JleMu ok
Nibs
BanepreBuu

(499) 196-1853
duk(@img.ras.ru



": S

Roses are red,

l

Violets are blue,
| A, GT, &G and
| RN A needs “U”




He nouoem!

A evibpana MOAEKYIAAPHYIO
ouonocuro. Tam ecezo 5
OCHOBHBIX 3HAK0E!

A pewuna uzyuams
KUMauCKuu 6 3mom
cemecmpe. B nem bonee
30.000 uepocaugpos!
/lasau uzyvamsn ¥ R r
e20 emecme! )

4 (‘ A
0 A
-
#',w
X /|
'
[ y
/  ;
4
o~
‘I
A; p4
/A
/
Yy
f
. )
11 -~ .



QYKAPNOTUYECKUME KITETKA

CTPOEHHUE KJIETOK
JYyKAPUOThI — OPTaHU3MBI

KUBOTHAR KNETKA

Mna3maruyeckan membpana m

KJICTKH, KOTOPBIX COACPIKAT SIIPO;
BHYTPHU sJipa 3aKIH0YCHBI o e
XpOMOCOMBbI. MHOTHE ,_, )

R

OYKapHOTHHECKHE OPraHM3MBl — | = fdCix Y
MHOTOKJIETOYHBIE

\  Tensue

Annapar Monbaxu

IIpokapuoOThI — OJHOKJIETOUYHBIE
OPraHu3MBbl, JIMIIICHHBIE A1pa, C
XpOMOCOMaMHM, HAXOAAIIUMUCS B

LUTOIJIa3MeE
MPOKAPNOTUYECKAA KIMETKA

Aapeiwko

Xpomarux

Apepran
Membpana

3maonnasmaruueckun
. PETUKYNym (rnagkwi)

2 N\ Pubocoma

IHAONNIIMATUYECK Wi PeTUKynym

(wepoxosarsiin)
=
Nu3ocoma @/
Nepokcucoma
Uutonnas KnetouHaa Pt Y s
Unto3ons Pubocomsr [AHK maTuuyeckan CTeHKa S % 5 Neironnact
MemM 6pa Ha i Knerounan crenxa

PACTUTENbHAAR KNETKA



Uurokumes BepeteHo 3g03pa

WUnrepdasa

JTanbl AeneHuns
ANNOUOHON KNETKU

Meradgasa MNpomeradasza



MEHNO3 1 OFPA3OBAHUE TAMET

OO0pazoBaHue rarmiouHbIX TaMET
IIpY ME03€ M CIUSHHE ABYX
raMmeT ¢ 00pa3oBaHUEM
TUTIIOUIHOM KJISTKHU MpU
OTIOOTBOPEHHMH.

Tenodasa |
Metio3: dTarnbl AejIeHUS IUIDIONIHOU KIIETKU
HA YETBIPE TarIOUaHbIE JOYEPHUE KIETKU



CTPOEHHUE XPOMOCOM

dotorpadusi HEKOTOPHIX XPOMOCOM
YeJIOBEKa, MOTYUYCHHAs C TIOMOIIIBIO
CKaHHUPYIOIIETO JICKTPOHHOTO

MHUKPOCKOIIa

%/ <4¢—— Tenomepa

Xpomarujaa
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HopManbHbIN KaprOTHIT YeJIOBEKa (My»KYMHA) U
UJIMOTpaMMa XpOMOCOM MTOCTPOCHHAsI Ha €10 OCHOBE
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Jlokanuzanus 3y-(CBETIbIE
4acTHU XPOMOCOM) U
reTepoxpoMaTuHa
(MIHTEHCHUBHO OKpAaIlIEHHbIE
YYaCTKH) B KAPUOTHUIIE
npo30¢uisl no pesyiabraram C-
OKpalllMBaHUS. a - caMell, O -
camka. [{udpsl - HOMepa
XpoMOCOM. X ¥ Y - TIOJIOBBIE
xpoMocomsl. [1Ikama 10 MkMm.




I'EH - XPOMOCOMA - JTHK

['perop Menuenb Tomac Mopraun Opunpux Muiuep

I'eH - runoTeTHYECKas €AMHMUIIA HMH(OPMAIMH, PETYIUPYIOIIas
HACJICAOBAHNE MHAMBUAYAIbHBIX IIPU3HAKOB OPraHU3Ma

I'en - yuacrtok JIHK, kogupyrommii oqHy IOJUIEOTUIHYIO LETb
i oguy MoJiekyny tPHK, rPHK wim sPHK

I'enom - cymmapnas JIHK ogHoro Habopa xpoMocoM u
BHEXPOMOCOMHBIX T€EHETUYECKUX JJIEMEHTOB OpPraHU3Ma.



7 XPOHOJIOTMSI OTKPBITH, TIOJATOTOBUBIINX CO3IAHUE
YOTCOHOM U KPUKOM MOJEJIN IBOMHOU CITUPAJIN JHK

1868 . OOHapy:xeH HykJIenH. COBpEMEHHOE Ha3BaHUE - XpoMaThH. Dpuapux
Murep

1889 r. HykiienH paszesneH Ha HyKJIEMHOBYIO KUCIOTY U Oenok. [losBuiicst TepMuH
"HyKJIEMHOBasl KUcioTa". Puxapa AjlbTMaH

1900 r. Bce azoTucThie OCHOBaHMS ObLJIM ONIMCAHbl XUMUKAMU.

1909 r. B HyKJI€MHOBBIX KUCIOTaX OOHApYKeHbI PocopHas Kuciiora U pudo3a.
JleBuH

1930 r. Halinena ne3okcupu6o3a. JIeBuH

1938 . PEHTT€eHOCTPYKTYPHBINA aHAJIN3 MIOKA3AJ, YTO PACCTOSIHUE MEKIY
Hykineorugamu B JIHK 3,4 Aurctpema. [Ipr 5TOM a30THCTBIE OCHOBAHHUS YIIOKEHBI
CTONKaMH. YwuibiaMm ActOropu, ®nopun bemn

1947 r. C noMoI111b10 IPSIMOIro ¥ 0OpaTHOrO TUTPOBAHUS yCTaHOBIeHO, 4TO B JIHK
€CTh BOJOPOAHBIE CBA3U Mexay rpynnamu N-H u C=0. I'yiutang

1953 1. C nomomsio kucnotHoro ruaposunsa JJHK ¢ mocienyromein
xpomarorpaduen u KoJMu4eCTBEHHBIM aHAJIM30M YCTAHOBJICHBI 3aKOHOMEPHOCTH:
A/T=1; TI'/I=1; I'+10)/(A+T)=K - koadpuiueHT crienunIHOCTH, ITIOCTOSHEH IJIs
kaxaoro Buja. OpBuH Yapradd (IIpasuna Yapradda)



CTPYKTYPA HYKIIEMHOBBIX KNCJIOT

HyKkJIeMHOBBIE€ KHCJIOTHI SIBJIAIOTCSH HepPeryJaspHbIMUA
MOJIMMEPaAMU, MOHOMEPbI KOTOPbIX — HYKJI€OTH/IbI

L LU - a30THUCTOE
¢ocpopHou 4 *  OCHOBaHHE
KHCJIOTBI . XN
R {1
A N B PHK nenrto3a —
O pubo3sa,
[EeHTO03a B JIHK —
OH  OH(H) oe3okcupudosa
L I |
. HYKJIEO3U L .
|
HYKJIEOTU /I

HYKUIEOTHU/l = HYRJVIEO3U /] + ®POCD®OPHAA KUCJIOTA =
= ABOTUCTOE OCHOBAHHUE + IIEHTO3A + ®OC®OPHAA KUCJIOTA



CTPYKTYPA HYKIIEMHOBBIX KNCJIOT

NH, O O
H ] ]
C C & CH C
B ey ™ 3 g
N7 * S CH NZ 4 S CH HN * e’ HN. 4 CH
Hcl2 (’|(|3H (I?2 “!H clzz "(lzln Clz (’(lilH
N A 1 W l s B 1
\N/ O/ \N/ O/ \N/ O/ \N/
H H H
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(in DNA & RNA) (in DNA (in RNA)
& some RNA)
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Purine Adenine Guanine
(in DNA & RNA) (in DNA & RNA)

CymiecTByeT IBa KJacca a30TUCTHIX OCHOBAHMH.
Iypunws (1Ba rerepounkia): ageHuH (A) u ryanuH (G).
Hupumuounwt (oauH rerepouuki): TuMuH (T), muro3uH (C) n ypauua (U).

T BcTpeuaercsa B J/IHK, U — 8 PHK



10 CTPYKTYPA HYKIIEMHOBBIX KNCJIOT

H, M Hyxkieotuibl COEUHAIOTCA APYT C
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equipment, and to Dr. G. E. R. Deacon and ¢l
captain and officers of R.R.S. Discovery II for 'he:.r
port in making tho observations.

. Phil. Mag., 40, 149
. Mon. Not. Roy. Astro, Sor.. Geophu. Supp.,

*Von Arx, W. 5., Woods Hole Papers in Phys. Ocearog. Meteor, 11

ron. Funik. (Stockhalm), 8 (11) (1908).

MOLECULAR STRUCTURE OF
NUCLEIC ACIDS
A Structure for Deoxyribose Nucleic Acid

VWE sk to suggons a structurs for the sale
of deoxyriboss musleic aoid (DN.AJ.  This
strusture has novel entures which are of orsiderable
bmlchm! interest
ructire for nusleio ucld has alroady been
by Pauling and Corey!. They kindly made
their manuseri) Avlllml)le to us in advance of
publication. 'Their model consists of three inter-
d chains, with the phosphates near the fibre
axis, and the basos on tho outside. Tn our opinion,
this’ structure is unsatisfactory for two reasons
@ We ‘believe that the material which gives tho
diagrams is tho salt, not the free acid. Without
B e n atoms it is not clear what forces
‘would hold the stnmlure together, especially as the

cha
1 each other. (2) bomu of ths van der Waals
distances appear to be too small
Another three-chain structuro has also been sug-
gosted by Frasor (in tho press). Tn his model the
phosphates are on the outside and the bases on the
Fosds, linkad togetber by hydrogon bonds.  Thia
structare a desoribed.is athor lldofined, and for
thi son we shall not comment

on it.
We wish to put forward a
redically ifforen struoturo foe

perpont
Lo, "Boih chatae follow vight.
handed holiccs, but owing to

insi
ey the phosphates on
the outside. configuration

and tho atoms
near it is close to Furberg's
‘standard configuration’, the
sugar being roughly perpendi-
cular to tho attached base. There

fgure is_purc
i gl
oo Ryl

(2

PyMol

Tumun (T)
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is & osidue on caoh chain every 3-4 A. i the o diree-
tion. Wo have assumed an angle of 36° betwe
adjacent residues in the same ohain, so that the

istance of & phosphorus atom
from tho fibre axis is 10 A. As the ph oaphatos are on
the outaido, ctions have easy acocss to

Siructiro s an opon one, and s wter sontont
is rathor high. ‘At lowsr water contenta o would
expect the bases to tilt so that the structure could
ecome more compact.

The novel featuro of the structure is the ma

in which the two chains are hold togother by the
purin and pyrimiding hases. The planss of the basos

jon.

chain, 30 that. the two lio sde by sido with identioel

2-co-ordinates. One of the pair must bo & purine and

the other a pyrimidine for bonding to ocour. Tho

hydrogen bonds are made as follows : purine position
1"to pyrimidine position 1; purine position 6 to
‘pyrimidine positi

position.
I it is assumed that the bases only ocour in the
structure in_the most plausiblo _tautomoric forms
(that js, with the keto rathor than the enol con-
figurations) it is found that only specific pairs of
can bond together. Theso pairs aro: adenine
(purine) with thymine (pyrimidine), and guanine
(purino) with cytosine (pyrimi
in other words, if an adenino fnnm ono msmbm‘ of
& pair, on either chain, then on
Theother member. mush bo thymine s sty for
guanine and cytosine. The sequenc
single chain doas not appear to bo rostricted in any.
way. However. if ouly spocifio pairs of bases cops#®
formed, it follows that if the soquence g
one chain is given, then the sequoy
chain s sutomaatioally dotor

s on
the other

as been found e #htally that the ratio
of the amounta of g w0 thymino, and the ratio
of guanine t. e always very close to unity
for deogg

sclole eoid,
# probubly impossblo to build this struoturs
lth a riboso sugar in place of the deoxyribose, as
the exire oz aioan would make too closo & AR
der Wasls cor
"The proviously publishod X-ray data’ on deoxy-
1ibose nucleio acid aro insufficient for o rigorous tost
of our structure. So far as we can tell, it is roughly
compatible with tho experimental data, but it m:
bo regarded as unproved until it has been checked
against more exact results. Somo of theso aro given
in the following communications. We were not awaro
of the details of tho results presonted there when wo
dovised our struoturs, which rests mainly though not
ontirly on published cxperimental data and stereo-
chemial argumen
T4 bt ma eseuped our notioe that the specific
pairing we have postulated immediatoly SuggRts &
possible copying mechaniam for the genstio material.
Il details of the structure, including the con-
ditions ‘swsutnet in building it, together with @ set
of ooonlinsics fur the atoms, will be published
o
Wo are much indsbted (0 Dr. Jorey Donohuo for
constant_advice and criticism, cspecially on inter-
by

# knowledgo of tho genaral nature of the unpublished
experimental results and ideas of Dr. .
‘Wilkins, Dr. R. E. Franklin and their co-workers at

Maneiit

bonpimoi
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The third Bond

When James Watson and Francis Crick unveiled their structure of DNA , one of the two kinds of base pair
in the molecule was given two hydrogen bonds instead of three. Who spotted the third bond and when?

Simon Wain-Hebson

It is a truth universally acknowledged
that a guanine-cytosine (GC) base pair
has three hydrogen bonds whereas
adenine—thymine (AT) has two. But James
Watsonand Francis Crick didn't see it that
way back in 1953 when they published the
structure of DNA. In their second DNA
paper published in May of that year, the
GC base pair is shown with only twe
hydrogen bonds (see top figure). So who
spotted the third bond? When? And why
was itinitially passed over?

In his book The Double Helix, Watson
notes that “The formation of a third
hydrogen bond between guanine and
cytosine was Lonsu:lered but rejected
bekause - -
inted that it would be very weak’,
The third hydrogen bond ina GC pair
makes its first published appearance in
a paper by Linus Pauling and Robert
Corey' in 1956 (see bottom figure). How-
ever, the first hint of the third bond in the
scientific literature actually comes in a
footnote to a paper published earlier
that year by Jerry Donohue, a physical
uhemlst and uystallograp her

Thethirdhydrogen bond ina guanine-cytosine base pair
(bottoam) was missed in the 1953 description of DNA(top).

of about 15° was allowed”.

Donochue shared the same
office as Watson and Crick at
the Cavendish Laboratory. It
was he who advised Watson
over which tautomeric forms
of pyrimidines and purines
to use in their DNA model

The acknowledgement, “We
are much indebted to Dr. Jerry
Donohue for constant advice
and criticism, especially in
inter-atomic distances;” appears
at the end of the first DNA
paper — indeed before men-
tion of Maurice Wilkins and
Rosalind Franklin, both key
players in the discovery of
DNA’s structure. So it may be
presumed that Watson and
Crick deferred to Donohue and
cut the third bond.

Pauling and Corey, however,
arrived at the right structure
thanks to a strong dose of
structural common sense.
They note that the structure for
guanine contains “a small
error’ in that angles of the
bonds adjacent to the keto
group are irregular.

ACADEMIC PRESS



James Watson Francis Crick




James Watson Francis Crick



James Watson Francis Crick



12 AJBTEPHATHUBHBIE ®OPMbI IBOMHON CIIUPAJIN

A - dopma

(rpaBas)




12.3  AJBTEPHATHUBHBIE ®OPMbI IBOMHON CIIUPAJIN

A form B form Z form Each structure
shown here has 36

Helical sense Right handed  Right handed  Left handed :
Diameter ~26 A ~20 A ~18 A base pairs
Base pairs per helical

turn il 10.5 12
Helix rise per base pair 2.6 A 3.4 A 3.7A
Base tilt normal to the

helix axis 20° =

Z8 A

-

Left handed Right handed

A form B form Z farm



A form B form  Z form
Helical sense Right handed Right handed Left handed
Diameter 26 A 20 A 18 A
Base pairs per
helical turn 11 10.5 12
Helix rise per
base pair 2.6 A 3.4 A 3.7 A
Base tilt

normal to the
helix axis 20° 6° 7°



12.5 AJBTEPHATHUBHBIE ®OPMbI IBOMHON CIIUPAJIN

A-DNA B-DNA Z-DNA
d(AGCTTGCCTTCAG) d(CCCGAATTCCCG) d(CCCCCCTTTTCCCG)




12.55 AJBTEPHATHUBHBIE ®OPMbI IBOMHON CIIMPAJIN




Oka3zanocb, OJIHAKO,
YTO Hapsjay C IpaBbIMH
CYILECTBYIOT H /€8ble CIH-
paau  JHK. TIlepBoHna-

The A form is favored in YaJbHO JieBasi CIIHpaJb,

- TIOJTyyHBILAs  Ha3BaHHe
many solutions that are Z-dbopmes (piic. 15), Grina

relatively devoid of water OGHapyXeHa V MOJHHY-
KJEOTHaa ¢ 4Yepenyroien-

Cfl NOCJIeA0BATEeJIbHOCTHIO

d(GC),. Lenu noau-

(dG-dC) CaMOKOMILJIe-

MeHTapHbl H B pacTBope C

HU3KOH HOHHOM CHJIOH 06-

pasyoT npapble ABoHHble ciipany B-tuna. [Ipy BBICOKO#H KOHUEHTpaLMH
coJieH UJIH J06aBJIEHUH CITHPTAa 3Ta IBOHHASA CNHpaJb NNepeXoAuT B JIEeBYIO

Z-popmy .

Whether A-DNA occurs 1n cells 1s uncertain, but there 1s evidence for
some short stretches (tracts) of Z-DNA 1in both prokaryotes and
eukaryotes. These Z-DNA tracts may play a role (as yet undefined) in
regulating the expression of some genes or 1in genetic recombination.



Biological significance of Z-DNA

While no definitive biological significance of Z-DNA has been found, it 1s commonly
believed to provide torsional strain relief (supercoiling) while DNA transcription
occurs. The potential to form a Z-DNA structure also correlates with regions of active
transcription. A comparison of regions with a high sequence-dependent, predicted
propensity to form Z-DNA in human chromosome 22 with a selected set of known
gene transcription sites suggests there is a correlation.

Z-DNA formed after transcription initiation in some cases may be bound by RNA
modifying enzymes, such as ADARI1, which then alter the sequence of the
newly-formed RNA.

In 2003, Biophysicist Alexander Rich of the Massachusetts Institute of Technology
noticed that a poxvirus virulence factor, called E3L, mimicked a mammalian protein
that binds Z-DNA. In 2005, Rich and his colleagues pinned down what E3L does for
the poxvirus. When expressed in human cells, E3L increases by five- to 10-fold the
production of several genes that block a cell’s ability to self-destruct in response to
infection.

Rich speculates that the Z-DNA is necessary for transcription and that E3L stabilizes
the Z-DNA, thus prolonging expression of the anti-apoptotic genes. He suggests that
a small molecule that interferes with the E3L binding to Z-DNA could thwart the
activation of these genes and help protect people from pox infections.



12.6 Kpecmoobpasuvie cmpyxkmypol JJTHK
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12.601 Inunvxu u kpecmooobpasuvie cmpykmypuot J{HK
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12.7 llaper Xyecmuna (Hoogsteen base-pare)
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12.7 llaper Xyecmuna (Hoogsteen base-pare)

Watson-Crick

(@nti) (@nti) 0 (@nti)

Hoogsteen GeC+




12.8 llapvr Xyecmuna 6 anemepnamuenovix cmpykmypax /IHK
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12.81 H-¢popma JIHK (H-/[HK)

Ecmu JIHK coaepxut roMmonupuMuivuH -
TOMOITYPUHOBBIE TTOCJIEA0BATEIIBHOCTH, TO MO/
BJIMSIHUEM OTPULIATEIILHOU CBEPXCIIUPATIU3AIAN
OHa MOXKeT nepexoautsh B popmy H-/IHK.

BosmoxHnas ctpykrypa H-JIHK.
[lomunupuMHUIMHOBAS LIEIb (Cepast) JICKUT
B OOJIBIIIOK OOPO3JIKE JBOMHO CIIUPAIH.
[lonmunmypruHOBas LEb (OPUTHHAJIBHBIMI
NapTHEP) OCTAETCSl HECITAPEHHOM.

Hannunem H-popMsbl
OOBSICHSIIOT CYIIICCTBOBAHUE
B ipupoaHbiX JIHK
oOJacTei,
CBEPXUYBCTBUTEIBHBIX K
HyKJea3aM, CIIeU(PUIHBIM K
OJIHOTSI’)KEBBIM

MOJIMHYKJICOTHAAM (HyKJIeasa
S1).
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JIUHEAHAS U KOJIBIIEBAS JIHK

JIEKTPOHHBIC MUKPOQOTOrparu U CXeMaTUIYECKOE MPEACTABICHUE
nvHerHoM U konbleBou popmel JJTHK dara A



CYHEPCIINPAJIMBALIUA JHK

Koss110 YacTUuHO
C Pa3pbIBOM JIEHATYPUPOBAHHOE
B OJTHOM IETH KOJIBIIO

CaepxcnmpanbHOE
KOJIBLIO

JIByX1ieroueyHas KoJibleBas
JIHK ¢dara M13 ¢ pazHoi
CTEIEHBIO CBEPXCIUPATBLHOCTH.
[{rndppaMu 0003HAYEHO YUCIIO
CBEPXBUTKOB B KaXK0U
MOJIEKYJIE.




14.30 Ceepxcnupanuzayus /[HK
Tw — twist number — 4wucio ButkoB criupanu JJHK
Wr —  writhe number— 4wucino cynepsurkoB JJIHK

LKk — linking number — 4ucio nepecedeHuil (3alenaieHuii) oJHON
MOJIMHYKJICOTUIHOM LIETIN C APYTrOM

Y T !
I.,:,'f/ "/ " \- i p g
\“\ - S s

| 0 Twist - BUTKH

Writhe -
CYIIEpBUTKHU

Lk=Wr+Tw

LK - BennunHa NOCTOSIHHAS (MHBApUAHTHAS ) IS
JTAHHOW KOBAJIEHTHO 3aMKHYTOM KoJiblleBou JJHK

[l1oTHOCTH CBEPXBUTKOB ¢ = Wi/Tw, 111 MHOTUX NPUPOJIHBIX
ceepxcnimpann3oBanHbiX JIHK o paBHO mpumepno —0,05.
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/ {
@ Twist = -1, Writhe = 0. @ Twist = +1, Writhe = 0.
y y

8 Twist = 0, Writhe = -1. 8 Twist = 0, Writhe = +1.

] '
@ Twist = -2, Writhe = 0. @ Twist = +2, Writhe = 0.
; y

O

©
éd @a\') Twist = 0, Writhe = -4.

& ©

Plectonemic Toroidal

Agtop: Richard Wheeler (Zephyris) -
http://upload.wikimedia.org/wikipedia/en/1/1e/Circular DNA Supercoiling.png, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=1937295



14.32 Ceepxcnupanuzayus J[HK

Lk (uncio 3amenneHuii) — MOoCTOSHHAs BeJIMYMHA JJIs1 JaHHOHN
KOBAJIEHTHO 3aMKHYTOM MOJIeKyJibl JIHK

21 ;

20 19

CeepxcnupanuzoBanHas JJHK obnamaeT 3HaYUTEIBHBIM 3a1aCOM
SHEPTUH NO CPABHECHUIO C €€ PEIAKCUPOBAMHOM (POpMOK

AG=K(Tw-Lk )



14.31 Ceepxcnupanuzayus J[HK

PenakcupoBanHas
5
'~ popma
4

PackpyuuBanue
Ha 4 BUTKA
> ALk=-4

1 5 10 15
7N\ \ NS

3aMbIKaHUE c

b
B KOBaJIEHTHO- Liepfgnﬂp all
HEPEPHIBHOE -

KOJIBIIO Tw=22
Wr=-4



14.33

Relaxed
DNA —

Highly
supercoiled —
DNA

Ceepxcnupanuzayus J[HK

3

Tasens.
-
e
——
—
——
rl—

Decreasing
Lk

Visualization of topoisomers.

In this experiment, all DNA molecules have
the same number of base pairs but exhibit
some range in the degree of supercoiling.
Because supercoiled DNA molecules are
more compact than relaxed molecules, they
migrate more rapidly during gel
electrophoresis. The gels shown here
separate topoisomers (moving from top to
bottom) over a limited range of superhelical
density.

In lane 1, highly supercoiled DNA migrates
in a single band, even though different
topoisomers are probably present.

Lanes?2 and 3 illustrate the effect of treating
the supercoiled DNA with a type I
topoisomerase; the DNA in lane 3 was
treated for a longer time than that in lane 2.
As the superhelical density of the DNA is
reduced to the point where it corresponds to
the range in which the gel can resolve
individual topoisomers, distinct bands
appear. Individual bands in the region
indicated by the bracket next to lane 3 each
contain DNA circles with the same linking
number; the linking number changes by 1
from one band to the next.



15 YIHAKOBKA JTHK B XPOMOCOMAX. 'NHCTOHDBI

TunnyHble XapakKTepncTtmkm rMcTtoHOB MJ1IEKOMNMNTAKOLLNX

TUII Yncio MM, xIa Uwmcio Lys/Arg UYmcio
AK OCHOBHEBIX KM CJIBIX
AK AK
Hl (xpoJuk) 21323,0 ob 21 12
H2A (kopoBa) 12914,0 26 1,220
H2B (kopoBa) 12513, 8 28 2,516
H3 (xopora) 13515, 3 32 0,718
H4 (xopora) 10211, 3 26 0,810
B takou cTpykKrype,
HYKJieocome,
C OOJHUM I'HCTOHOBBGIM
= OKTaMCpPOM,
2. HYKJ/1€0COMHbBIM
~2 KOpom, 1 MOJIEKYJI0M
3 ructona Hl
ACCOIMHUPOBAHBI
168 nap ocHoOBaHUI
cimpanpbHor JIHK

Core of 8 Histones



Core histones

Double-stranded DNA

Nucleosome —
Histone H1 —\
AN
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YIHAKOBKA JHK B XPOMOCOMAX. 'NHCTOHDBI

TunnyHble XapaKTepUCTUKN rMCTOHOB MJ1EKOIMNTAKOLLNX

THUII

H1

H2
H3
H4

H2A
B

Umciio
AK

(KpOJIMK)
(kopoBa)
(kopoBa)
(kopoBa)
(kopoBa)

B oot
R I N L

HyKneocoma

MM, xJla UYUwmcio

OCHOBHEIX

AK AK

21323,0
12914,0
12513,8
13515, 3
10211, 3

65
26
28
32
26

Lys/Arg Uwmciio

KIVICJIBIX

21 12
1,220
2,516
0,718
0,810

B Takou cTpykrype C
OJIHUM THCTOHOBBIM
OKTaMEPOM H
MOJIEKYJIOM TUCTOHA
H1 acconmmpoBaHbl
168 map ocHOBaHU
ciimpainpHor JIHK
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YIIAKOBKA JHK B XPOMOCOMAX
NN UNANNZR

short region of
DNA double helix

“beads-on-a-string”

A/ form of chromatin

30-nm chromatin
fiber of packed
nucleosomes

section of

chromosome in an
extended form

BBITSHYTBIC
IICTJIN

condensed section
of chromosome

KOMIIAaKTHBIC
IICTIIN

entire
mitotic
chromosome

NET RESULT: EACH DNA MOLECULE HAS BEEN
PACKAGED INTO A MITOTIC CHROMOSOME THAT
IS 50,000x SHORTER THAN ITS EXTENDED LENGTH

XPOMATHHOBBIE
(UOIMIIIEI



2nm

DNA double helix

Nucleosome
“bead”

{a) Nucleosomes (“beads on a string™)

\ J

v

30 nm

o

Nucleosome

(b) 30-nm chromatin fiber
\ )

v

(c) Looped domains

\ l J
¢ 7
O © g
700 nm
N\ \ I .
(d) Heterochromatin

I Chromatids

1400 nm

(e) Highly condensed, duplicated chromosome of dividing cell
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Science. Nov 22, 2013; 342(6161): 948-953. 16.05
Organization of the mitotic chromosome

N. Naumova, M. Imakaev, G. Fudenberg, Y. Zhan, B.R. Lajoie, L.A. Mirny, J. Dekker

A |:Linear compaction | B , O p——

Metaphase

10° el ol
10" 10’ 10
genomic distance, s (bp)

1

0 10 20 Mb

A two-stage process of mitotic chromosome folding

(A). Stage I: linear compaction by formation of consecutive chromosomal loops leads to the formation of a
fiber of loop bases. Stage II: homogeneous axial compression of the fiber’s backbone leads to formation of a
dense chromosome. This two-stage process produces a chromosome with the appropriate cylindrical geometry
and linear organization (genomic position is indicated by the coloring from blue to red). (B) Contact

probability P(s) for the two-stage process compared with observed P(s) (grey shaded). (C). Average contact
map for chromosomes folded by two-stage process.



Science. Nov 22, 2013; 342(6161): 948-953. 16.06

Organization of the mitotic chromosome
N. Naumova, M. Imakaev, G. Fudenberg, Y. Zhan, B.R. Lajoie, L.A. Mirny, J. Dekker

Movie M6. Two-step process of mitotic chromosome folding with highlighted loops.
14 loops, each separated by 20 intervening loops, are highlighted.




Science. Nov 22, 2013; 342(6161): 948-953. 16.06

Organization of the mitotic chromosome
N. Naumova, M. Imakaev, G. Fudenberg, Y. Zhan, B.R. Lajoie, L.A. Mirny, J. Dekker

Movie MS. Two-step process of Movie M6. Two-step process of
mitotic chromosome folding. Four mitotic chromosome folding with
monomers at the base of each loop highlighted loops. 14 loops, each
(1.e. two monomers on each side) are  separated by 20 intervening loops,
shown in brown. Note, that the are highlighted.

process of loop extrusion by SMC
complexes was not explicitly
modeled.



16.1 YIIAKOBKA JIHK B XPOMOCOMAX
Ilemnesvie yuacmku (Oomenst)

Y e LT %

DIIEKTPOHHAA
MuKpodoTtorpadus
OIMHOYHOU
XPOMAaTH/IbI
MUTOTUYECKOU
XPOMOCOMBI
HaCEKOMOTO.
CrnenuanbHas
00paboTKa MO3BOJISET
BU3yaJInu3upoBars IICTIIN
XpOMaTHHa,
OTXOMSIIKE OT LIEHTpA ,
XPOMATH/IBI.




XpomaTuH 3yKapuOT COCTOUT M3 NeTenb PasHoi ANUHb,
KOHUb KOTOpbLIX NpukpenneHbl K Benkosomy marpukcy. Ha
cnesa npencraeneHa MerachasHan
XpOMOCOMa, U3 KOTOPON BLIXOOAT HUTK XpOmaTuHa. BuaHel
NeTnu, KOTopbie 00pasyrdT 3T HUTKM, HO MEeCcTa uMxX npu-
coeguHerna K xpoMocome He paanuaaiotes. [W. C. Earnshaw,
U. K. Laemmli, J. Cell Biol. 96 (1983), p. 84.] Ha 3anexTpoH-

MUKpochoTorpachum

YIHAKOBKA /THK

U. K. Laemmli.]

HO mMukpodhoTorpacdmM cnpasa MOKa3laHbl XPOMOCOMBI,

obpafotaHHble pexcrpancynbdaro
LIEHHBI® U pacnpasneHHble Ha NOoANOXKe Npy NOMOLLMY
umtoxpoma. Obpature sBHUMaHUe,
NO-BUAUMOMY, BbLIXOAAT M3 COCEOHUX TOwexk 6enkosoro
matpukca (sHuay) [J.R. Paulson, U.K Laemmli, Cell 12
(1977), p. 817. O6a cHumka nwbe3HO NpepOCTaBNEHbI
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16.3 The bacterial nucleoid
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(A) B. subtilis nucleoid stained with Giemsa using acid-treated cells. (B) The nucleoid of growing E. coli in thin section after cryo-fixation
followed by freeze-substitution. The upper and lower panels show the same section; in the lower panel, the ribosome-free spaces were enhanced
by coloring by hand. (A) and (B) are adapted from Robinow and Kellenberger 4. (C) Nucleoid (stained with DAPI, colored red) and ribosomes
(RplA-GFP, colored green) in live B. subtilis cells growing in rich media. Despite this commonly depicted cloud-like appearance of the bacterial
chromosome, the morphology of the nucleoid varies among bacteria, and is influenced by growth rate and environmental conditions. For example,
the nucleoid in C. crescentus, and in slow-growing E. coli and B. subtilis, appears more diffuse and occupies a greater proportion of the cell
cytoplasm (not shown). (D) A gently isolated E. coli nucleoid bound by cytochrome C, spread on an EM grid, stained with uranyl acetate and
visualized by transmission electron microscopy. Adapted from Physics in the twentieth century.  Nature Reviews Genetics 14, 191-203 (2013)



164  Topological organization of the bacterial chromosome
A

bottlebrush

model HU, H-NS, FIS u IHF —

T'UCTOHOITOAOOHBIC OCITKH —
i s YYaCTBYIOT B OpraHH3aI[iH
R o = OaKTEPUAILHOM XPOMOCOMBI,
a TaK)Ke BIUAIOT Ha
SKCIPECCUIO TEHOB,
PEILTUKALINIO U

. pexomoOuHanuio JIHK.

mov

‘ »
W
Y,

beaxu n3 cemeiictea SMC

B Nucleoid-associated proteins and C Replication and Origin Compaction (structural maintenance of
SMC complexes

) oxigin region chromosomes) UrparoT poJib
«KOHJCHCHHOBY —
R e

5
TaK)Ke y4acTBYIOT B €€
pernapanuu, peKOMOMHAIINH,
cerperamyu JJ04epHux
XPOMOCOM U APYTHUX
mpoliieccax.

dhsMc 83Gyrase
0 PaB RdTopoisomerase IV
— Newly replicated DNA

O HF ©FIS
© HU

Origin region

(A) Schematic representation of the bottlebrush model of the nucleoid. This diagram depicts the interwound supercoiled loops emanating from a
dense core. The topologically isolated domains (microdomains) are on average 10 kb and therefore likely encompass several branched
plectonemic loops. (B) Schematic representation of the small nucleoid-associated proteins and SMC. These proteins introduce DNA bends and
also function in bridging chromosomal loci. (C) The diagram depicts replication fork progression and compaction of the origin region. Replication
generates positive supercoils ahead of the fork, which can diffuse behind the replisome producing pre-catenanes. Positive supercoils are removed
by DNA gyrase and pre-catenanes are unlinked by Topo I'V. Newly replicated origin regions thought to be compacted by the SMC complexes that

are recruited to the origin and by the action of small nucleoid-associated proteins (not shown).
Nature Reviews Genetics 14, 191-203 (2013)



16 YITAKOBKA JTHK B XPOMOCOMAX
MeradaszHbie XpOMOCOMBI

Chromosome AN NN NN

Chroenatid Chromalid

\ \ Hyxneocommas. . ... .. ;
Cantromers S 0\ (I)I/I6pI/IJ'I a form of chromatin

3
3

-

dubpuia B
30-nm chromatin
(bOpMe fiber of packed
nucleosomes
COJICHOHU 1A

section of
chromosome in an T
extended form wf nm

8
3

condensed section

of chromosome
//'ﬂum Pars
\\‘ :
N
"
\\
N
N k\ X .
\ entire
mitotic
chromosome

NET RESULT: EACH DNA MOLECULE HAS BEEN
PACKAGED INTO A MITOTIC CHROMOSOME THAT
IS 50,000x SHORTER THAN ITS EXTENDED LENGTH
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Tunel PHK 1 ux pacnpocTpaneHHOCTH

rRNA, pPHK pubocomasnbHas ~80%

tRNA, TPHK TPAHCIIOPTHAs ~15%

mRNA, MPHK, n"PHK MaTpU4YHas WIK HHPOpMaIIMOHHAas <5%

sRNA, MmaPHK, MuPHK wMmanas (saepHas, nuroruiazmarudeckas) <2%
CTPYKTYPA PHK

TvC stem

aKUenTOpHbIA 5
7]
crebensb TwC loop \ aKUenTopHbI

netna TwC loop

netns D loop
nceegoypauuna

AvruapoypuauHa

loop

aHTUKoAoHOBasA
netnsa

\ aHTUKo4OHOBaS

(a) (b neTns
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NHOOPMAINIUMOHHASA CBA3b
MEX/1Y JHK, PHK U BEJIKAMHA

Penmmukanust D‘H K

Tpanckpunuus
OOparnas \

T PHK

Tpaucnsanus

Tpanckpunuusa u

| BENKM .

(IeHTpaabHas 10rMa MOJEKYJIIPHONW OMOJIOTHM )




