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Microscopic
layers of clay

Nucleotides undergoing
polymerization

RNA BREEDING GROUNDS

In the water solutions in which they formed, nucleotides
would have had little chance of combining into long
strands able to store genetic information. But under the
right conditions—for example, if molecular adhesion
forces brought them close together between microscopic
layers of clay (above)—nucleotides might link up into
single strands similar to modern RNA.

Origin of life on earth // Scientific American. 2009. V. 301. P. 54-61.



ASSISTED REPRODUCTION
Oncereleased from clay, the newly
formed polymers might become engulfed
in water-filled sacs as fatty acids sponta-
neously arranged themselvesinto mem-
branes. These protocells probably re-
quired some external prodding to begin
duplicating their genetic material and
thus reproducing. In one possible scenar-
io (right), the protocells circulated
between the cold and warm sides of a
pond, which may have been partially
frozen on one side (the early earth was
mostly cold) and thawed on the other
side by the heat of a volcano.

On the cold side, single RNA strands
() acted as templates on which new
nucleotides formed base pairs (with As
pairing with Us and Cs with Gs), resulting
in double strands ¢3. On the hot side,
heat would break the double strands
apart £). Membranes could also slowly
grow (-} until the protocells divided into
“daughter” protocells &, which could
then start the cycle again.

Once reproduction cycles got going,
evolution kicked in—driven by random
mutations—and at some point the
protocells gained the ability to
reproduce on their own. Life was born.

[TlepBble KNeTKu

Warm side of pond

/f‘:“*\\ % Membrane
/ 5 i incorporates new
G Protocell Y £ ‘_ fatty molecules
divides, and 3 P and grows
. daughter cells : ;
% repeat the cycle

»— Fatty
molecules

eNucIeotides
enter and form
complementary _diu 71
strand 4 / € Heat separates
o ) \ the strands

—— Nucleotides

RNA
double
strand

@ Protocell
reaches
“maturity”

Origin of life on earth // Scientific American. 2009. V. 301. P. 54-61.
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[FROM RNA WORLD TO BACTERIA]

Journey
to the
Modern
Cell

After life got started, com-
petition among life-forms
fueled the drive toward ever
more complex organisms.
We may never know the
exact details of early evolu-
tion, but here is a plausible
sequence of some of the
major events that led from
the first protocell to DNA-
based cells such as bacteria.

€ EVOLUTION STARTS A
Thefirst protocell is just a sac

of water and RNA and requires an
external stimulus (such as cycles
ofheat and cold) to reproduce.
But it will soon acquire new traits.

€) RNA CATALYSTS v
Ribozymes—folded RNA molecules
analogous to protein-based en-
zymes—arise and take on such jobs
as speeding up reproduction and
strengthening the protocell’s mem-
brane. Consequently, protocells
begin to reproduce on their own.

€) METABOLISM BEGINS A
Other ribozymes catalyze metabo-
lism—chains of chemical reactions
that enable protocells to tap into
nutrients from the environment.




Bo3HMKHOBEHMe cMmblCa

AK — kKodhakTop

&g [osbiweHuUe aghgbekmusHocmu

Punbosnmel pubosuma

Growng
Polypeptide
Chain of Amino Acids
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[lepBble KNeTkun

Proteins take on a wide range of
tasks within the cell. Protein-based
catalysts, or enzymes, gradually
replace most ribozymes.

Complex systems of RNA cata- : 4 Lot : : i

lysts begin to translate strings ' Ay % ' Other enzymes begin to make DNA. Organisms resembling modern

of RNA letters (genes) into g ) . - Thanks to its superior stability, bacteria adapt to living virtually

chains of amino acids (proteins). e ' B A DNA takes on the role of primary everywhere on earth and rule

Proteins later prove to bemore . genetic molecule. RNA's main role unopposed for billions of years,

efficient catalystsand ableto  prombrane AL, AN isnowtoactasa bridge between until some of them begin to evolve

carry out avariety of tasks. protein W ‘){-- by TR DNA and proteins. into more complex organisms.
AQp ;I

Origin of life on earth // Scientific American. 2009. V. 301. P. 54-61.
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[1apBMHOBCKUIM MEXaHU3M 3BONOLNM

* HacneacrtBeHHaA NU3MEHYUBOCTb

— MyTaumm n pekombuHauumsa



MyTaumnmn

* ACTOYHUK reHeTn4eCcKom M3MeHYNBOCTU
* ACTOYHUK HOBbIX reHOB

 MyTauum cny4amHobl, T.e. OHU TONIbKO
C/IY4aNHO MOTYT OKa3aTbca nonesHbimu 3AECH
n CEMYAC



Mo pasmepy

® To4yKOBbIe
° 3aMeHbl
o BCTaBKM
o [leneunun
® XpOMOCOMHbIE
o Meneunn/Oynnnkauum
° NHBepcumn
° TpaHcnoKauuu

° NHCcepuum

® [eHOMHbIE

° Monnnnonauna

Tunbl MyTaunm

Mo adpPeKkTy Ha NPNCcNocob/1eHHOCTb
(3pecb n cenvac)

® HemTpanbHble
® HeratuBHble

® [JO3UTUBHbIE
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TouyKoBble MyTaL MKW B TPAHCIMPYEMbIX yYaCTKaX

Mer W Jius W @en W D CTOI  HopmanbHas Mosekyna Gelka

v H 1 H p H C cron C 3aME€HON aMHUHOKHCJIIOTEI
) o o P (HecunonmMuveckas Mis-sense)

3aMeHa OCHOBaHHUS
¢ 00pa30BaHUEM CTOI-KOJOHA

Mer CTOI (Non-sense)

TENY TR T

Mer M Jlus ™ ®en |4 TIim cTOoIn

3aMeHa OCHOBaHUS
0e3 3aMeHbI aMUHOKHCIIOTHI
(cMmHOHUMUYECKass Same-Sense)

C M3MCHCHHCM paMKH CHHUTBIBAHUA U

Mert CTOoI1 O6p2130BaHI/IeM CTOII-KOJOHAa

' (Non-sense)

C W3MEHEHUEM PaMKU CYUTBHIBAHUSA
Mer H JInz H Jlen H Ana CTOII ¥ 3aMEHOM AMUHOKHUCIIOT
(Non-sense)




HepaBHOBepoATHOE

MCNo1b30BaHNE CMHOHMMNYHDIX Table 1. Arg, Gly, lle, Leu and Pro codon

KOOOHOB usage in E. coli
amino codon fraction in  fraction
Table 1. Arg, Gly, lle, Leu and Pro codon acid all genes inClass Il
usage in E. coli Lew UUG  0.129 0.034
amino codon fractionin  fraction Lsii UUA 0.131 0.055

acid allgenes inClass Il
Arg AGG  0.022 0.003
Arg  AGA  0.039 0.006
Ara  CCG  0.098  0.008
Arg CGA  0.065 0.011
Arg CGU 0.378  0.643
Arg CGC 0.398  0.330
Gy GGG 0.151  0.044 o, LLL - Odes  UllTe
Gy GGA 0109  0.020 o B Blad  BER
G]S/ GGU 0.337 0.508 Codon usage is expressed as the fraction of all possible

Cly GGC 0.403 0.4728 codons ftor Ia. g|\/i|14a;1|go acl!d. All genes” |.5 tlllle f?mo/n
— represented in all 4,290 coding sequences in the £ colf
le  AUA 0.073  0.006

genome (6). "Class II" is the fraction represented in 195
E | . . S .
Ile AUU 0.507 0.335 genes highly and continuously expressed during exponential

lle AUC 0.420  0.639 growth (7).

Leu CUG 0.496  0.767
Leu CUA 0.037  0.008
Leu CUU 0.104 0.056
Leu CUC 0.104  0.080
Pro CCG 0.525 0.719
Pro CCA 0.191 0.153

{Oi sl Lil)lelad sle)jid
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dS=No cMHOHUMMYHbIX 3ameH/NO CUMHOHUMUYHbIX No3numin=5/7.58 = 0.659

dN/dS=0.176/0.659=0.269




dN/dS

3ada4ya
Buo1 cgt gga ctt gtc acc
Buo2 ctt gca gtt gtg acc
CuH 001 001 001 001 o001 5 1 0.2
HecuH 110 110 110 110 110 10 3 0.3 1.5
MoteHy Ha6n [Jdons dN/dS
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[MposABAEeHME TOYKOBbLIX MyTaLUMIn B TPAHCANPYEMbIX
y4yacTKax

c‘o Cunamckum anbbuHoO
[ -> A B 422 NO3ULKN -MUCCEHC

BupmaHckum anbbuHo
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AnbbuHo
Aeneuunsa A B 975 no3muum
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MHoroobewatowme MOHCTPbI?

"The change from species to species is not a change involving more and more
additional atomistic changes, but a complete change of the primary pattern or
reaction system into a new one, which afterwards may again produce intraspecific
variation by micromutation." (Richard Goldschmid. The Material Basis of Evolution's

1940, pp. 205-206)
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To4yKOBbIe MyTaLLMK B PErYIATOPHbIX yY4aCTKaX
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3aMyCcOpPeHHOCTb reHOMa YenoBeKa
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The ENCODE Project Consortium assigns
function to 80.4% of the genome
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GENOMICS

ENCODE Project Writes Eulogy

For Junk DNA

When rescarchers first sequenced the human
genome, they were astonizhed by how fow
iraditional gencs encoding proteins were
scattered along those 3 billion DNA bases,
Instcad of the cxpected 1000 or maore
genes, the initial analyses found about 35 (0]
and that number has simee boenwhitthed down
o absout 21, (6. [n botween werne megabases
of “junk,” or 20 it scomed.

Thiz week, 30 rescarch papers, includ-
ing six in Menire and additional papers pub-
lished by Sedenes, spund the death knell for
the idea that our DMNA & mosthy littered with
useless bases, A decadelong project, the
Encyclopodia of DMA Elements (ENCODE),
heas found that 8% of the human genome
eTvies some purposs, bischemically speak-
ing. “[ don't think anyone would heve antici-
pated even close o the amount of sequence
that EMOCODE has unopvered that leoks like
it has functional imponance,” says John A
Stamatoyannopou ks, an ENOODE reseancher
at the University of Washington, Seattle.

Beyond defining proteins, the DA bases
highlighted by EMNCODE spocify landing
apois for proteins that influence gene activ-
ity, strandds of RNA with myriad moles, or
simply places where chemical modifications
serve 1o silenoe stretches of our chromo-
somics, These results are going “to change
the way a lot of [genomics] concopis are
writicn ahout and presonied in texibooks”
Stamatoyannopoules prodicis.

The insights provided by ENCODE into
]1-:'.-.'. aur [:lh.l". wiorks are aln..ad].- ...IanF_l.-mb

] W Lacdias Gil Gl iliss

tion, With the human genome in hand, the
Meational Human Genome Research Institute
(NHGRI) in Bethesda, Maryland, docided it
wanited o find out once and forall how muwch
of the genome was a wasteland with no fumne-
tional purpose. In 2003, it funded a pilot
EMCODE, in which 35 rescarch fcams ana-
byzod 44 regions of the genome —30 million

persan sitive
i Tite

b 'l\.'l)J
i et

'Y

-'::'-a?a-
-

MEW S&ANALYSIS

lospkes like,” says WHGR s Elise Feingold.
Because the parts of the genome used
could differ among various kinds of cells,
EMCODE necded to look at DA fune-
tion in multiple types of colls and tissuwes, At
first the goal was o study intensive by three
types of cells. They inclwded Gh I 28TE, the
immature white bleod cell line used in the
1 {alh Ccneomncs Project, a large-scale effort to
catalog genetic variation across humans; alou-
kemia cell ling called K562, and an approed
humzam cmbryonic stem cell line, HI-hESC.
As EMCODE was ramping up, now
sequencing tochnology brought the cost of
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Junk No More: ENCODE Project Nature Paper Finds "Biochemical
Functions for 80% of the Genome”

Casey Luskin September 5, 2012 4:08 PM | Permalink EiLke 302

A groundbreaking paper in Nature reports the results of the Encyclopedia of DNA Ele
(ENCODE) project, which has detected evidence of function for the "vast majority”
genome. Titled "An integrated encyclopedia of DNA elements in the human genor
finds an "unprecedented number of functional elements,” where "a surprisingly |
the human genome” appears functional. Based upon current knowledge, the pz,
at least 80% of the human genome is now known to be functional:
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S. Brenner

 There is the rubbish we keep, which is junk, and the
rubbish we throw away, which is garbage.

* The excess DNA in our genomes is junk, and it is there
because it is harmless, as well as being useless, and
because the molecular processes generating extra DNA
outpace those getting rid of it.

 Were the extra DNA to become disadvantageous, it
would become subject to selection, just as junk that
takes up too much space, or is beginning to smell, is
instantly converted to garbage...” (Brenner 1998)



MycopHaa AHK

* OTKyAda OoHa ?

— OHa bblna nepBow

* 3a4emM HY)KHa?

— A HeMycopHasa 3a4em?

* Bo uto morkeT npeBpaTUTLCA?

— Bo ytO YyroaHo...., ecam ectb MmyTauum n otbop



[ToYTM HENTPANbHOE YBEIMYEHNE TEHOMOB

* CNOXHOCTb BO3HMKAET NpU c/1abom
oymwatowem otbope.

* ANbTepPHATMBbLIN CMNAAUCUHT - 3TO NOHa4Yany
Obl/1 OWMOOYHbIN CNIANCUHT.
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3aBMCUMOCTb MMHUMAIbHOTO pa3mepa reHoma OT BpeMeHM NOoAB/IEHUA TPYNMbI
opraHu3moB. 1o ocu abcyucc OTN0XKEHO BpeMs NOABIEHUA, a 110 OcU OpOUHAM —
MUWHUMabHbIA pasmep reHoma.
(MMHUA mneKonuTatoLwmx)



Cay4yamHOCTb MyTauui

 MyTaumm He cayyvyamHbl * MyTaunm ToNnbKO
— He 6ecnpuymHHbI CNY4YaMHO MOTyYT
— He paBHOBEpPOATHbI ObITb a4aNTUBHbIMU

— ECTb ropaymne n xonogHble TOUYKU
MyTaLnin

— Wx npoasneHune
KaHa/IM3MpoBaHO obLien
npPorpaMmmomn pasBuUTUA



YacToTa myTaumm

e | Per genome -
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ee o o replication Ha reH
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Genome size (bp)

2.1x10% /Hykneotna/ nokoneHue
Ha reHom yenosekKa (3.1 x 10° HykneoTnaoB)
65 HOBbIX MyTaLMK 33 NOKONEHME



Frequency of mutation (%)

12

[opAYME TOYKM MyTaLUM

P53 codon

Copynght © 2005 Nature Publishing Group
Nature Reviews | Cancer



[MposasneHmne myTtauum

e v
\ %?l Cunamckuim anbbuHo

[ -> A B 422 NO3ULKN -MUCCEHC

BupmaHckum anbbuHo
Ll -> A B 227 nO3ULMN —MUCCEHC

AnbbuHo
Aeneuunsa A B 975 no3muum
Cron koaoH



Cay4amHOCTb MyTaUnmn
TecT Jlegepbepros

Plate containing agar
growth medium but n
streptomycin.

BbiBOA:
MyTauma ycToM4nBoCcTH

<1Ee
€ Inoculate with bacteria BO3HUK/a A0 NPpMMEHEHUA
and incubate until
colonies are visible. I dHTU 6 MOTUKA
Bacterial
(Step 5) growth TEs
- - o Use cells from the original
SIEe TSR e e plate with no streptomycin
Remove lid EO _— to inoculate liquid medium
' acterial ini i
invert, and s containing streptomycin.
press plate on
the velvet. Sterile velvet
stretched over
wood block.
Only one
colony grows.
Plate containing
agar growth medium
and streptomycin.
S1Ee

Remove plate
{some cells stick
to velvet).

NI

o Press plate with
streptomycin on the
velvet containing
cells, and incubate.




Cay4yamHOCTb MyTauui

* MyTtauuu He * MyTaunm ToNnbKO
CNy4YaunHbl CNY4YaMHO MOTyYT
— He 6ecnpuynHHbI ObITb a4aNTUBHbIMU

— EcTb ropaydune u
XONOAHbIe TOYKHU
MyTaLNM

— Ux npoasneHune
KaHa/IM3npoBaHoO
obuen nporpammon
pPa3BUTUA



MyTaumnmn

* ACTOYHUK reHeTn4eCcKom M3MeHYNBOCTU
* ACTOYHUK HOBbIX reHOB

 MyTauum cny4amHobl, T.e. OHU TONIbKO
C/IY4aNHO MOTYT OKa3aTbca nonesHbimu 3AECH
n CEMYAC



