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STUDIES ON THE CHEMICAL NATURE OF THE SURSTANCE
INDUCING TRANSFORMATION OF PNEUMOCOCCAL TYPES

Inprerion oF TRANSFORMATION BY A DESOXVRIDONUSLEIC Ao FRACTION
TsoLaTeD FroM Pranusococcous Tyvrn IIX

By OSWALD T, AVERY, M.D,, COLIN M. MacLEOD, M.D., axp
MACLYN McCARTY,® M.D.
(From the Hoespital of The Rockefellor Fustituie for Medical Research)
Prate 1
(Reocived for publication, November 1, 1943)

Biclogists have long attempted by chemical means to induce in higher
organisms predictable and specific changes which thereafter could be trans-
mitted in series as hereditary chameters.  Among microdrganisms the most
striking example of inheritable and specific alterations in cell structure and
function that can be experimentally induced and are reproducible under well
defined and adequately controlled conditions is the transformation of specific
types of Pnew us, This ph wenon wag first described by Criffith (1)
who succeeded in transforming an attenunted and nonencapsulated (R}
wariant derived from one specific type into fully encapsulated and virulent (8}
colls of a heteralogous specific type. A typical instance will suffice to illustrate
the technigques originally used and serve to indicate the wide variety of trans-
formations that are possible within the limits of this bacterial species.

Griffith found that mice Injected subcutancously with a small amount of a living
R culture derived from Preumococeus Type IT together with a large inoculum of
heat-killedd Type 11T (8) cells frequently succumbed to infection, and that the heart’s
blaod of these animals ylelded Type LI paeumocsccl in pure culture, “The fact that
the R atrain was avirulent and incapahle by itself of causing fatal bacteremia and the
additional fact that the heated suspension of Type IIL eells contained no viable or-
ganisms brought convineing evidence that the B forms growing under these condi-
tions had newly acquired the capsular structure and bislogienl apecificity of Type LIL
pnecumaeocc,

‘The original observations of Griffith were later confirmed by Meufeld and Levin-
thal (2], and by Baurhenn {3) abread, and by Dawson (4) in this laboratory. Subse-
quently Dawson and Sia (5) succeeded in inducing transformation {n witrs, This
they accomplished by growing B cells in a fluid medium containing anti-R serum and
heat-killed encapulated S cella, They showed thar in the tese tube as in the animal
body transformation can be selectively induced, depending on the Eype specificity
of the 8 cells used in the reaction system. Later, Alloway {6} was able to cause

* Work done in part as Follow in the Medical Sciences of the Nationol Research
Counell,
137

La trasformacion quimica de pneumococos hacia que cambiaran sus
caracteristicas de una generacioén a otra.

1944

Oswald Avery

Colin McLeod

Maclyn McCarty

ribose type is the fundamental unit of the transforming principle of Pneumo-

CONCLUSION

The evidence presented supports the belief that a nucleic acid of thedesoxy-

coccus Type III.
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] equipment, and to Dr. G, R. Deacon and the s s residue on each chain every 3-4 A, in the z-direc-
L] i, captain and officers of B.R.8. Discovery IT for their  tion. We have assumed an angle of 38° between
. ‘ pﬂn. in mlskmg the ohservations, adjacent residues in the same chain, so that the
-] , Gernand, I, onid Jevows, W., Phil, Map., 40, 149 strueture repents after 10 residues on each chain, that

Bk, V. W., Arkin, Mat, dutron Funik, (Soskat), (111 (1008}

MOLECULAR STRUCTURE OF
NUCLEIC ACIDS
A Structure for Deoxyribose Nucleic Acid

E wish to suggest o structure for the salt
of deoxyribose mucleic aoid | LA '[‘hu

is, after 34 A. Thi distance of a phoaphorus atom

s Hisglae, 3. 5., Mow, Not, N — P
Hypy oo, 00, T Asro. Suc., Geophott- SUFB..fgu, the fbre axis i 10 A, As the phosphates are on
"V ?k{:gs}‘ &, Woods Hole Papers in Phys. Ovearog. Metear., 11 the "Ut”'lltc\ cations kave EARY BOMES to tham.

The structute iz an open ons, snd its water content
ia mather high, At lower water contents wo would
expeet the bases to tilt &0 that the strusture could
Bocome more compact,

The novel feature of the structum is the manner
in which the twe chains are held together by the
purine and pyrimidine bases. The planss of the bases
are porpendicular to the fibre axis. They are joined
togather in pairs, & aingle bass from one chein heing
hydrogen-bonded to 6 single hese from the other
chain, w0 thet the two lie side by side with identical
z-go-ordinates. One of the pair must be & purine and

structure has novel fostuces which are of
binlegical interost,

A atructure for noeleic acid has already been
proposed by Peuling and Corey?, They kindly made
their manueeript available to ws in advence of
publication. Their model consists of three inter-
twined chains, w
wxis, and the bises on the outside.
this atructurr ia uneatisfactory for two
i1l Wa believe that the materiel which
X-ray dingrams is the salt, not the free aoi
the acidie hydrogen atoms it is

h the phosphatea near the fibre
In our opinion,
ARSI

charged plmephnux near the axis will
repel esch other. (2} Bome of the van der Waals
distances appesr 10 be too small.

Another three-chain structure has also hoen sug-
geated by Froser (in the preasl. Tn his modsl the
phosphates are on the outside and the beses on the
inside, linked togather by hydrogen bonds. This
structure &8 described is rather ill-defined, and for
this reason we shall not eommendt
on it.

We wish to put forward a
radically difforont strusturn for
the st of deoxyribose nuclaic

have made the usual cheomical

the other & pyrimidine for bonding to oceur. The
hydrogen bonds are made as follows : purine position
1 to pyrimidine position 1; purine position 6 to
prrimiding pos

TF it is mesamad lhlt the basea only oceur in the
structure in the most plansible tawtomeric forms
(that iz, with the koto rathor than the enol con-
figurations) it is found that only speeific pairs of
bases can bond together. These pairs are : adenine
Ipurine} with thymine (p, and  guanine
{purine) with cytosine (pyr 12l

Tn other words, if an edenine formms one member of
@ pisir, on aeither ohain, then on these asumptions
the other member must be thymine ; similarly for
guanine and eytosine. The sequence of bases on &
single chain does not appear to be restrioted in any
way. However, if only specific pairs of bises oan be
formaed, it ve that if the sequence of basss on
one chein is given, then the ssquence on the other
chain is automatically determinar.

It has been found experimentally** that the ratio
of the amounte of adenine to thymine, and the ratio
of gusnine to eytosine, are always very closs to unity
for deoxyribose nucleis acid,

It iz probably impossible to build this structure
with & ribuse sugar in place of the deoxyribose, as

acid, This structure has two the extra oxygen stom would make too close & van
helical chains ench eoiled round  der Waals contact.
the same Axis {3ee diagram). We The previeusly published X-ray dete®* on deoxy-

ribose nucleic acid arc insufficient for & rigoreus teat
of our strusture. o far as wa can tell, it is roughly

aasumptions, namely, muL anch
chain consists of ph di-
estor groups jeining B-p-d
ribofurannss rosidues with
linkages. The tweo chains {but
not their bases) are related by a
dynd perpendicular to the fibro
axis. Both chains follow right-
handed helices, but owing o
the dyad the sequences of the
atome in the two chains run

the bases are on the inside of
the hetix and the phosphates on

‘standard confignration’, the
sugar boing roughly perpendi-
eulnr to the sttached base, There

)

polrs of

nu ibding ihe chains
tugesher, The

e Wiy R

with tho I data, but it must
b regarded as unproved until it has been ehecked
against more exect resulte, Bome of these are given
in the following communieations. We were nob wwisre
of the detnsils of the resulte presented there when we
dwvised our structure, which rests mainly though not
aentirely on published experimentsl data and stereo-
ohermical arguments.
It has nob escaped our nolie thet the specific
pairing we have postulsted immediataly suggeste s

in oppoaite directions. Kaeh possible copying mochaniam for the genetic material.
chain  loosely resembles  Fur- Full details of the structure, inuluding the con
berg's® model No. 1; thet is, ditions assumoed in building it, together with a sst

of so-ordinates for the atoms, will be published
olsowhere,

the outside. The config Wa ara much indsbted to Dr. Jorry Tonohue fi
of the swgar and the oonstant advies and oriticiam, csporial
near it is closs to Furberg's stomic distandes, We have also been stimulsted by

& knowledge of the genersl nature of the lmp\\hlislmd
experimental reanlts and ideas of Dr. M., H.
Willsing, Tir, . E. Franklin and their o workers u.t

hereditary mumiﬂ structure of DNA the genetic code DA technology in research sequencing methods estublished
Ly 1944 1953 % I'S-'iécﬁ 1972 1974 -~ 1977 I?laz
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James D. Watson

www.sistemasgenomicos.com




Bl OMEDICA

Hirenberg,
Khorona and
Halley determine
the genetic code

Watson and Crick
describe the
double helical

structure of DNA

Awery, Mcleod and McCorty
demonsirate DA
oy it the
i & hereditary muminl

1944 193 1966

A
L. &
1
FR | w
5 B I
-
T F & "l\._-\_'
| .
it
] A
I F
> 2} i
£ 1
g [
% ¥
E X
SN

George W. Beadle Edward L. Tatum

(ohen and Boyer
dewelap
recombinant
DA technology

] ?{2

“Un gen, una proteina” (1958)

Paradigma de la Biologia Molecular

Senger and
Maxan & Gilbert

develop DA
sequencing methods

LD

Issuwing of Belmant Report
on the use of
humnon subjecks
in research

-,
1974 -~
. -
¥ &
i DT S e
= &
g .-
[}
5
w

n§ ﬁu
g

Rayos ®
©
©%o
(a) oo,
%9
Conidios Cuel tiferos  Las ascosporas se transfierery
una a una a tubas de cultivo

rutagenizados

Cruzamiento por estirpes normales
del sexn opuesto /

Medio
completo

Estirpe normal

Cientos de tubos con medio =
(B) completo son inoculados 4
conh una sola ascospara

Las esporas asexuales (los t? Media
{c) conidios) de cada cultivo se B minimo

prueban en medio minimo

“ Mo hay cecimiento en medio minimo
se trata de un mutante nutricional

Los conidios de los cultivas que m
no han crecido en medio minimo ([
(d) se prusban en diferentes medios
suplementados con distintas
sustancias

4 completo

Minimo e
| (control)
]

vitaminas

BEE
daf

mmmmmm
::::::

mmmmmmmmmmmmmm
cccccc

Treoni
Cisteir

La adicidn de arginina al medio minimo restaura el crecimiento

(Neuroespora crassa)

www.sistemasgenomicos.com



S

Bl OMEDICA

Issuwing of Belmant Report Songer and
on the use of Maxan & Gilbert
humon subjects develop DA
in research sequencing methods

v

i?(d 73

= L

databose
establiched

1982

1977 ~
=+
&
F -y
SRR NSl - W i T PO
i %

“Determinacion del codigo genetico” (1966)

Avery, Mcleod and McCorty ~ Watson and Crick Hirenberg, Coben and Boyer
demonstrate DA describe the Khorano and dewelap
o is the double helical Holley determine recombinant
+ | heseditary mumiﬂ structure of DNA the genetic code DA technology
g 1'5":1:{ Tﬁﬁ' :'\ ”:', 1'5"166 ] ?(E
x I3 Yo
-Il'k_ ' --r-:
Second letter
G A G
uuu UCU ) UAU uGU u
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UUA L, | ucA e | UAA Stop | UGA Stop | A
uue M | o) UAG Stop | UGG Tp |G
CCU CAU } e | S8 U
cce CAC CGC c
> Ar
= CUA coa [ 7| caa o | CGA . .
£ CUG cCa J cacSP" | caG 6|2
I " U @
L AUU ACU AAU } . AGU} S s
A | AUC ACC | | AAC AGC c
AUA ACA AAA} : AGA} na | A
AUG Met | ACG J amcS ™ | aces/ ™ [
GCU) GAU GGU U
- GUC e GAC} AR | sec o &
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Adenina (A)
Timina (T)
Guanina (G)
Citosina (C)

Har Gobind Khorana

Robert W. Holley

Marshall W, Nirenberg
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The technique of DNA-DNA hybridization has been applied to a variety of
genetic problems since its introduction by Schildkraut, Marmur, and Doty.!
Hybridization of purified DNA has been used to investigate homologies between
the DNA of phage and the DNA of the host bacterium,? to study genetie rela-
tionships among higher organisms,® ¢ and to examine the relation of particular
DNA fractions to the rest of the genome.* Reannealing kineties have been used
as a measure of genome complexity.* 7 Recently, substitutions and deletions in
phage X DNA have been mapped from electron micrographs of hybrid molecules.®

We have now developed a technique which permits the localization of DNA-
DXNA hybrids in evtologieal preparations. In this method the DNA of the cy-
tological preparation is denatured in situ and then hybridized with a radioactive
test DNA in solution. The binding of the test DNA to the cellular DNA on the
slide is detected autoradiographically.

Materials and Methods.—(A) Preparation of radioactive test DNA: The radioactive
DNA used in our hybridizations was extracted from tissue cultures® of the mouse and
the toad Xenopus grown for several days in a medium containing 5 ue/ml of thymidine-H?
(specific activity 11.3 C/mM). The cells were lysed in a sodium dodecy] sarcosinate-

. . - ol st _di \ ED

Issuwing of Belmant Report Songer and

on the use of Maxan & Gilbert
humnon subjects develop OHA dotabose
in research sequencing methods estublished
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MOLECULAR HYBRIDIZATION OF RADIOACTIVE DNA TO THE A oo S RRIER I '
MOLECUL 7 y X X 4 \ . LA ‘ 3
DNA OF CYTOLOGICAL PREPARATIONS " < . I sk ‘_“ : 2 0
By Mary Lov Parpuk axp JosepH G. GaLL ¥ e . 14 . i"/ o 4
B0 SRR L e
KLINE BIOLOGY TOWER, YALE UNIVERSITY ‘, . : " A ¥ Ly ": o ':
Communteated by Norman H. Giles, August 13, 1969 - & -J-‘- ¥l ‘_"‘“ i
Abstract.—A method is presented for detecting the cellular location of specific ™ "B " p ; :
DXA fractions. The technique involves the hybridization of a radioactive test i, - T f o
DXNA in solution to the stationary DNA of a cytological preparation. Sites of 4 ’-'" 2 :
DXNA binding are then detected by autoradiography. Experiments with DNA - 5& %
of the toad Xenopus are deseribed. - *- .
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Specific Enzymatic Amplification of DNA In Vitro:
The Polymerase Chain Reaction

K. MuLus, E FaLoona, 8. ScHarr, R. Sam, G. Horn, avp H. EruicH
Cetus Corporatian, Department of Humon Genatics, Emeryville, California 4606

The discovery of specific restriction endonucleases
(Smith and Wileox 1970) made possible the isolation of
diterete molecular fragments of naturally oceurring
DMA for the first time. This capability was crucal 10
the development of moiecular cloning {Coben et al.
1973); and the combination of molecular cloning and
endonucleass restriction allowed the synthesis and iso-
lation of any dly occurring DMA sequence that
voaidd e clumedl o o seful vector and, o the buss
of flanking restriction sites, excised from it. The avail-
ability of a large variety of restriction enzymes (Rob-
erts 985} has significantly extended the utility of these
methods.

The de nove organic synthesis of oligonucleotides
and the development of methods for their assembly
into long double-stranded DNA molecules (Davies and
Gassen 1983) have removed, at least theoretically, the
minar limitations imposed by the availability of natu-
ral sequences with fortuitously unique flanking restric-
tion sites. However, de nove synthesis, even with auto-
mated equipment, Is not casy; it is ofien fraught with
peril due to the inevitable indelicacy of chemical re-
agents (Urdea et al. 1985; Watt et al. 1985; Mullenbach
et al. 1986), and it is not capable of producing, inten-
ally, a sequence that is not yet fully known.

We have been cxploving an alternative method for
e synthesis of specific DNA sequences (Fig. 1). It in-
volves the reciproeal interaction of two oligonucieo-
sides and the DNA polymerase extension products
whase synihesis they prime, when they are hybridized
to different strands of 3 DNA templaic in a relative
orientation such that their extension products overlap.
The method consists of repetitive cycles of denatu-
tion, hybridization, and polymerase etension and
seems not & little bosing until the realization occurs that
this procedure is cazalyzing a doubling with each cycie
in the amount of the fragment defined by the positions
of the § ends of the tweo primers on the template DNA,
that this fragment is therefore increasing in concentra-
tion exponentially, and that the process can be contin=
ued for many cycles and is inherently very specific.

The original template DNA molecule could have
been a relatively small ameount of the sequence o be
synthesized (in 3 pure form and as a discrete molecule)
or it epuld have been the same sequence embedded in
& much larger molecule in & complex mixiure as in the
cas of & fragment of a single-copy gene in whole hu-
man DNA. 1t could also have been a singhe-stranded

bt g Hhactoss Spsapuont om Afarendiisive Hiadogs, Vodemm 1L ¥

14&6(51)

DNA molecule or, with a minor modification in the
technique, it could have been an RNA molecale. In any
case, the product of the reaction will be a discrete dou-
ble-stranded DNA molecule with termini correspond-
ing to the &' ends of the oligonucleatides employed.
We have calied this process polymerase chain reac-
tion or (inevitably) PCR. Several embodiments have
been devised that enzble one not only to extrace & spe-
wific sequence Tram i comples lemplute umd
it, but &lso 1o increase the inherent specil
process by using nested primer se1s, of to append se-
quence information 1o one or both ends of the se-
quence a3 it is being amplified, or 1o construct a se-
quence entirely from synthetic fragments.

MATERIALS AND METHODS

PCR amplification from genomic DNA. Human
DNA (1 pg) was dissolved in 100 4l of & polymerase
buffer containing 50 ma NaCl, 10 mm Tris-Cl (pH 76),
and 10 mum MgCly. The reaction mixture was adjusted
10 1.5 mM in each af the four deoxynucleoside triphas-
phates and 1 g in each of two oligonucleotide primers.
A single cycle of the polymerase chain reaction was
performed by heating the reaction. to 95*C for 2 min-
utes, cooling to 30°C for 2 minutes, and adding 1 unit
of the Klenow fragment of Eccherichiz coli DNA paly-
merase | in 2 gl of the bualfer described above contain-
ing about 0.1 al of glycrol (Klenow was obtained from
U.5. Biochemicals in a 50% glycerol solation contain:
ing & Udpl). The extension resction was sllowsd 16 pro-
ceed for 2 minutes at 30°C. The cyele was terminated
and 2 mew cycle was inltiated by retumning the resction
10 95*C for 2 minutes. In the amplifications of human
DNA reported bere, the number of cycles performed
ranged from 20 o 27,

Genotype analysis of PCR-smplified genomic DNA
using ASO probes. DNA (F pg) from various cell lines
was subjected to 15 cycies of PCR amplification.
quots representing one thirtieth of the amplification
mixture (33 ng of initial DNA) were made 04 n i
NaOH, 25 mm in EDTA in a volume of 200 gl and
applied to a Genatran-45 nylon filter with a Bio-Dot
spotting apparatus. Three replicate filters were pre-
pared. ASO probes (Table 1) were $-phosphorylated
with [\HPJATP and polynucleotide and purie
Tied by spin dialysis. The specific activities of the
probes were between 3.5 and 4.5 uCi/pmole. Each filter

Martesr Lasbewstors & 25

Invencion de la PCR (1986)

Kary Mullis

www.sistemasgenomicos.com

R A Y



Bl OMEDICA

En resumen ...



S

BIOMEDICA

Cromosoma

Célula

www.sistemasgenomicos.com



S

BIOMEDICA

Cromosoma

Célula

www.sistemasgenomicos.com



BIOMEDICA

Nucleo Cromosoma

Célula

www.sistemasgenomicos.com



BIOMEDICA

Cromosoma

Nucleo

Bases (nucledtidos)

www.sistemasgenomicos.com



BIOMEDICA

Conceptos basicos:

Gen

Cromatina y cromosomas

Genotipo y fenotipo

Mutacion

Enfermedades “genéticas” y herencia
Diagndstico geneético




S

BIOMEDICA

Gen

» Gen: secuencia de ADN compuesta por nucleétidos (A, T,G,C) donde
esta la informacion para la sintesis de las proteinas.

» El orden o secuencia de las 4 bases determina la proteina producida.
» Todas las células tienen todos los genes.
» Tenemos dos copias de casi todos los genes.

» Los genes estan formados por una doble hélice de DNA, dos cadenas
complementarias.
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B’ Gen

Cromatina y cromosomas

Genotipo y fenotipo

Mutacion

Enfermedades “genéticas” y herencia
Diagndstico geneético




., Qué es el nucleo celular, la
cromatina y los cromosomas?
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»El nucleo celular es un organulo complejo que contiene la mayor parte del
material genético celular. Su funcién es mantener la integridad de los genes
y controlar las actividades celulares regulando la expresion génica.

»La cromatina es la union del ADN con proteinas para mantener la
integridad del material genético.

»Eucromatina: cromatina activa, genes que
estan siendo transcritos. Esta mas
descondensada (rojo).

»Heterocromatina: empaquetada mas
densamente, genes inactivos (gris).

»Los cromosomas:el maximo nivel de compactacion
que alcanza la cromatina durante la division celular.
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" los cromosomas

Para qué “sirven

¢

www.sistemasgenomicos.com



S

BIOMEDICA

Los cromosomas permiten la transmision de la informacion
genética a las diferentes ceélulas en los procesos de
division celular.

www.sistemasgenomicos.com



S

BIOMEDICA

Division celular:

Compactacion de la cromatina

T T, _

www.sistemasgenomicos.com



S

BIOMEDICA

Los cromosomas recombinan entre si durante la division
celular de las células germinales (6vulos y espermatozoides).
Esto permite la formacion de cromosomas nuevos. Da lugar
a individuos unicos, genéticamente diferentes a los padres.
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Genotipo y fenotipo

Genotipo: toda la informacidén genética de un individuo.

Fenotipo: la expresion del genotipo en un individuo concreto y
en un ambiente concreto (rasgos morfologicos, bioquimicos, de

desarrollo, comportamiento, ...).
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“Mutacion”

Es un cambio en la secuencia del ADN.

Normalmente se habla de mutacion cuando el
cambio da lugar a una alteracion patologica de la
proteina y como consecuencia una disfuncion.

No todos los cambios son patologicos.
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