Need a little extra help?

Extra office hours!

MWRF from 11:00 till 1:00 or by appointment: Marion.Brodhagen@wwu.edu.

Tutoring center in Old Main 387:

BIOL 205 drop-in tutoring at the following times:
Monday 10-12 & 6-8
Tuesday 10-12 & 6-8
Wednesday 1-4
Thursday 9-12 & 2-4
Friday 10-12






What is a gene?
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The "transforming principle”
Fred Griffiths, 1928

Griffith's Streptococcus experiment Treatment 3

=
/ \\ \ Conclusion:
f @ % \ Killed S strain
I | cells are
Conclusion: \ % benign
\\"\-\_ _,—-"f/

Treatment 1 (control)

R strain is

j \ ' benign e Mouse lives
\ ¥ Heatv[nllled
\x._ - Mouse lives S strain
R strain
Treatment 4 Virulent
Treatment 2 (control) //“' . S strain
i - [ 8 Conclusion:
.. Q Conclusion: | ' Live R strain
| II 5 SH'Hin iS | \ .I'.._-'" neis W'HE
. virulent \\ P transformed
\ v 3 — to S strain
H‘M---_ e Mouse dies R strain +
S strain Heat-Killed

S strain Mouse dies
Transformation: R cells absarb genatlc material af S cells

Streptococcus pneumoniae causes pheumonia.
R = "rough”; less virulent
S = "smooth"; due to polysaccharide
coating that helps cells evade the
mammalian immune system
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The transforming principle is DNA
Avery, MaclLeod, and McCarty, 1944

DETERMINING THAT DNA IS THE HEREDITARY MATERIAL

. 1. Remove the lipids
Heat-kill
Scells m\ ¥ calany and carbohydrates
from a solution of
o Comeuycraies heat-killed S cells.
8 . Proteins, RNA, and
) ) DNA remain.
Add 2. Subject the
. solution to
/_ pm*temases ribonuclease }/- deaxynbanuclease b
« « Sample should **+ Sample should +;+ Sample should ;ft'hz?aﬂ?]samrgﬁ?
" contain : ++ contain -+ : contain RNA. or DFI:I A z
.+ * NO PROTEIN % * NO RNA .= NODNA : -

3. Add a small portion
Add R cells Add R cells Add R cells of each sample to a
/-_ /'_ /"- culture containing
R cells. Observe whether
. . = .. transformation has

<l @ 2. S cels B @ 2 Soslis NoScells  occurred by testing for
o appear e appear appear the presence of virulent
: — ! : = S cells.
Transformation occurs No transformation occurs

Conclusion: Transformation cannot occur unless DNA is present.
Therefore, DNA must be the hereditary material.



"One-gene-one-enzyme" hypothesis
Beadle and Tatum, 1941

(a) ISOLATING KNOCK-OUT MUTANTS FCR ARGININE

NelrDsDors Cressy —
Minimal medium ——

‘—,_,-, X-ra
erJ ys
==

Complete ——
medium
(containg ,
amino acids] &/

Minimal
medium
{contains no
amino acids)

Minimal madium -

plus arginine

Y

{f‘_

Prasence of amgining restores growlh,
hWMutation in this offspring must e 1

the biosynthetic pathway Tor arginine

)

1. Exposa bread mold to
X-rays to generate mutations,
Diffesant mutations will occur
in differant individuals.

2. Place ofispnng of different
mutagenized individuals in
hundreds of culture tubes with
complaete medium. Result: all
cHspring grow to maturity,

3. To find mutants, grow
sample of each culture on
minimal medium. Result: about
2% ara mutant {cannot grow
on minimal medium).

4. To find which mutants ara
argining mutants, test on
minimal medium plus anginine.
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'One-gene-one-enzyfe polypeptide”
¥

{c) Locating arg mutants within the arginine pathway

Minimal MII'IIH'IEll rnadlum Minimal medium Minimal madiem
medium + 1 I + Citrulline + d
Result Conclusion ” prm—
“arg1" Mutant arg? can grow  Mutation must debilitate
mutant if given aither precursor.  an anzyma aarly in the
b e, 5 arginina pathway.
“arg2" Mutant ang? can grow Mutation must debilitate
miutant If ghwan clirulline but mot  an enzyme
L If ghsan ornithine, ornithine and citrulline in
M = the pathway.
= Mutant angd can grow Mutation must debifitata
rm If given arginine, an anzymea that creates
- arginine at the end of tha

{(d) THE OMNE GENE-ONE ENZYME HYPOTHESIS

Pracursor ‘Ornithine Asginine £ e e
ﬁ Xﬁ %E%' gensg m?nanm [ mspm%ﬁhmfﬁ

T mutants
Hiha i hisinotionad haw a nunfunr;tlnna] ha'u'a a nmfunnhmal which lon as enymes.

erEyme 1 BnZymma 2 enEyme 3



Standing on shoulders of giants

Major
groove

Watson

Irving Geis/Geis Archives Trust. Copyright Howard Hughes Medical Institute. Reproduced with permission

Perutz
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equipment, and to Dr. G. E. R. Deacon and the
captain aud officers of RIR.8. Diseovery II for their
part in making the observations,
iyoung, F. B, Gerrmand, 11, aud Jevows, W., PRl May, 40, 149
201,
* Tonguet-1igelns, M. 8., Mo, Not, Roy. Astro. Sor., Geaplys. Supg,,
5, 235 (1tH9).

Wooda Hole Papers in Phys, Oeearveg, Meteon,, 11

spkman, V. We, Arkiv, Afat. detron, Fusil. (Stockholm, 2411) {1003}

MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

wish to suggesl o structure for the salt

of deoxyribose nucleic acid (DLNLA.. This

gtructure has novel features which are of considerable
'biologica-l interest.

A structure for mueleie acid has alveady been
praposed by Pauling and Coreyl., Thoy kindly made
their manuseript available to ns in advance of
publivation. Their model consists of threo inter-
twined chains, with the phosphates near the fibre
axis, and the bases on the outside. In our opinion,
this structure is unsatisfactory for two rveasons :
(1) We believe that the material which gives the
X-ray diagrams is the salt, not the free acid, Without
the seidie hydrogen atoms it is not clear what forees
would held the structure together, especially as the
negatively charged phosphates near the axis will
repel each other, (2) Bome of the van der Waals
distances appear to be too small.

Another three-chain structure has also been sug-
gested by TFraser (in the press). In his model the
phosphates are on the outside and the bases on the
inside, linked together by hydrogen bomls.  This
strugture as deseribed 1z rather ill-defined, and for

this reason we shall not comment

on it.
I ; \ We wish to put forwanl a
radlically different structure for
the salt of deoxyribose nueleic
acid. Thiz striueture has two
helieal chains each eoilod round
the smme axis (sce diagram). We
have maode the usual chemical
assumptions, namely. that each
chain consists of phosphate di-
pster groups joining B-p-teoxy
ribofuranose residues with 3,5
tinkages, The two chains (but
not their bases) are related by a
dyadl porpendicular to the fibre
axig.  Both chains follow right-
handed helices, bui owing to
the dyad the sequences of the
atoms i the two chains run
in opposite  dircetions.  Rach
chain  loosely  resembles  TFur-
herg's? model No. 1; that is,
he bases are on the inside of
the helix and the phosphates on
L.",.]‘L‘_';“'\],;‘) the outside. The eonfiguration
e the of tho sugar and the atoms
Lhmar pear it s close to Furberg's

This - tigure
Alagrammn;
{l hons
w0 phoip
thalns, and the Dori- =
f!?l&l:l!“f&; the pairs of  ‘*standard configuration’, the
i g thechaing  qpoap heing roughly perpendi-

;i'ml!m_. 1t vertical :
e marks the fibre axis cular to the attached base, Thers
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is & residue on each chain overy 34 A, in the z-direc-
tion. We have sssumed an angle of 36° between
adjacent residues in the same chain, so that the
structure repeats after 10 residues on cach chain, that
is, after 34 A, The distance of & phosphorus atom
from the fibro axis is 10 A, As the phosphates are on
the outside, cations have easy aceess to them.

The strueture is an open one, and its water confent
is rather high. At lower wator contents woe would
expoct the bases fo (ill so that the strueture could
beeome more compaet.

The novel feature of the structure is the manner
in whicl the two chains are held together by the
puring and pyrimidine bages. The planes of the bases
are perpendicular to the fibre axis. They are joined
togethor in pairs, a single base from one ¢hain being
hydrogen-bonded to a single base from the other
chain, 80 that the twa lie side by side with identieal
z-vo-ordinates. One of the pair must be a purine and
the other a pyrimidine for bonding to oceur. The
hydrogen bonds are made as follows : purine position
1 to pyrimidine position 1; purine position & to
pyrimidine position 6,

Tf it is assumed that tho bases only oceur in the
strueture in the most plausible tautomerie forms
{that is, with the kelo rather than the enol con-
figurations) it is found that only speecific pairs of
bases can bomd togethor. These pairs are: adenine
(puring) with thymine (pyrimidine), and guanine
(purine) with eytosine (pyrmmidine).

In other words, if an adenine forms one member of
a pair, on cither chain, then on these assumptions
the other member must be thymine ; similarly for
guanine and eytosine. 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 soquence of bases on
one chain is given, then the sequence on the other
chain is sutomatically determined.

It has been tound experimentally®* that the ratio
of the amounts of adenine to thymine, and the ratio
of guanine to eytosing, are always very close to unity
for deoxyribose nueleie acid.

It is probably impossible to build this structure
with a ribose sugar in place of the deoxyribosze, as
the extra oxygen atom would make too elose a van
der Waals contact.

The previously published X-ray data®® on deoxy-
ribose nueleie acid are insulfeient for a rigorous test
of our strueture.  So far as we can tell, it is roughly
compatible with the experimental date, but it must
be regarded as unproved until it has been checked
against more exact results. Some of these are given
in the following cormmunications. We were not aware
of the details of tho results presented there when we
devised our strueture, which rests mainly though not

irely on published experimental data and stereo-
chemical arguments.

It has not escaped our notice that the spec
pairing we have postulated immediately suggests a
possible copying mechanism for the genetie material,

Full detatls of the structure, including the eon-
ditions assumed in buildimg it, together with a set
of eo-ordinates for the atoms, will be published
elsewhere.

We are mueh indebted to De. Jerry Donohue for
constant. advice and eriticism, especially on inter-
atomic distances, We have also been stimulated by
a knowledge of the general nature of the unpublished
experimontal results and ideas of Dr. M. H. T.
Wilking, Txr. K. E. Franklin and their eo-workers at

"The Secret of
Life" 1953
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DNA (and RNA) are nucleic acids

 polymers consisting of
monhomers termed
hucleotides.

* nucleotides: a
molecule composed of:
— a pentose sugar
— a phosphate group
— and an organic molecule

called a nitrogenous
base.
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Polynucleotide

Phosphodiester Backbones
Mb long

“Bases”

Adenine
Thymine
Guanine
Cytosine

Phosphodiester Bonds

Note B’ - 3’ Orientation



DNA structure
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Bases: RNA
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DNA nucleotides

H H
H H
HO H HO  H
Deoxyadenosing S-triphosphate Deoxycytiding S'-triphosphate

(dATP) (dCTP)

HO  H HO  H

Deoxyguanosing S-triphosphate Deoxythymidine S'-triphosphate
(dGTP) (dTTP)



RNA nucleotides

NH, NH,
Ned N N="
L | “fc:H ;\ |
=Y N 0% ™n
T T 00
D_—I:|='—D—F|"—O—F|"—D—CHE 0 D_—Fl’—r:l—Fl’—D—Fl’—D—CHE 0
0 0 0 H o H o0 0 N
H H H H
HO  OH HO  OH
Adenosine S'-triphosphate Cytidine S'-triphosphate
(ATP) (CTP)

Guanosine S'-triphosphate Uridine 5'-triphosphate
(GTP) (UTP)



RNA

5' End

5' End

DNA

Phospho-
diester

linkage
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Bases Deoxyribonucleic acid Ribonucleic acid
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Nitrogenous
Bases

Compare DNA and RNA

Why 2° OH in
RNA?

Why is RNA
single stranded?

Is RNA always
single stranded?

Why Uracil
instead of

Thymine in
RNA?



Chargaff's Rules

Base composition varies among
species

BUT: there are regularities.
The amount of guanine always

Il

equals the amount of cytosine.
equals the amount of adenine. |

The amount of adenine + e
guanine = 507% of the total. (So _
thymine = 50% of the total. | e
(So 50% of the bases are e v

The amount Of Thymlne ClIWClYS The amount of The amount of
50% of the bases are purines). _

The amount of cytosine +

pyrimidines).



DNA function: the genetic blueprint
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Prokaryotic vs. eukaryotic gene
organization

{a} Prokaryotic polycistronic transcription unit

Start site
a l b
trp operon — E | D | € | B A |
Control
region
trp miRMA
{polycistronic) | & | B 55 I .
5" 3
1kb |
Polycistronic o e - Eukaryotic genes
tic simple transcription unit .
units are rare—> st el 55:0 E‘: e il are /nterrupted
in eukaryotes e
a b Capsite ¢
f globin _l+LJ‘ _| J’ LY
gena :
\// Exon 1 Exon 2
Control regions A

A

B globin mRNA | r I| r
5




Eukaryotic genes™ have /ntrons and
exons

*A few Bacteria and Archaea have introns, too!



DNA function: the genetic blueprint

(A)

molecular biology is....

]
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gene A gene B
1 1
\j \J

gene expression

\j Y
— 1 ]
protein A protein B

gene C

DNA
d-::uul_:;le
L helix

\j
1

protein C



Genes, genomes, chromosomes, DNA
How do they all connect????




Genes, genomes, chromosomes, DNA

« The genome is the total information
content represented by a single set (n)
of chromosomes.

* Genome organization = the way in which
this information is broken up and
distributed over the chromosomes.

« Information includes genes which are
sequences of DNA located at specific
positions along the chromosomes.



Genome organization
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Genomes
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Comparison of gene number

Species Chromosomes  Genes Base pairs
Human 46 28-35,000 3.1 billion
(Homo sapiens) (23 pairs)
Mouse 40 22.5-30,000 2.7 hillion
(Mus musculus)
Puffer fish 44 31,000 365 million
(Fugu rubripes)
Malaria mosquito 6 14,000 289 million
_ (Anopheles gambiae)

' Fruit fly 8 14,000 137 million
(Drosophila melanogaster)
Roundworm 12 19,000 97 million
(C. elegans)
Bacterium * 1 5,000 4.1 million
(E. coli)

*Bacterial chromosomes are chromonemes, not true chromosomes

Joun BrancuARD [ The Chronicle



Comparison of genome sizes
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Prokaryotic genomes are very
economically organized!

Acidebacteria bacterium Ellin345, complete genome

Bacterial and Archaeal
chromosomes are usually
circular, but sometimes are
linear (e.g. Streptomyces,
Agrobacterium).

Topology: circular, Length: 5,650,268 bp; Genes; 4,832



Some unicellular eukaryotic genomes
are economically organized too.

My Tyl Z K tRNAS g 1 H1TylaG
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Section of chromosome 16 from S. cerevisiae



Eukaryotes tend to have very
spacious genomes.

gene within gene 2 F transposable

elements
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600,000 bp of Drosophila chromosome 2



Eukaryotes tend to have very
spacious genomes.

{AF  human chromosame 22-—48 = 107 nucleatide pairs of DMNA
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Eukaryotic genomes consist of a
LOT of non-coding DNAL

LTR
retrotransposons
DA transposons o= — EINEs
Simple saquence | e ) q.
repeats el o gl R 13.1%
Segmental 8%
duplications Vi g )
Miscellaneous [ e i 20.4% |\ |INEs

heterochromatin

Miscellansous

unigue sequences Protein-coding

genes

Introns

Copyright & 2005 Nature Publishing Group
Mature Reviews | Genetics
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chromati




Nuclei have a BIG packaging problem

"From now on, take the Human Genome
outside before you unravel it."

* How do you fit approximately 2 meters (human diploid nucleus) into a
space that averages maybe 5 millionths (5 um) of a meter wide?

« How do you replicate, repair and transcribe tightly packaged DNA?



Solution: Chromatin!

* Chromatin is DNA
packaged with
specialized proteins (and
even some RNA!) that
serve to control the
degree to which DNA
sequences are
accessible for synthesis
and transcription

» These proteins include
specialized structural
proteins and enzymes




Bacteria have no nucleus, but also share problem: how to
fit 1 mm long chromosome into a 1 uM wide cell?

Histone-like
proteins!




Chromatin packaging hierarchy

Level 1:
nucleosome formation

Level 2:
30 nm fiber

Level 3:
Nuclear scaffolding

Level 4:
Mitotic (metaphase)
chromosome

<

<

-~ (a) Nucleosomes

] A

ai

S S AN
- )//"’ ‘//( ‘// ]:2 nm iﬁ%}i{{h{&i‘xﬁ

DNA double helix

Y @ [

o T
Histones -:@ Histone H1
attaching

(“beads on a siring”)

{b) 30-nm
chromatin fiber
(c) Looped
domains
700 nm
/‘
1400nm 3

(d) Metaphase chromosome

\_ ‘&1808 Addison Wesley Longman, Inc.



Level One: Building blocks of
chromatin: nucleosomes

Nucleosome

DNA wound around
histone proteins

* "string on a bead” for obvious reasons
 Linker can vary (8-114 bp or more)
« Compaction ratio is approx. 7 fold



Nucleosomes are composed of histones

N-terminal tail histone fold

, . . H1::GFP in N. crassa
« 2/3 of chromatin mass is protein

* 95% of chromatin protein are
histones

« H1, H2A, H2B, H3, H4




Iim Hichmond, 199
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Histone modifications
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From: Khorasanizadeh, 2004.



Level Two: the 30nm fiber

[ - o & - L] _.n-'- _’- —_— - ?
__l" - ] " ]
b N b - . -‘ . L - -
d | | - i - - o
- . i - e " o
& - i Es
=

30
nm

* Requires Histone H1
« Compaction ratio approx 100 fold

Lehninger



Chromatin REMODELERS
(many are ATPases....)

Nucleosome remodeler

Histone acetyl transferase complex

More remodeling
and aceylation

TFIID
other GTIFs

RNA polymerase I
holoenzyme

Preinitiation complex on open chromatin



Level three: nuclear scaffolding

@F

E® //Loop of
Y 30-nm
chromatin
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Chromosome
scaffold

 Not well understood

« Organization is hot random; involves sequence elements
(red dots), more non-histone chromatin proteins and
tethering to the nuclear envelope and matrix



Level three: nuclear scaffolding

 Not well understood

* Organization is not random; involved sequence elements
(red dots), more non-histone chromatin proteins and
tethering to the nuclear envelope and matrix



Figure 2| Chromosome territories in the chicken. a | 4 &-diamiding-2-phenylindols
(DA -=tained, diplokl, chicken metaphase spread with macra- and microchromosomes,

b | The same metaphase spread after mullcolour fucrescance in siu iybndization with
paeudacolourad chromasomeas, Chicken chrmasoma paint probes image courtasy of
Johannes Wienberg) wers labelled by a combinatonal scheme with cestradial (1, 4, 5, 6),
cigelgenin (2, 4, 6, Z) and Diatin (2, 5, 6, 2. ¢ | Cestradiol- ard digcsigenin-laballad probes
wiere detected using secondary ant bodies labeled with Cy3 and Muoresceln Isothlocyanats
(FITC): blatimgated probes wers detactad with Cy5-conjugatad straptaviain, d | Mic-planes
light optical secion through a chicken Abroblast nucleus shows mutuaElly exclusive
chromosoma temtorks (CTs) with homolagous chromasameas sean In separate boatons,
{Mote that only one of the two CTs or each of 4 and & 1s displayed In this section.)

{Image courtasy of F. Habermann.)

Benefit:

1. Organization

2. Co-regulated genes together in 3D space, although not
necessarily close in 1D DNA strand (or even on same

chromosome)!



Metaphase chromatin:
level four packaging: fully condensed

Prophase




Interphase chromatin: levels 1-3
relatively decondensed chromosomes

-

« Heterochromatin:
dark-staining,
condensed (mostly
simple-sequence,
repetitive DNA)

» Euchromatin: light-
staining, less
condensed (complex
sequence DNA: e.g.
genes)

Expression reflects sequence, but also LOCATION, LOCATION, LOCATION



Constitutive heterochromatin

Telomeres

e

Orange-colored
regions indicate

Centromere :
" heterochromatin.

Euchromatin
Genes in here

Interphase chromatin Metaphase chromatin



Constitutive heterochromatin

Heterochromatin

. y ~X is concentrated
- A 8 at centromeres
The Y . ¥ » a ‘ (and telomeres)
chromosome is - v
almost en‘rlrely—>@ | .
heterochromatic . 2 @ . s »
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. » .
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Facultative heterochromatin




Facultative heterochromatin
XX females vs. XY males:
Dosage compensation

* Barr body is the
condensed, inactive X
chromosome

X chromosome
chromatin looks
heterochromatic

Choice as to which X is
inactivated is Iar'giely
random (and stable)

Choice is made early in
development (humans:
day 16 post
fertilization)




Consequences of selective X
inactivation

Early embryo Two cell populations in adult

Cell division
and
X chromosome
inactivation
Active X [ C—=T10 \Orange fur =

X chromosomes Inactive X m
Allele for Inactive X /(D
orange fur Active X | C—<-m> /Black fur

Allele for
black fur
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