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(a) Morchella esculenta

Figure 26.13 Asexual Reproduction in Ascomyota. Char-
(a) Saccharomyces cerevisiae: acteristic conidiospores of Aspergillus as viewed with the electron
buddina division microscope (X 1,200).
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Specimen Approximate diameter or
width = length

in nm
Oscillatoria
Red blood cell 7,000
E. cali 1,300 = 4,000
Streptococcus 800-1,000
Poxvirus 230 = 320
Influenza virus 85

T2 E.coli bacteriophage 65 x95
Tobacco mosaic virus 15 = 300
Poliomyelitis virus 27
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Figure 30.17 Normal Microbiota ofa Human. A

Normal microbiota of the 3 & - : X 5
compilation of microorganisms that constitute normal microbiota

conjunctiva
1. Coagulase-negative encountered in various body sites.
staphylococci
2. Haemophilus spp.
3. Staphylococcus aureus
4. Streptococcus spp.
Normal microbiota of the
outer ear
1. Coagulase-negative
Normal microbiota of the nose stapghylococci
1. Coagulase-negative 2. Diphtheroids
staphylococci 3. Pseudomonas
2. Viridans streptococci 4. Enterobacteriaceae
& % 3. Staphylococcus aureus (occasionally)
4. Neisseria spp.
- 5. Haemophilus spp.
- o % 6. Streptococcus pneumoniae
Normal microbiota of the mouth and oropharynx
% Normal microbiota of the 1. Viridans streptococci 9. Beta-hemolytic streptococci
stomach 2. Coagulase-negative (not group A)
1. Streptococcus staphylococci 10. Candida spp.
%I] 2. Staphylococcus 3. Veillonella spp. 11. Haemophilus spp.
3. Lactobacillus 4. Fusobacterium spp. 12. Diphtheroids
4. Peptostreptococcus 5. Treponema spp. 13. Actinomyces spp.
6. Porphyromonas spp. 14. Eikenella corrodens
% and Prevotella spp. 15. Staphylococcus aureus
7. Neisseria spp. and
Branhamella catarrhalis
W 8. Streptococcus pneumoniae
hw Normal microbiota of the skin
l = 1. Coagulase-negative Normal microbiota of the
s staphylococci small intestine
RY 72 2. Diphtheroids (including 1. Lactobacillus spp.
Propionibacterium acnes) 2. Bacteroides spp.
% 3. Staphylococcus aureus 3. Clostridium spp.
2 4. Streptococcus spp. 4. Mycobacterium spp.
1% 5. Bacillus spp. 5. Enterococci
6. Malassezia furfur 6. Enterobacteriaceae
7. Candida spp.
f [ o 8. Mycobacterium spp.
—l—a (occasionally)
e—dh.
% Normal microbiota of the large intestine
Normal microbiota of the Normal microbiota of the 1. Bacteroides spp. 10. Streptococcus spp.
urethra vagina 2. Fusobacterium spp. 11. Pseudomonas spp.
N 1. Coagulase-negative 1. Lactobacillus spp. 3. Clostridium spp. 12. Acinetobacter spp.
staphylococci 2. Peptostreptococcus spp. 4. Peptostreptococcus spp. 13. Coagulase-negative
2. Diphtheroids 3. Diphtheroids 5. Escherichia coli staphylococci
3. Streptococcus spp. 4. Streptococcus spp. 6. Klebsiella spp. 14. Staphylococcus aureus
4. Mycobacterium spp. 5. Clostridium spp. 7. Proteus spp. 15. Mycobacterium spp.
5. Bacteroides spp. and 6. Bacteroides spp. 8. Lactobacillus spp. 16. Actinomyces spp.
Fusobacterium spp. 7. Candida spp. 9. Enterococci
6. Peptostreptococcus spp. 8. Gardnerella vaginalis
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Kort et al. Microbiome 2014, 2:41 .
http://www.microbiomejournal.com/content/2/1/41 ﬁ M icro b io me
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Open Access
Shaping the oral microbiota through intimate
kissing

Remco Kort'?3", Martien Caspers', Astrid van de Graaf?, Wim van Egmond?, Bart Keijser' and Guus Roeselers'
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Table 1 Evolution of resistance to clinical antibiotics

Antibiotic Year deployed Clinical resistance observed® Ref.
Sulfonamides 1930s 1940s 38
Penicillin 1943 1946 38
Streptomycin 1943 1959 38
Chloramphenicol 1947 1959 38
Tetracycline 1948 1953 38
Erythromycin 1952 1988 38
Vancomycin 1956 1988 38
Methicillin 1960 1961 38
Ampicillin 1961 1973 38
Cephalosporins 1960s Late 1960s 38
Nalidixic acid 1962 1962 39
Fluorogquinolones 1980s 1980s 40
Linezolid® 1999 1999 41
Daptomycin® 2003 2003 42
Retapamulinb.cd 2007 2007 43
Fidaxomicin 2011 2011 44
BedaquilineP® 2013 ? 45
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Here are wide areas of the bacteriological landscape in which we have so far detected
only some of the highest peaks, while the rest of the beautiful mountain range is still
hidden in the clouds and the morning fogs of ignorance. The goal is still lying on the

ground, but we have to bend down to grasp
it. —Preface to The Prokaryotes
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Figure 27.15 Massive Growth of the Extreme Acidophile
Ferroplasma in a California Mine. Slime streamers of Ferro-

plasma acidarmanus, an archaeon, which have developed within

pyritic sediments at and near pH 0. This unique procaryote has a
plasma membrane and no cell wall.

Figure 27.14 Microorganisms Growing in Extreme Environments. Many

microorganisms are especially suited to survive in extreme environments. (L)Salterns turned

red by halophilic algae and halobacteria. (R) A hot spring colored green and blue by
Cyanobacterial growth.
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Fossilized Bacteria. Several microfossils resembling
bacteria are shown, some with.

(a) Thin sections of Archean Apex chert from Western
Australia; the fossilized remains of procaryotes are
about 3.5 billion years old.

(b) Gloeodiniopsis, about 1.5 billion years old, from
carbonaceous chert in the Satka Formation of the
southern Ural Mountains.The arrow points to the
enclosing sheath.

(c) Palaeolyngbya, about 950 million

years old, from carbonaceous shale of the Lakhanda
Formation of the Khabarovsk region in eastern Siberia.

FREWE, IAREXEWE
FFEFA RN FR!
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Specimen
holder

Focus
screw

Handle

(a) (c)
(b)

Figure 1.3 Antony van Leeuwenhoek. (a) An oil painting of Leeuwenhoek (1632-1723). (b) A brass replica of the Leew
microscope. Inset photo shows how it is held. (c) Leeuwenhoek’s drawings of bacteria from the human mouth.
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. . Science, 4 september 2015
Malaria drug made in yeast

causes market ferment

Synthetic biology delivers combination therapies into an uncertain market.

Complete biosynthesis of opioids in yeast

New opiate factory

To engineer yeast to make Iranian
opiates, researchers poppy
outfitted the microbes’

chromosomes with genes

from a rat (blue), a bacte-

rium (orange), and several

plants (green), including Opium
three forms of poppies. poppy

BY MARK PEPLOW

along dream,” says Jay Keasling, a bio-
chemical engineer at the University of
California, Berkeley. Seven years ago, he and
his team genetically engineered yeast to pro-
duce artemisinic acid (D.-K. Ro et al. Nature
440, 940-943; 2006), a precursor to the best
malaria treatments available: artemisinin-
based combination therapies (ACTs). Syn-
thetic biology, Keasling hoped, could produce
the drug more cheaply and reliably than natu-
ral sources, benefiting the roughly 200 million
people infected with malaria each year.
Keasling’s pipe dream has turned into a drug
pipeline. In 2008, Paris-based pharmaceuti-
cal company Sanofi licensed the yeast that
he helped to develop, and at an artemisinin
conference in Nairobi last month, Keasling
learned that the company had produced almost
39 tonnes of artemisinic acid — the first indus-
trial-scale deployment of synthetic biology for
drug production. The stock could be converted
to at least 40 million treatments, says Keasling.
But the elegant science faces some messy
realities. This year will see the end of one of the
main funding routes for ACTs — the Afford-
able Medicines Facility — Malaria (AMFm)
programme, run by the Global Fund to Fight
AIDS, Tuberculosis and Malaria in Geneva,
Switzerland. Its demise may not leave enough
alternative funding to pay for the extra treat-
ments made possible by the semi-synthetic
process. Furthermore, if Sanofi’s product is
rushed into pharmacies at similar prices to
existing products, it could disrupt an already
volatile market (see Nature 466, 672-673;  People in malaria-prone countries could soon be treated with drugs made by engineered yeast.

(€4 It’s been a dream project — but it's been

LAURA NEWMAN/PATH

California
Poppy

Goldthread

Rat

Yeast Added Pseudomonas
cells genes bacterium
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1546 Fracastoro suggests 1590-1608 Jansen
that invisible organisms develops first useful 1665 Hooke publishes -
cause disease. compound microscope. Micrographia. 1688 Redi refutes
spontaneous generation
of maggots.

1676 Leeuwenhoek
discovers “animacules”.

—
1765-1776 Spallanzoni
attacks spontaneous

generation.

1543 Publication of
1786 Miller produces

Copernicus's work 1600-1601
on heliocentric Shakespeare’s |
1687 Newton's
solar system / ,
Hamiet Principia published ot cloeificaton of
1776 American .
Revolution 1798 Jenner introduces

cowpox vaccination for
1815 Battle of Waterloo; smallpox.

Napoleon defeated
1838-1839 Schwann
and Schleiden propose
the Cell Theory.

1848 Marx's Communist
Manifesto

1859 Darwin's
Origin of Species
1835-1844 Bassi discovers
silkworm disease caused by

1857 Pasteur describes  1847-1850 Semmelweis

1861-1865 fermentation. introduces antiseptics to

American prevent disease. fungus.
Civil War

1861 Pasteur disproves

spontaneous generation.

1867 Lister publishes
on antiseptic surgery.

1866 Dostoevsky's
Crime and Punishment

1876-1877 Koch 1880 Laveran discovers
Plasmodium, the cause

demonstrates "
anthrax caused by of malania. g51 1¢o0h cultures
bacteria on gelatin;

Bacillus anthracis.
~— Pasteur develops
anthrax vaccine.

1870-1871 Franco-
German War

1876 Bell invents
telephone
1879 Edison’s 1884 Mark Twain's A,;%;:;::tﬁ:wem
first light bulb Adventures of tuberculosis.
Huckieberry Finn )
1884 Koch’s postulates

published; Metchnikoff
describes phagocytosis;
autoclave developed;
Gram stain developed.

1885-1886 First motor
wvehicle by Dainter

1888 Hertz discovers
radio waves

1889 Oklahoma
land rush

1885 Pasteur
develops rabies

1887 Richard Julius vaccine; Escherich

¢ E 1887-1890 !

1889 Bejjerinck  winggradsky studies Fetfl develops discovers Escherichia
isolates 100t gyifur and nitrifying  Peiri dish (plate). coli
nodule bacteria. pacteria.

1890 Eiffel Tower 1890 Von Behring's antitoxin

completed for diptheria and tetanus

1891 Yellowstone 1894 Kitasato and Yersin
discover Yersinia pesits.

mnma?s gﬁ P 1896 van Ermengem 1899 Beijerinck proves

L 1895 Bordet discovers ~ 1SCOVers Clostridium virus causes tobacco
botulinum. mosaic disease.

complement.

1896 Ethiopia gains 1898 Spanish-
American war

1895 Réntgen
discovers X-rays independence

Figure 1.2(a) Some Important Events in the Development of Microbiology (1546-1899). Milestones in microbiology are

marked in red; other historical events are in black.

1900 Reed proves 1902 Landsteiner
yellow fever transmitted ~ discovers blood
by mosquito. roups. 9
% 2 1903 Wright and others 1905 Schaudian and
discover antibodies. Hoffmann show Treponema
pallidum causes syphilis.
1906 Wassermann
develops complement
fixation test for syphilis.

[ —

1900 Planck develops
1910 Ricketts shows

1903 Wright brothers®

quantum theory
first powered aircraft 1905 Einstein’s
theory of relativity Rocky Mountain spotted
1908 First fever caused by microbe.
Model T Ford
1911 Rous di a

1914 World War | begins virus can cause cancer.
1917 Russian revolution

1915-1917 D'Herelle
and Twort discover
bacterial viruses.

1927 Lindberg's
transAtlantic flight’

1921 Fleming
discovers
lysozyme.

1928 Griffith discovers 1923 First edition of
bacterial transformation.  Bergey’s Manual.

1929 Stock market crash

1929 Fleming

discovers penicillin.

1931 Van Niel studies

photosynthetic bacteria.
1935 Domagk

1933 Ruska develops ~ discovers

electron microscope.  sulfa drugs.

1937 Chatton divides living
organisms into procaryotes
and eucaryotes.

1933 Hitler becomes
1941 Beadle and Tatum

chancellor of Germany 1957 Kickia discovers
itric acid cycle
clirie 8t OYE. 1 930 World War I 2{’\‘;";5:&"&93“”"9'
begins Y el 2
1945 Atomic bomb
1944 Waksman discovers streptomycin.

dropped on Hiroshima

1957 Sputnik
launched by
Soviet Union

1949 Enders, Weller,
and Robbins grow
poliovirus in human

1950 Korean War
begins

tissue culture.
1955 Jacob and 1953 Watson and
1959 Yalow Wollman discover  Crick propose
develops F-factor plasmid. ~ DNA double helix.
radioimmunoassay.
1961 First 1961 Jacob and Monod
human propose lac operon. 1979 Insulin synthesized
b 1962 First quinolone 1977 Woese divides  using recombinant DNA;
synthesized. procaryotes into smallpox officially
1962 Cuban Bacteria and Archaea.  declared eradicated.
missile crisis 2
1970 Arber and Smith 1980 Development of
discover restriction scanning tunneling
1969 Neil g microscopes.
walks on the moon
1973 Vietnam 1979 Three Mile 1980 First home
War ends Island disaster computers

Figure 1.2(b) Some Important Events in the Development of Microbiology (1900-1980). Milestones in microbiology are

marked in red; other historical events are in black.
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1983-1984 HIV isolated and
identified by Gallo and Montagnier;
Mullis develops PCR technique.

1982 Recombinant
Hepatitis B vaccine

developed.

1986 First vaccine
developed by genetic
engineering approved
for human use.

— |

1990 First human
gene therapy
testing begun.

1981 First space
shuttle launch 1992 First human trials
1982 First artificial of antisense therapy.
heart implanted 1985 Gorbachev becomes

Communist party general

secretary 1891 Soviet
Union collapses

1995 Chicken pox vaccine
approved for U.S. use;
Haemophilus influenzae genome
sequenced.

1998 Water found
on moon

1996 Methanococcus
jannaschii and yeast
genomes sequenced.

2000 Discovery that
Vibrio cholerae has
two chromosomes.

1997 Largest known
bacterium, Thiomargarita
namibiensis, discovered.

2001 Anthrax bioterrorism
attack in New York, Washington
D.C., and Florida.

2001 World Trade

2002 Infectious poliovirus
Center attack

synthesized from basic
chemicals.

2003 SARS outbreak
in China.

2005 “Super resistant” HIV
strain isolated in New York City.

2003 Second war
with Irag
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& YA RBE R T 22 AF SRS (Antony van leeuwenhoek) , 16734F, A
SR T DR AN R R R TR SC e, HERIIS TIREYRIE SRR E . hikh

B KA, R A NSRBI, 2168045k I R RIS R e
Speci
hoider /
Focus
screw
Handle
4
(a) (c)
Antony van Leeuwenhoek. (a) An oil painting of Leeuwenhoek (16321723 (b) A brass replica
of the Leeuwenhoek microscope. Inset photo shows how it is held. (c) Leeuwenhoek’ s drawings of [r—

bacteria from
the human mouth.
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1) Y22 AL Louis Pasteur

HAR KA Y (spontaneous generation) : thatliving
organisms could develop from nonliving matter. Even
Aristotle (384-322 B.C.) thought some of the simpler
invertebrates could arise by spontaneous generation.
WEMELEZ, VEMEREZ, ABUMEXHE.
— 8 B3t (BC145-90) (®AF|£ F)
ATHHMETHE, AET L.
—% T
- (BEAEK)

5 4R & A= i 2 v A Louis Pasteur(1822-1895) K
Mol , AR TH SR I — KRR R T ) R !

M2Xcrebi:lsgy

Figure 1.4 Louis Pasteur. Pasteur (1822-1895) working in
his laboratory.
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A Louis Pasteur 18594

Air forced out
open end

(a) Nonsterile liquid Neck of flask
poured into flask drawn out in
flame

()

()

Dust and microorganisms
trapped in bend

Long
time
Liquid cooled
slowly
Short
time

Flask tipped so

mirranrnaniem ladan

Liquid sterilized
by heating

Open
end

Liquid remains
sterile for
many years

o

Microorganisms
grow in liquid

)\
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¢ 3 E[E A John Tyndall (1820-1893) A4 F 7 BERKX &N K/E—F. 1877
SHIEARNGRBETERFREAARLBWHRT, WREZATFRERT, H
ERBEEZANFILESE IR, fFffEE AFerdinand Cohn (1828 - 1898) & K& %4
TRAFERTAANFRFE.

19 E50FER UG, BRZEHMERE™, ENEPRFREIESRE T #HhbEBENERS, B
ETHEMFHENENESCEM, HEURRLZR, BTERTHEVFLRNTEHA!

WwRRE KLouis Pasteur s FREH, wmREB LK, EHEME?
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Louis Pasteur
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o B AR A & ELLE IRAT, TR ORI 0 7K AU 26
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Wik (A AR A, (S E S, R A

(3)3
T E: 60~65°C B 4T i A A ARS8 (8 B T35 M 5 2
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2 Mk (Robert Heinrich Herman Koch )
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A b

c) MBI IFRKE

'
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—  ZEZHIMHEN (Koch® Postulates)
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2« BAFILE HXFERIMAEMF R R PRI HR;

3. HRMHMAEMIARFEMERTERNEE, FAFRRES ERRE;
4« MRS AR I £ e ) B R H X E IR

m Koch’s Application of His Postulates to Demonstrate that Mycobacterium tuberculosis is the Causative

(S91e[NIS0d Ydo0)) NSt

Agent of Tuberculosis.

Postulate Experimentation

1. The microorganism must be present in every case of Koch developed a staining technique to examine human tissue. M. tuberculosis
the disease but absent from healthy organisms. cells could be identified in diseased tissue.

2. The suspected microorganisms must be isolated and Koch grew M. tubercufosis in pure culture on coagulated blood serum.
grown in a pure culture.

3. The same disease must result when the isolated Koch injected cells from the pure culture of M. tuberculosis into guinea pigs.
microorganism is inoculated into a healthy host. The guinea pigs subsequently died of tuberculosis.

4. The same microorganism must be isolated again from Koch isolated M. tuberculosis from the dead guinea pigs and was

the diseased host. able to again culture the microbe in pure culture on coagulated blood serum.
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RIREER (Koch postulates)

:> pure culture(should
:> be same organism
as before)
,//

healthy animal red cell no organism present

— (5
/

observe blood tissue
under the microscope

o

d
diseased animal red cell  suspected pathogen colonies of suspected patogen diseased animal
1.the suspected pathogenic 2.the suspected organism  3.cells of suspected organ- 4.the suspected organism
organism should be present in should be grown in pure  ism in the pure culture should reisolated and shown
all cases of the disease and culture should cause disease in a  to be same as the original

absent in healthy animals healthy animal
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1.2 Koch’s Molecular Postulates

Although the criteria that Koch developed for proving a causal rela-
tionship between a microorganism and a specific disease have been
of great importance in medical microbiology, it is not always possi-
ble to apply them in studying human diseases. For example, some
pathogens cannot be grown in pure culture outside the host; because
other pathogens grow only in humans, their study would require ex-
perimentation on people. The identification, isolation, and cloning of
genes responsible for pathogen virulence have made possible a new
molecular form of Koch'’s postulates that resolves some of these dif-
ficulties. The emphasis is on the virulence genes present in the infec-
tious agent rather than on the agent itself. The molecular postulates
can be briefly summarized as follows:

1. The virulence trait under study should be associated much more
with pathogenic strains of the species than with nonpathogenic
strains.

2. Inactivation of the gene or genes associated with the suspected
virulence trait should substantially decrease pathogenicity.

3. Replacement of the mutated gene with the normal wild-type gene
should fully restore pathogenicity.

4. The gene should be expressed at some point during the infection
and disease process.

5. Antibodies or immune system cells directed against the gene
products should protect the host.

The molecular approach cannot always be applied because of prob-
lems such as the lack of an appropriate animal system. It also is dif-
ficult to employ the molecular postulates when the pathogen is not
well characterized genetically.

M2Xcrebi:lsgy
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& CHT RG] HAE RN, SE AL

& Emil von Behring (1854 -1917) and Shibasaburo
KitasatoXBAPTEE R (PG , AR SRIZETH 146
IR

@ Elie Metchnikoff (1845 -1916) /& Fi— & IfiL J% (1 4H i

g@ﬁ%ﬂ%ﬁ%gﬂ(ﬁ%%ﬂ@ﬁw IR o o o

&€ 19297, Alexander Fleming kK ¥\ % & Penicillium
notatum (FSig5) WAERR NPenicillium chrysogenum(;™
WH ) FroH B mpenicillin,

& 19434, 3E[E ASelman Waksman FEBEZR: A P A INEES =
streptomycinfl# & Zneomycin. 22 H &=
streptothricinZs, JFARMPIAEZR “antibiotics” —id.

-

Figure 1.8 Elie Metchnikoff. Metchnikoff (1845-1916)
shown here at work in his laboratory.
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Watson and Crick published the article(below) in NATURE in 1953

no.asse  April 25, 1953

equipment, and to Dr. G. E. R. Deacon and the
captain and officers of R.R.S. Discovery II for their
part in making the observations.

‘\'I:T:I‘%‘é"" B., Gerrard, H., and Jevons, W., Phil. Mag., 40, 149

* Longuet-Higgins, M. S., Mon. Not. Roy. Astro, Soc., Geophys. Supp.,
5, 285 (1949).

Woods Hole Papers In Phys, Ocearog. Meteor., 11

Arkiv. Mat. Astron. Fysik. (Stockholm), 2 (11) (1005).

MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

WE wish to suggest a structure for the salt
of deoxyribose nucleic acid (D.N.A.). This
structure has novel features whi
biological interest.

A structure for nucleic acid has slready been
proposed by Pauling and Corey'. Thoy kindly made
their manuscript available to us in advance of
publication, Their model consists of three inter-
twined chains, with the phosphates near the fibre
axis, and the bases on the outside. Tn our opinion,
this structure is unsatisfactory for two reasons :
(1) Wo believe that the material which gives the
X-ray diagrams is the salt, not the free acid. #Without
the acidic hydrogen atoms it is not clear what forces
would hold the structure together, especially as the
negatively charged phosphates near the axis will
repel each other. (2) Some of the van der Waals
distances appear to be too small.

Another three-chain structure has also been sug-
gested by Fraser (in the press). In his model the
phosphates are on the outside and the bases on the
inside, linked together by hydrogen bonds. This
structure as described is rather ill-defined, and for

this reason we shall not comment
on it.

h are of considerable

We wish to put forward a
radically different structure for
the salt. of deoxyribose nucleic
acid. This structure has two
helical chains each coiled round
the same axis (see diagram). We
have made the usual chemical
assumptions, namely, that each
chain consists of phosphate di-
ester groups joining B-p-deox:
ribofuranose residues with 3’,5°
linkages. The two chains (but
not their bases) are related by a
yad perpendicular to the fibre
axis. Both chains follow right-
handed helices, but owing to
the dyad the sequences of the
atoms in the two chains run
in opposite directions. Each
chain loosely resembles Fur-
berg’s® model No. 1; that is,
the bases are on the inside of
the helix and the phosphates on
hie fure 1s purely  the outside. The configuration
ribbons symbolize the of the sugar and the atoms

cphalosugar - near it is close to Furberg's
zontal rods the pairs of 'Standard configuration’, the
wmﬂ'rgmwwm sugar being roughly perpendi-

he vertical e
et the Nbreashs  cular to the attached base, There

O\
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i¢ & residue on each chain every 3-4 A. in the z-direc-
tion. We have assumed an angle of 36° between
adjacent residues in the same chain, so that the
structure repeats after 10 residues on each chain, that
is, after 34 A. The distance of a phosphorus atom
from the fibre axis is 10 A. As the phosphates are on
the outside, cations have easy access to them.

The structuro is an open one, and its water content
is rather high. At lower water contents wo would
expect the bases to tilt so that the structure could
become more compact.

The novel feature of the structure is the manner
in which the two chains are held together by the
purine and pyrimidine bases. The planes of the bases
are porpendicular to the fibre axis. They aro joined
together in pairs, a single base from one chain being
hydrogen-bonded to & single base from the other
chain, so that the two lie side by side with identical
z-co-ordinates. One of the pair must be & purine and
the other a pyrimidine for bonding to ocour. The
hydrogen bonds are made as follows : purine position
1 to pyrimidine position 1; purine position 6 to
pyrimidine position 6.

If it is assumed that the bases only oceur in the
structure in the most plausible tautomeric forms
(that is, with the keto rather than the enol con-
figurations) it is found that only specific pairs of
bases can bond together. These pairs are : adenine
(purine) with thymine (pyrimidine), and guanine
(purine) with cytosine (pyrimidine).

In other words, if an adenine forms one member of
a pair, on either chain, then on these assumptions
the other member must be thymine ; similarly for
guanine and cytosine. The sequence of bases on a
single chain does not appear to be restricted in any
way. However, if only specific pairs of bases can be
formed, it follows that if the sequence of bases on
one chain is given, then the sequence on the other
chain is automatically determined.

Tt hus boen found experimentally* that the ratio
of the amounts of adenine to thymine, and the ratio
of guanine to cytosine, are always very close to unity
for deoxyribose nucleic acid.

Tt is probably impossible to build this structure
with & ribose sugar in place of the deoxyribose, as
the extra oxygen atom would make too close a van
der Waals conlnc!

The previously published X-ray data®# on deoxy-
ribose nucleic m(l aro unummenm for a rigorous test
of our structure. So far as we can tell, it is roughly
compatible with Hw experimental data, but it must
be regarded as unproved until it has been checked
against more exact results. Some of these are given
in the following communications. We were not aware
of the details of the results presonted there when we
devised our structure, which rests mainly though not
entirely on published experimental data and stereo-
chemical arguments.

It has not escaped our notice that the specific
pairing we have postulated immediately suggests a
possible copying mechanism for the genetic material.

Full details of the structure, including the con-
ditions assumed in building it, together with a set
of co-ordinates for the atoms, will be published
elsewhere.

We nrn much indebted to Dr. Jerry Donohue for
constant advice and criticism, «xpo(mllv on mwr-
atomic distances. We have also been d by
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King's College, London. One of us (J.D. W.) has been
aided by a fellowship from the National Foundation
for Infantile Paralysis.
J. D. Warsox
F. H. C. Crick
Medical Research Council Unit for the
Study of the Molecular Structure of
Biological Systems,
Cavendish Laboratory, Cambridge.
April 2.

* Paullng, I.. and Corey, R
Acad,

Proc. US.

ature, 171, 346 (1953

’I‘uxhtl’l S. , 8 H(ll,

* Chargal, E., for references see Zamenhof, ., Brawerman, G.. and
CRATGA, T Piochim. et Biophys. 4da, 9, 405 (198

“Wyatt, G. R., J. Gen. Physiol., 38, 201 (1952).

Symp, Soc. Exp. Blol. 1, Nuclele Ackd, 86 (Camb.

Press, 1947).

T aud Randall, 3. 7., Biochim. et Biophye. Acta,

Molecular Structure of Deoxypentose
Nucleic Acids

WHILE the biological properties of deoxypentose
nucleic acid suggest a molecular structure con-

taining great complexity iffraction studies
described hero (cf. Astbury?) show tho lmsm molecular
ion has great si o purpose of

this communication is to dw.nbu, |u a pre[umw\ry
way, some of the experimental evidence for the poly-
nucleotido chain configuration being helical, and
existing in this form when in the natural state. A
fuller account of the work will be published shortly.

Tho structuro of deoxypentose nucleic acid is the
same in all species (although the nitrogen base ratios

y) in nucleoprotein, extracted or in
purified nucleate. The same linear group
of polynucleotide chains may pack together parallel
in different ways to give crystalline'-, semi-crystalline
or paracrystallino material. In all cases the X-ray
diffraction photograph consists of two regions, one
determined largely by the regular spacing of nucleo-
tides along the chain, and the other by the longer
spacings of the chain configuration. The sequence of
different nitrogen bases along the chain is not made
visible.

Oriented paracrystalline deoxypentose nucleic acid
(‘structure B’ in the following communication by
Franklin and Gosling) gives a fibre diagram as shown
in Fig. 1 (cf. ref. 4). Astbury suggested that tho
strong 3-4-A. reflexion corresponded to the inter-
nucleotide repeat along the fibre axis. The ~ 34 A.
layer lines, however, are not due to a repeat of a
polynucleotide composition, but to the chain con-
figuration repeat, which causes strong diffraction as
the nucleotide chains have higher density than the
interstitial water. Tho absence of reflexions on or
near tho meridian immediately suggosts a helical
structure with axis parallel to fibre length.

Diffraction by Helices

It may be shown® (also Stokes, unput
the intensity distribution in the diffraction pattern
of a series of points equally spaced along a helix is
given by the squares of Bessel functions. A uniform
continuous helix gives a series of layer lines of spacing

# knowledgo of the general nature of the unpuhlmhe(l
experimental results and ideas of Dr. M. H.
Wilkins, Dr. R. E. Franklin and their co- “orkm at

to the helix pitch, the intensity dis-
tribution along the nth layer line being proportional
to the square of Ja, the nth order Bessel function.
A straight line may be drawn approximately through

April 25, 1953 vo 17

Fig. 1. ¥ibre diagram of deaxypentose nuclele acid from B. ool
Fibre axis vertical

the innermost maxima of each Bessel function and
the origin. The angle this line makes with the equator
is roughly equal to the anglo botween an element of
the helix and the helix axis. If a unit repeats n times
nlun;: the helix there will be a meridional reflexion
(Jo?) on vlm nth layer line. The helical t'uuﬁ{ﬂl\‘l\‘ ion
prmluced ide-bands on this

the effect® being to reproduce the intensity rh«mbmmn
about tho origin around the now origin, on the nth
layer line, corresponding to C in Fig.

Weo will now briefly analyse in ph)rncnl torms some
of the effects of the shape and size of the repeat unit
or nucleotide on the diffraction pattern. First, if the
nucleotide consists of a unit having circular symmetry
about an axis parallel to the helix axis, the whole
diffraction pattern is modified by the form factor of
the nucleotide. Second, if the nucleotide consists of
a series of points on a radius at right-angles to the
helix axis, the phases of radiation scattered by the
helices of different diameter passing through each
point are the same. Summation of the r--rmqmnllmg
Bessol functions gives reinforcement for the inner-

li. 2. Diffraction pattern of system of hellces rorresponding to
Structure of deoxypentose nuclelc acid. The 1uares of Dessel

e DISSd Sbous § 06 (ho. Suatot oot oa e Bt
accond, third and fth layer lines for half of the Aucieotide mass
at 20 & dlamoter and romatuder distributed along the
mase at a wiven radius being propartional to the About
€ on the tenth layer line thmilar functions are plotted for an outer

er of 12 A.
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> 1890 Von Behringiiill 2 Hi 5 2 Va7 H M AT 177 X

> 1892  Ivanovsky $&f I F AL - B3 2 HH e B 5| S B UEYE ;

> 1928  Griffith & P40 & F 4L ;

> 1929 Fleming kIl H & X

> 1944 AveryZEiESEFEAL T FE H DNAE 8L A5 B 1 A

> 1953  WatsonFICrick#2 H DNAXUIE jig 45 14

> 1970~1972  Arber. SmithfINathans &I 524 7 DNARE &1 44: P 1)
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> 1977  Woesedt i iy A= T se AN [A] T4 B A0 B AZ AR W) B RF R S T
Sanger B N i £ X 17405 BEAKDNABEAT | & 545775

> 1982~1983 Prusiner X¥ s (prion) ;

L

> 1983~1984 Mullis ZPCREIA .

> 1995  Z— PO AEVE R0 (RS AT ) 43 B 4H 7 7))
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