. The lightest one corresponds to
the input P®-labeled DNA of T2, The optical density
peak identifies the position of double stranded E.
coli DNA put in ax a marker. The tritium peak
locates the hybrid. Furthermore, a =houlder makes
its appearance on the heavy side of the P* profile
corresponding in position to the tritium peak region.
The relative positions of the peaks and the bimodahity
of the P* distribution are all consistent with what
would be predicted from the existenee of a DNA-RNA
hybrid.

Tf it be assumed that @ small amount of T2-DNA
can be svnthesized even in this early period of in-
feetion, another interpretation of the optical density
and radioactive profiles can be entertained. This
would presume the appearance of new H-labeled T2-
DXNA, all in the form of single stranded material, along
with the conversion of a portion of the input P*-laheled
DNA to single strands. To test for thix possibility,
the alkali lability of the tritium and P*™ in relevant
fractions of a number of cxperiments was examined.
The same results were obtained in all eases and are
exemplified by the data summarized in Table 1.
Here, the two fractions indicated by arrows in Fig. 6
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Frcere 6. Equilibrium density eentrifugation in CsCl of nucleic acid from T2-infected cells. Adsorption of phage
was carried out at a multiplicity of 15 of undiluted P32-labeled virus. Pulsing was done between 3-5 minutes after zero

time with H3-uridine having a specific activity of 530 uc/uM at a level of 1 ug/ml. Note that the radioactivity scale
is expanded in the hybrid region.
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TasLE 1. EFFECT OF ALKALI DIGESTION ON
Acinp PRECIPITABILITY

-

0.4 ml aliquots of Fractions 7 and 26, indicated by
arrows in Fig. 6 were made 0.3 N with respect to NaOH
and incubated for 24 hours at 30°C. Equivalent aliquots
were held as controls under the same conditions. Follow-
ing the incubation, the alkali was neutralized, carrier
herring sperm DNA added and the contents precipitated
with TCA. The precipitates were then washed and
counted.

Fraction Acid Precipitable Counts/ml.
No. \; Isotope Control \ A}iz;{xgﬁgi

’gi N |

| H3 ‘ 230 i 5

26 P32 \ 735 ’ 720

H? \ 1950 ‘ 10

7 P32 ‘ _ I —
i

were subjected to alkali digestion, and the resultant
cffect on the acid precipitability of tritium and P*
was examined. Fraction 7 was ineluded ax a free RNA
control. It ix evident from the data in Table 1 that all
of the tritium and none of the P* counts are alkali
labile. These data appear to chminate the possi-
bility that the displaced tritium peak can be aseribed
to newly synthesized single stranded DNA. It is also
evident that the displaced T eannot be aseribed to a
conversion of the mnput viral DNA components fo an
RNA polynucleotide.

We may conclude, therefore, that a hybrid exists
containing newly svnthesized T2-specific RNA com-
plex with =ome of the input P* labeled DNA. Tt
should be noted that hybrids involving the input DNA
were also observed in pulses covering, in addition to
the 2 to 5 minutes, 9 to 12 and 19 to 22 minutes after
infection.

The existence of the natural hybrids constitutes an-
other link in the chain of evidence supporting the
simple complementary transeription mechanism men-
tioned earlier.

V. SELECTIVE SYNTHESIS OF
INFORMATIONAL RNA IN
NON-INFECTED CELLS

We now turn to the last question posed in the
introductory paragraphs, namely the existence of com-
plementary RNA in normal cells. The detection and
study of the properties of complementary RNA formed
in T2-infected cells was greatly facilitated by the
fact that the larger ribosomal components ure not
synthesized. This advantage is not present in normal
uninfeeted cells, which consequently complicates the
search for normal informational RNA. That 1t is,
nevertheless, feasible is suggested by the experiments

of Yéas and Vincent (1960) with veast. These au-
thors uzed P¥ Iin a manner comparable to the pro-
cedures of Volkin and Astrachan and, despite sur-
prisingly long pulses, were able to deteet formation of
a fraction with a high metabolie turnover and possess-
ing a base composition analogous to veast DNA. In
a preliminary report, Astrachan and Fischer (1961)
suggest that very short P® pulses lead to a dix-
tribution of labile in the RNA svnthesized, which in-
dicates the synthesiz of RNA mimicking the base
composition of DNA.

It would clearly he of great advantage if a
situation could be found or devized in normal cellx
which would be analogous to that which occurs on in-
feetion with T2, Essentially, what we are demanding
15 a condition which suppresses riboromal RNA syn-
thesis and permits the formation of the mformational
variety. The possibility that a situation of this sort
might, in fact, be realizable was suggested by studies
on RNA and protein synthesis during passage from
fast to =low growth. Many of these investigations have
been extensively reviewed in the present symposium
by Neidhardt, Maalge, and Schaechter and we need
not, therefore, go into anv details.

Several features emerged which encouraged us to
look more carcfully into such transitions. It has
been known for some time that the RNA content per
cell 15 positively  correlated with 1ts growth rate.
Since the bulk of the RN A 15 riboromad, 1t would mean
that cells with higher growth rates possess more
ribosomes. Consider, then, the stuation when one
subjects a culture to a “step-down” transition by trans-
ferring cells from a rich (e.g., Penassay) to a syn-
thetic medium. The growth rate ix decreased by a
factor of two. But more important, the ecells have
more ribosomes than they ean use. From the point of
view of selective advantages 1t i not surprising,
therefore, to find that such step-down tranxitions cause
a rather dramatic cessation of net RNA synthesis.
Nevertheless, protein =ynthesix procecds for a while
at near normal rates. From the viewpoint of relative
rates of net protein and RNA xynthesiz, such cultures
are analogous to T2-infeeted eells. It seemed not too
unlikely that whatever RNA synthesis was oceurring
was restricted to the variety mmediately necessary
for the fabrication of new protein molecules. It was
possible that this variety was the normal informational
RXNA for which we were scarching.

Hayashi and Spiegelman (1961) mstituted an inves-
tigation designed to sce whether the above expeetations
were realizable. Base compositions of RNA synthesized
in “step-down” cultures were examined, In all eases,
such cultures were attained by transfer from a complete
(Penassay) to a synthetiec (Med. C. of Roberts et al..
1957) medium. Base ratios were determined by proce-
dures similar to those used in the study of the T2-coli
system. P™ pulses were made and the ribonucleie acid
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TasLe 2. Basg RaTios oF RNA 1N

“Srepr-Down” CULTURES
All cultures were transferred in log phase from com-
plete to synthetic medium at 30°C. At times indicated,
they were subjected to a 3 min pulse with P* The RNA
was removed, purified, and hydrolyzed with alkali in the
presence of added carrier RNA. The nucleotides in the
resulting hydrolysate were separated on Dowex columns,
counted and O.D. at 260 mg determined. The numbers
given are derived from the distribution of the counts
and isotope dilution. For purposes of comparison the
total RNA base composition determined from UV ab-
sorption data are included for each organism along with

the homologous DNA base composition.

Moles Per cent
Organism hﬁi%\:;%ssfzxct"rtcr B | o [:74
C | A UD| G| p
E. coli F 5 i24.7(24.1|23.5(27.7\52.4\1.07
60 25.2:24.1)122.1|28.6/53.8/1.12
DNA 26 24 |24 126 ,52.0/1.00
Bulk-RNA|24.3(25.0/19.731.0'54.3(1.27
Ps. aeruginosa 5 29 .0}21 .3]20.2(29.5(58.51.03
60 127.1121.8121.2(29.9157.0{1.07
- R R S N N
DNA 32 18 18 32 64 [1.00
Bulk-RNA|22.3(23.1|23.6(31.0/53.3|1.21
B. megaterrum 5 19.7127.9{29.0123 .4143.4/1 .05
DNA 19 31 31 19 {38 [1.00
Bulk-RNA|21.9/22.4123.6132.0,53.9/1.19

izolated and purified, subjected to alkaline digestion,
and the distribution of counts in the resultant 2°-3" nu-
cleotides determined. Table 2 summarizes experiments
with three different organisms in which the P® pulse
was carried out at various periods subsequent to the
transitional transfer. It will be noted that in cach case
the RNA syvnthesized during the transition period
mimies the homologous DNA in its per cent GC and
purine to pyrimidine ratio. What 1z even more re-
markable is the length of time during which this
scleetive synthesiy of eomplementary RNA continues.
Thus, in the case of Ps. aeruginosa. even 60 minutes
after the transfer a major fraction of the RNA formed
15 homologous to 1ts DNA.

VI. THE SIZE DISTRIBUTION OF

INFORMATIONAL RNA FORMED

IN NON-INFECTED CELLS

The data summarized in Table 2 appeared to con-
firm our expectation that informational RNA ix pref-
crentially svnthesized in step-down cultures. Tt was
of obvious interest to continue this investigation and
se¢ whether the other properties of informational
RNA revealed by the study of the T2-F. coli com-
plex obtained here as well.

Size distributions of the RNA synthesized were
examined by the usual proeedure of labeling and
subjecting the purifiecd RNA to a =winging bucket
analysis on a suerose gradient. Figure 7 gives the
results obtained with K. coli exposed to @ 30 min
“pulse” of H’-uridine during a =tep-down transition.
The optical density profile identifies readily the 23, 16,
and 48 RNA components pre-existing in the cell.
A similar period of labeling in a normal culture

20 20,000
E.COLI (STEP-DOWN CULTURE)
H3-URIDINE, 30° PULSE
[ 0.250 crPM
1.0 —{10,000
o} 0
30

Fraure 7. Swinging bucket analysis in 3-209, sucrose gradient of phenol purified RNA. Cells were exposed to H?-
uridine for 30 minutes during transition from complete to synthetic medium.

Closed circles identify pre-existent and open circles newly synthesized RNA.
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Fiaure 8. Swinging bucket analysis in 3-209, sucrose gradient of phenol purified RNA. Cells were exposed to a 3
minute P32-pulse 5 minutes after they were transferred from complete to synthetic medium. Closed circles identify
pre-existent and open circles newly synthesized RNA. The first number in parentheses represents per cent GC and

the second the ratio of purines to pyrimidines.

Arrows indicate the fractions taken for base composition analysis.

TaBLE 3. Ps. aeruginosa: Base ComposITION OF
Variovs Sizes oF RNA 3 My P32-PuLse
oF “StEr-Down’’ CULTURE

Conditions of experiment and analyses similar to
those described in Table 2. The fractions taken are those
indicated by arrows in Fig. 8. P-RNA means purified
ribosomal RNA, and the base composttion was obtained
from UV absorption data of the nucleotides.

I
! I
: Moles Per cent

Fraction % (Fig. 8) Region — - T
\c A um| 6 | B g‘y‘;

10, 11 \ 238 25.9/22.4(23.4/28.3(54.2/1.03

16, 17 168 27.0121.5|21.8/29.756.7/1.05

23, 24 . 10-128:30.3(20.9(19.0/29.8/60.1/1.02

26, 27 | 689 \31.219,820.628.459.60.94
DNA ‘ ‘32 18 |18 |32 |64 |1.00
P-RNA | \22.426‘820.730.152.5;1‘30

|

transferred from synthetic to synthetie medium would
have resulted in virtually complete coincidence of
the radioactivity and optical density profiles. Here
we sce little, if any, agreement between the two.

It was clearly desirable to extend our information
on the RNA being synthesized, with particular ref-
crence to the base compositions of the various size
ranges of RNA observed. For obvious numerical
reasons and other technieal considerations, Ps. aeru-
ginosa was chosen for this more detailed analysis. A
step-down culture was subjected to a P¥ pulse, and

the ribonueleic acid examined centrifugally in a
sucrose gradient, The optical density and radio-
activity profiles are given in Fig. 8. The fraetions
mdicated by arrows were analyzed for base com-
positions. For purposes of ready comparison, numbers
corresponding to the per cent GC and purine to
pyrimidine ratio which characterize each region are
recorded in parentheses. Further details on the base
ratio analyses are given in Table 3. Comparison of
the parameters reveals that DNA-like RNA of all
size elasses have been synthesized, confirming the find-
ings with E. coli (Fig. 7). Az one proceeds to the
smaller size ranges (165-68) the homology between
the RNA and DNA becomes exeellent.

Metabolie instability is a diagnostic characteristie
of the T2-RNA, and it wax of obvious interest to see
whether thix feature was possessed by the comple-
mentary RNA synthesized in the transition period.
Accordingly, a culture of Ps. aeruginosa was subjected
to a P® pulse in exactly the same manner as detailed
in the experiment of Fig. 8. However, twice as much
radioactivity was used. Following the 3 minutes of
labeling, the culture was centrifuged, washed, and re-
introduced into the same medium containing P*'. It was
then allowed to chase for 0.7 generations. Figure 12 de-
seribex the optical density and radioactivity profiles
obtained when purified RNA from this preparation
was centrifuged in the usual way. Here again indi-
vidual fractions were taken for base ratio determina-
tions. The numbers in parentheses give the results in
terms of per cent GC and purine to pyrimidine ratios.
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20 RA(57 9, 126] 8000
risig 1337 Ps. AERUGINOSA CHASE
— e
RA(528,128) DNA(64;1.00)
uvise 8,131 P—/?NA(524,/33)J
— o) - —
260 RA(618;0.97)
oD UVv(561;103) CPM
1.0 4000
[¢] [}
30

Ficure 9. Swinging bucket analysis in a 3-209 sucrose gradient of phenol purified RNA. Cells represent an aliquot
taken from the experiment of Fig. 8 and exposed to a ““‘chase’ for 0.7 generations in non-radioactive synthetic medium.
The first number in parentheses represents per cent GC and the second, ratio of purines to pyrimidines. The values
found by both UV absorption and radioactivity are given. Arrows indicate fractions subjected to base composition
analysis.

Tasuk 4. Base ComposiTion oF RNA or DIFFERENT S1zgs SUBSEQUENT To CHAsSE OF THE CULTURE oF TABLE 3

A culture treated like that used in the experiment of Table 3 and Fig. 8 was taken after the 3 min P®2-pulse, washed,
and allowed to grow for 0.7 generations in unlabeled medium. The RNA was prepared and analyzed in the usual
way. The data from the UV absorption are included to permit a comparison of the degree of correspondence between
the radioactive and UV caleulation on the same samples. The fractions taken are indicated by the arrows in Fig. 9.
The data obtained on P-RNA and S-RNA were from UV absorption data on separately purified material. P-RNA
has the same meaning as in Table 3. S-RNA is the RN A remaining in the supernatant after removal of ribosomes by
means of a 38K spin for 6 hours.

Ps. aeruginosa
Moles per cent
Fr X Region ¢ A U G % GC Pu/Pyr.
CPM uv CPM uv CPM : UV CPM ! UV CPM‘ uv CPM } uv
i
12 235 22.2122.1126.0 | 26.9 | 22.1 i 20.8 1 29.7 30.2 |51.9]52.3|1.26 ‘i 1.33
19 168 22.2 1228 25.5|26.7|21.7 205|306 300|528 52.8]1.26|1.31
32, 33 45 31.9 129.2 | 19.4 | 24.4 | 18.8 | 20.5|29.9|25.9|6L.8 56.1]0.97|1.03
- — [ P |
|
DNA 32 18 18 32 64 1 1.00
P-RNA 22.4 26.8 ‘ 20.7 ‘ 30.1 52.5 1.30
S-RNA 29.2 24 .4 | 20.5 1 25.9 56.1 1 0.97
I

and 168 region are now typically ribosomal. There is
excellent agrecment between the base ratios determined

Table 4 provides further details on the base ratios
determined by both the ultraviolet absorption derived

from the added carrier and the distribution of radio-
active counts among the 2-3’ nucleotides as eluted
from a Dowex column. Comparison of Figs. 8 and 9
provides clear evidence of the metabolie instability of
the heterogeneous RNA synthesized during the transi-
tion period. The interval of chasing eliminated almost
completely the discordancies between the optical
density and radioaectivity profiles seen in the initial
pulse (Fig. 8). Furthermore, as ix evident from Table
4, the base ratios of the labeled RNA in the 238

by the distribution of radioactive counts and ultra-
violet absorption.

It is of interest to note that despite the fact that
the chase extended for a period of 0.7 of a genera-
tion, there is still some diserepaney in both the profiles
of Fig. 5 and the base compositions in the 48 regions
(Table 4). This may be a reflection of the difficulty
of completely removing informational RNA. It would
be consistent with a mechanism which involves a com-
paratively rapid breakdown of the larger informa-
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tional RNA picees to 48 size and a slower conversion
of these to the level of nucleotide derivatives.

VII. HYBRIDIZABILITY OF INFORMATIONAL
RNA FROM NORMAL CELLS WITH
HOMOLOGOUS DNA

The experiments deseribed thus far with non-in-
fected cclls estabhished that “‘step-down” cultures
preferentially synthesized a type of RNA which was
heterogeneous in size, was metabolically unstable, and
possessed an over-all base ratio which was analogous
to its homologous DNA. These are features expected
of informational RNA. To complete the identification,
it was necessary to test for sequence complementarity
by the hybridization procedure. An examination of
the hybridizability of complementary RNA to homo-
logous and heterologous DNA was undertaken by
Spiegelman, Doi, and Yankofsky (1961). We cite here
only a few representative experiments illustrating
the prineipal features and findings. The general pro-
cedures employed may be outlined as follows:

1} Step-down cultures were pulsed with H-undine
to label the RNA synthesized during transition.

2) The RNA was isolated and purified by the
phenol method.

3) The purified RNA was separated according to
s1ze on sucrose gradients.

4) Different regions of the radioactive profile were
collected and concentrated.

5) Hybridizing tests were ecarried out by exposing
mixtures of the labeled RNA and single stranded
DNA to a slow cool from 55°C.

6) The resulting mixtures were then subjected to
cquilibrium ecentrifugation in CsCl gradients accord-
ing to the methods desertbed by Hall and Spiegelman
(1961).

Figure 10 shows the outecome of a hybridization

carried out between single stranded E. ecoli DNA and
8§-128 H*-RNA labeled during a =tep-down tran-
sitton. Tt will be noted that excellent hybridization
occeurs, The shoulder in the optical density profile on
the light side corresponds to marker double stranded
coli DNA. That the interaction iz =peeific iz shown
in Fig. 11 in which a similar hybridizng attempt was
made between the same RNA fraction and =ingle
stranded DNA derived from Pseudomonas aeruginosa.
There i no suggestion of any detectable mating.

Similar experiments were carried out with Ps. aeru-
ginosa. The RNA was labeled with H-uridine during
a step-down transition. Figure 12 shows the outecome
of a hybridization carried out with homologous single
stranded DNA and H-RNA removed from the 168
region. Here again we note exeellent hybrid forma-
tion as demonstrated by the peak of tritium in the
DNA region. This same figure illustrates a feature
which is extremely useful in attempts at detecting
hybrid and distinguishing it from non-specific aggrega-
tion. Aliquots from each of the tubes were taken and
treated with 10 gamma of RNAuase for 15 min at
room temperature; and then earrier DNA was added
and the material repreeipitated, washed, and re-
counted. Tt will be noted that most of the counts
corresponding to free RNA are almost completely
removed by the RNAuse treatment. However, the
counts in the region of the hybrid are obviously much
more resistant to RN Aase.

Speeifieity tests with informational RNA from Ps.
aeruginosa vielded results =imilar to those deseribed
for K. coli. No interaction with heterologous single-
stranded DNA was observed.

The experiments summarized in the present sec-
tion established that RNA molecules preferentially
synthesized in “step-down” cultures possess baze se-
quences complementary to their homologous IDNA.

20 200
Iq\
Iy PULSE ~
1o\ y
;!' \ E.COLI 8-125 RNA X ECOLI DNA H
\ B I /
4 \ ® *
oo o \ 55°—=35°C !
oo cPM
10 100
b) 0
) ! 2 3 a4 5

Ficure 10. Equilibrium density centrifugation (33K 60 hours) in CsCl. A mixture of H*RNA (8-128) from an K.
coli “step-down”’ culture slow cooled with single stranded E. coli DNA. Double stranded E. coli DNA was added as
a marker and is represented by the shoulder on the light (right) side of the main O.D. peak.
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Figure 11. Equilibrium density centrifugation (33K 60 hours) in CsCIl. A mixture of H*-RNA (8-12S) from an E. coli

“step-down’ culture slow cooled with single stranded DNA

from Ps. aeruginosa. Double stranded E. coli DNA was

added as a marker and is represented by the second peak to the right.
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Figure 12. Equilibrium density centrifugation (33K 60 hours) in CsCl. A mixture of H3-RNA (168) from a Ps. ceru-

ginosa ‘‘step-down’'’ culture slow cooled with single stranded

DXNA from Ps. aeruginosa. No marker was added. Open

cireles-dashed line gives the effects on the cpm of treatment of the indicated fractions with RN Aase prior to precipi-

tation and counting.

VIIL. DISCUSSION

We may perhaps begin with a few words on ter-
minology. The terms “complementary” and “‘informa-
tional” have been used to describe the RNA molecules
with which we are concerned. It iz evident from the

experiments  discussed that these terms have well-
defined operational definitions. A given RNA mole-
cule is defined as falling within the informational class
if its base ratio iz homologous and its sequence is
complementary to a speeific DNA molecule. At present
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the most =ensitive test for complementarity of se-
quence is the hybridization experiment of Hall and
Spiegelman  (1961). Every “complementary” RNA
i# "informational” in at least one sense. Even if it
15 o complementary copy of a nonsense DNA se-
quence, 1t still contains the information necessary to
speecify the order of the bases.

It is important to emphasize that the word “in-
formational” 1& not proposed as a substitute for
the term “messenger” Introduced in the clegant
experimentations and theorizations of Jacob and
Monod (1961). Tt =eems likely that both term= will
be useful. Thus, a given messenger RNA is presumed
to constitute the structural program for the svnthesis
of a particular protein. It obviously must, therefore, be
informational. However, not all informational RNA
need serve a messenger function. It iz conceivable, as
is indecd implicit m the operon theory of Jacob
and Monod (1961), that informational RNA mole-
cules will be found which scrve regulatory rather
than programming functions.

Before concluding it may be useful to diseuss =ome
problems and implications which arose during the
investigations deseribed and which have not received
explieit mention.

A, Size AxND STaBiLITY OF INvorMAaTIONAL RNA

Ax our experience with informational RNA ac-
cumulated, it became more and more evident that
this type of RNA is uniquely susceptible to degrada-
tion in extracts. Even highly purified preparations,
obtained from cither T2-infected cells or “stepped-
down” cultures, were much more fragile than ri-
bosomal RNA carried through the same procedures.
In a sense, the behavior of informational RNA
reminds one of the apparent inherent instability of the
synthetie  polypyrimidines (sce discussion of Rich,
1958). The underlyving reason may well be the same,
and there is a pressing need for an understanding
of itx chemiecal basis.

In any event, we became increasingly eareful in
the methods used to prepare this type of RNA. By the
time the experiments involving informational RNA
from normal cells (section V1) were performed, pro-
cedures had been devised which minimized contact
of the newly synthesized RNA with enzymatically
active extract. Tt will be noted from the results de-
seribed in this section that there is elear evidence in
these cases of informational RNA, 16S and larger,
possessing hybridizing ability.

These observations led usg to consider the possi-
bility that the smaller, and more homogeneous size,
deduced from the carlier experiments with the T2-
infected cells (section I1), might have been a conse-
quence of the fact that we had not at that time under-
stood fully the instability problem. Experiments were
therefore undertaken by Sagik, Green, and Spiegel-

man (1961) to re-examine the size distribution of T2-
specifie RNA using the newer procedures. It was
indeed found that T2-complementary RNA showed
a much more heterogencous distribution of sedimenta-
tion constants than that which characterized the
arlier experiments. RNA hyvbridizable with T2-DNA
was found In sizes ranging from 238-88.

Our experience to date leads to the conclusion that
informational RNA ix extremely heterogencous in
size. Left unresolved ix the question of whether the
small size ranges observed are real or artifacts of un-
avoidable breakdown.

These considerations raise another issue of praetical
significance. It 1+ evident that “soluble” RNA 1= very
likely to contain small informational components
ax contaminants of the presumed transfer RN A mole-
cules. In this same connection it <hould be noted that
the chasing experiment of Fig. 9 did not suffice to
completely remove informational RNA from the 48
region ceven after 0.7 generations. Stimulatory effects
on amino acid incorporation with so-called “soluble”
RNA are obviously open to more than one interpreta-
tion with respeet to the responsible agent.

B. GeNEsts oF THE Matjor RNA CoMPONENTS

The question naturally arisex of the nature of the
major RNA constituents, the hase ratiox of whieh bear
no obvious relation to homologous DNA's. Two hypoth-
esex can be entertained as to their omgin. One is
they are complementary in the =ense of being =vn-
thesized by a DNA mediated mechanism. The second
assumes that DNA 15 not involved. In this ecase, the
mechanism of their formation might involve an RN A
template ax a guide or no template, the polvmer be-
ing put together much as polysaccharides are formed.

It might perhaps seem a simple matter to settle
this by examining for hvbridizability of the relevant
RNA to DNA. In the course of the present studies,
experiments have been performed in an attempt to
detect hybrid formation with 23 and 16S ribosomal
RNA. None has been found. On the basis of the
data available we can state that on a per pg basis,
the hybridizing ability of ribosomal RNA is 10-100
tfimes poorer than information RNA obtained by the
methods described. However, this does not serve to
eliminate the possibility of hybrid formation with
ribosomal RNA. The numerology of the situation
makes it technieally difficult to obtain a definitively
negative answer. Congider the 23S molecule, which
is the most favorable. Its molecular weight of 1.6 X
10° represents approximately 01% of the bacterial
genome. If there iz only one section of the DNA
concerned with its svnthesiz, then this is the only
portion which will hyvbridize. To settle questions of
this nature one will have to push the sensitivity of
hvdrib detection two orders of magnitude bevond
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that used to date. This ig technically difficult but by
no means impossible.

C. ExzyMoLoGICAL IMPLICATIONS

The transeription mechanizsm supported by the data
deseribed in the preceding sections would require a
DNA dependent enzymatic mechanism  for poly-
ribonucleotide synthesis. Early evidence suggesting the
existence of such a pathway cmerged from a study
(Spiegelman, 1958) of a cell-free system derived
from K. coli. These preparations possessed con-
siderable capacity to synthesize polyribonucleotide.
It was routinely possible to obtain between 10- and
20-fold increases of polyribonucleotide. The observed
svnthetie activity exhibited a requirement for riboside-
triphosphates, and Mn, and was severely inhibited
by treatment with DNAase. The last vear has wit-
nessed 4 notable advance in our understanding of the
details of this reaction. Recently a number of labora-
tories (Weiss, 1960; Hurwitz, Bresler, and Diringer,
1960; Stevens, 1960; and Ochoa, Burma, Kroger, and
Weill, 1961) have independently achieved a con-
siderable purification of an enzyme which synthesizes
polyribonucleotide and requires riboside triphosphates
and DNA. Furthermore, the base ratio of the poly-
ribonucleotide synthesized bears a striking homology
to that of the DNA used as a primer (Furth, Hur-
witz, Goldmann, 1961: Weiss and Nakamoto, 1961).
The details of these investigations will undoubtedly
be thoroughly discussed by Hurwitz who has con-
tributed so much to this area.

IX. SUMMARY AND CONCLUSION

The present paper records our attempts over the
past three years to gain an understanding of the na-
ture of the agent which allows the genome to exert
its control over macromolecular synthesis. The di-
rection taken by the series of investigations deseribed
waz greatly influenced by two factors. One was the
assumption that the intermediary between the DNA
and the protein synthesizing mechanism must be a
polyribonueleotide. The second was the observation of
Volkin and Astrachan which suggested that an RNA
homologous to the viral DNA was preferentially syn-
thesized in an infected cell.

Before the Volkin-Astrachan deduction could be ae-
cepted as a departure point for a more extensive search
for this type of RNA, its existence had to be proved.
This was accomplished by selectively separating the
newly synthesized RNA from the bulk of the RNA
of the cell. Separation was achicved by both zone
clectrophoresis in starch columns and centrifugations
in suerose gradients. In addition to possessing a base
composition homologous to T2-DNA, T2-RNA was
found to have a lower average size and higher electro-
phoretic mobility. It was further shown that T2-
specific RNA was ribosome-bound but with a linkage

much more =ensitive to disruption than normal ribo-
somal-RNA.

Having established T2-speeific RNA as a physieal
entity and provided methods for its seleetive enrich-
ment, it was possible to go to the next stage of the
investigation and inquire into the meaning and sig-
nificance of the similarity of base ratios between it and
T2-DNA. This was done in terms of attempts at hy-
brid formation. It was possible to show that RNA-
DNA complexes were indeed formed when mixtures of
single stranded T2-DNA and purified T2-specific RNA
were subjected to slow cooling. The success of the
hybridizing experiments suggested immediately that
the original observation of a similarity in base com-
position between T2-RNA and DNA was, indeed, a
reflection of a more profound homology. The fact that
hybrid formation was found to be unique to the
homologous pair led to the conclusion that the nucleo-
tide sequences of T2-RNA and DNA are comple-
mentary.

The next obvious step was to look for the presence
of native complexes in systems actively synthesizing
enzyme. Using detection procedures very similar to
the ones employed in artificially producing hybrids it
was possible to exhibit evidence for the existence of
natural DNA-RNA hybrids in the E. coli T2 system.

Finally came the question of universality. The prin-
ciple of biological unity would suggest that the mecha-
nism of information transfer in normal uninfected
cells should also involve a complementary RNA. In
an attempt to provide evidence for this belief attention
was turned to cultures subjected to a transition from
a rich medium, which supported fast growth, to a
synthetic one in which the growth rate was lower.
Evidence had aceumulated which led us to believe
that cells undergoing such a shift were analogous in
their relative RNA and protein synthesizing eapacities
to a T2-infected cell.

The expectation that such cclls were preferentially
svnthesizing complementary RNA was fully realized.
It was possible to establish with three different organ-
isms the existence of an RNA in normal cells having
all of the properties which had been established for
the T2-specific RNA. This normal informational RNA
exhibited a base ratio analogous to its homologous
DNA, was metabolically unstable, very heterogeneous
in size, and possessed the ability to hybridize speeif-
ically with its homologous DNA.

It would appear from the results summarized here
and those reported from other laboratories at this
Symposium that the search for the informational
intermediary has been successful. All the data are
happily consistent with the simplest transeription-
mechanism mentioned in the introduetory paragraphs,
ic., the informed intermediary iz a complementary
polyribonucleotide of its “parental” DNA.
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- DISCUSSION

Horcuxiss: In this interesting work of Dr. Spiegel-
man’s laboratory, and other recent work clsewhere,
what is often- spoken of ax <ingle stranded DNA
plays an important part. I feel that it would be more
appropriate to refer to thix material as “heat-de-
natured DNA” when this i the way it has been made.
Marmur, Doty, and Lane have made a most sig-
nificant contribution in showing that certain types of
heating will reduce the ordered double-strandedness of
DNA, and also that some degree of double-stranded-
ness ean be restored by heat treatment. But with
reactive molecules of =uch size and complexity it
Ix unrealistie to picture or deseribe them as idealized
single  strands capable of expres<ing their specifie
affinities only toward other strands of DNA or RNA.
With Dr. Muriel Roger of our laboratory we have re-
ported distinet indications that heat-denatured pneu-
mococcal transforming DNA collapses without loss of
molecular weight, ax though small portions of the
molecule remain doublv-stranded. Size, weight, vis-
cosity, and biological affinity and activity are in keep-
mg with thix picture for denaturation of material
that does not contain chainbreaks, and it would fit
that portion of Marmur’s material which is capable
of “renaturation.” If our pieture i appropriate, then
denatured DNA will contain in different particles and
different preparations variable-length regions of single
stranded  chains, Thix possibility  would have con-
siderable hearing on the stoichiometry of its ability
to bind RNA or polynucleotides, and further, on it
capacity to bind large or small RNA components.
Such possibilities might be svstematically exploited
by making different kinds of heat-denatured DNA for
such ~tudies,



