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"'Tightly Bent DNA is a Fact of Life Wlth \
Biological Consequences s L

(Goodsell)

(Creer nd Cremr) (Bustamante et al.),

Genomes and Geography || viral DNA Packing

+ The many faces of DNA. Gene Regulation

s Mapping genomes. * 15 microns of DNA

confined to 50nm capsid. © L9°Ping ubiquitous in
prokaryotes and

eukaryotes.
ldea: Use DNA mechanics as a knob to tune biological function.

Note: problems that may seem universes apart biologically are next door neighbors
In physical biology.
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The I\/Iany Faces of DNA e EiAT

R

ccggtttaa ggegtttceg

g aaaggaaacy

Ictgt ttttgteegt

Cggtg.Ggagtatceg

LCTCAAGTCCCGAT. 241 taccattcag aactggcagg aacagggaat gecctety-egaggeggty gcaagggta
301 tgaggtgctt tatgactctg ccgecgteat aaaatggta:tgccgaaaggg atgctgaaat

. AGTTCALGGCTA.. 361 tgagaacgaa aagctgcgee gggaggttga agaact’gsgg caggccageg aggcaga
421 ccagccagga actattgagt acgaacgcca tcgactta,gg cgtgcgcagg ccgacgeac
481 ggaactgaag aatgccagag actccgcetga agtggtggaa—aeegeaﬁet gtactttcgt

A s a s et o f b i n d i n g s i tes 541 getgtegegg atcgcaggty aaattgccag tattctcgaegggctccccc tgtcggtgea

601 gcggcgtttt ccggaactgg aaaaccgaca tgttgatt’,tc:ttgaaacggg atatcatcaa

f.-l_r,.l"'l’ As a I ’ n e c h a rg e 48301 catgaggttg ccccgtatte agtgtcgetg atttgtattg tctgaagttg tttttacgtt
48361 aagttgatgc agatcaatta atacgatacc tgcgﬁ&aﬁgﬁ%ﬁb&gtggm

E ﬁ E ﬂ ﬁ 48421 gatggcectee acgeacgtty tgatatgtag atgataatcd tatcacttt acgggtectt

1 gggeggegac ctegegggtt ttegctattt atgaaaat

A S a CO de 61 ttcttcttcg tcataactta atgtttttat ttaaaatace
=P 21 acaggtgcty aaagcgaggc titttggect ctq Cotttc Cti

181 ggaatgaaca atggaagtca acaaaaagca getg

48481 tccggtgatc cgacaggtta cg

LT
it

o,

As an elastic rod
ol g

\;WWW

As a random walk
Intriguing linkage between the

informational characteristics of

DNA and the physical features.




“‘bﬁl\ﬂapbl%g"PGenomes Informatlonally and

Physically = ]
Sturtevant - first chromosome map Geography of chromosomes
8 PR M in cell nuclei (Cremer and Cremer)

o 1.0 ST

Nature Reviews | Genetics

What are the biological consequences of these structures?

Geography of chromosomes

in viruses (ph e T7 & influenza) The fine structure of genes

(Davidson group)

http:llweb.uct.ac.za/depts/Qirblo/uItrastr/rna/fIQ.htm



*hysical Consequences of the Tight
Squeeze in the Life Cycle of a i
B aCte rl O p h ag e Fyewd = — __

™m

R Rate of ejection: = 100 - 1000bp/sec

Osmotic pressure IT Binding free energy, Infection
AG > kpT
H\

Viral Capsid . s — .
psid @ > @
NA i o i ’ S Y.
., areah L . 2 2
00N e Y - Al" ‘Q:: :::,‘ \
1R 2 3
(Y Y o = £
U0 / i | _.
Internal Force x \

Y
T
P ,

=Y DNA Replication
= & Protein Synthesis

Osmolytes produce force ITA.

Forceful ejection / /p,\_,\,
?s
- e /
o Rout, radius of the cap g g

\\ L, DNA length packed
AR paW

= R; radius of ith coil

M Ni, number of hoops

)/ of radius R; - ‘n“**\ b \ _
4 . DNA Packi 8 X ‘V\ | j
Construct a physical \

model of these
Rate of packing: 100bp/sec
processes. .
“Some assembly required”

Self-assembly



The Geometry of Viruses

Capsid Structures Structure of Packed DNA

L mw

Bl 0

PP e :'r:'-_~ T




-, FromyHershey-Chase to Optical
Tweezers: Phage are Stressed ...~

The capsid is left behind — DNA Is
injected into bacterium. A hint of the role (Bustamante et al.)

of pressure. —

355 in Protein Coat

(' Heri

E -
T infect bacteria h ntibody —
i n ad —
- | <>
(T4 ( Elender (1= ( )
u e detarhes ——— 1 pipette —
, ViNses . .,
g s
Little ¢ { e "-: Most (A) (8)
L . —— g i .
S — 60
1 120 | |i]
. il
e L
; . ik "T-‘ 100 |1
v il "

© 1998 Sinauer Assccigtes, Inc.

40 60 80 100 40 60 80 100
percentage of genome packaged percentage of genome packaged

Force resisting further packaging
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Relevant Scales in the Squeeze. .

ol

end =

Governing dimensionless parameter ~ Capsid size = 40nm
(check it out fcy‘ sperm, other viruses, etc.)

Cgenome |__ Nprbp ~ 1

Qcapsid o Qcapsid 2

Qyp, &~ 100043

Persistence length of DNA, length over WhICh DNA can
be thought of as being stiff.

— FEI
§p_kB—TN50nm

There is a negative charge every .17nm of length along DNA——
electrostatic energy crucial also.

The idea: assemble these two energies to reckon the packing forces (Riemer &
Bloomfield, Odijk, Gelbart et al.)



Computing the Free Energy of s
Packed DNA: Elasticity and Charges—.*

S Rout, radius of the cap

: %A L, DNA length packed
l' l. i

cylinder height, z _ )
packing spacing

R;, radius of ith coil

lf L]
I'f 5
G = yOn!
&+ N;, number of hoops

.\ &/ ofradius R

N(R

bend(Q) - Tl:é szjZ

Capsid permeable to
] [ {2 22 ~.' w" ) H
oo P d .~ water and ions
Fiee.q .

a,,: ., ; °=§ Y 2 +charged counterions |::> E'l.'?lt = \/_-FU LU(G + d C) E:Bp( d /E)
e Y (Interaction energy from experiments
of Rau and Parsegian)

-ocharged DNA backbone

Etot = Epend Eint
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What Does the Theory Predict? _ T3, ke T

Foend = —_—
Interstrand spacing Ejection rate
22758 'd il ] 1
5 7t T7 mutants 4
265 | . ] - 82
E 261 1 % b
£ 2557 ] y d 0.7.
" 55 amutants — Force build up ‘v 0.6/ Internal ERIID)
2451 > 1 120 % 0.5! \
2.4 ] O 04 Pure Langmui i A
2;'5?’75 ] 85 g 95 Z | 5 03,
; o a0t Sanl g 8? Internal Force
Fig.6 o |- - '0 + Lalngmmr,l s =19

eor - T 0 1 2 3 4

ABSTRACTION g T ) ) F12/D X 10-4
~ 5 Rout, radius of the cap t
/ \ L, DNA length packed LL4D- - Irn'e In ur:I S o - g =
el S - Ejection inhibition
. _| radgiu:ofithgcoil ED ] 100 221 set {1 r—e—
_ J.Ni, nu.mbeq.'ofhoops . TZI' i w}lggslhsgs -
\‘ i DL‘I 10 20 30 40 B0 O 70 B0 00 100 75 | ] ACI60 set 1 r—e—s
Percent packed 405 ey ——
¢+ The job of theory is to provide a conceptual ol A 415 4op oy —
framework which predicts something and suggests i,
new experiments. =
¢ Parameter free predictions for different salt | ; :
conditions, different viruses, different genome 0 5 10 15 2 2 @ & 4

osmotic pressure (atm)

lengths. Theory dictated experiments



"Pressure'in a Virus: Not Your Mother’s

Mechanics Experiment

The prediction: Fractional ejection

®. = depends upon genome length.
'n !@ § T 1 l.
E o 100
c y Ab221 set 1 +—e—
’® > 8 Ab221 set 2 +—=—
- 1 N . 37.7 kbp theory
& = 75 | 7\.0'60 8811 ’ ® .
Acl60 set 2 —e—s
48.5 kbp theory
i EMBL3
50 f 41.5 kbp theory

20% 10% 5% k- DNA
PEG PEG PEG DNA ladder

ejected
fraction (%)
25 |
T i S N .E .
0 5 10 15 2 25 30 35 40
osmotic pressureXatm)
DNA left in capsid DNA ejected

(Evilevitch et al.)
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Measuring Ejection Dynamics;: ..

ﬂ@@m L

Single Molecule Ejection
Bulk Fluorescence of Ejected DNA

Lots of simultaneous measurements of LamB / SYBR ejection 2005-03-15

35 T T T T T 1 T BOT
10 LamB 1 SYBR ———

20 LamB 1 SYBR ———
30 |~ 10 LamB 2 SYBR
0LamB 1 SYBR
0LamB 2 SYBR
o5 |- DNA/1SYBR
DNA /2 SYBR

QuickTime™ and a
YUV420 codec decompressor 40 |
are needed to see this picture.

20
20 |-

15 |-

0 5 10 15 20

Time (sec)

10 |-

\ Intérnal Force

Pure Langmuir, s = 20nm

Internal Force

+ Langmuir, s = 20nm

0 1 2 3 4,

s Time in units of L2/D x10°

+ We are still in the playing around stage "but it looks like we will be able to
measure ejection rate. Test prediction by tailoring driving forces — genome
length, binding proteins.

+ See the recent beautiful ejection rate measurements of Mangenot et al. in

phage T5.

Fraction DNA ejected
o
(%]
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Viral DNA Packing

15 microns of data
confined to 50nm capsid.
Packing forces related to
infection mechanism.

Eukaryotic DNA Packin

L

4

DNA in nucleus wound
around protein — histone
octamer.

Radius of curvature
comparable to DNA
persistence length.

+

Gene Regulation

DNA-binding proteins
such as Lac repressor
loop DNA.

Ubiquitous in
prokaryotes and
eukaryotes.




The Development of the Operon Concept: What
Cells Eat and When They Die pud = TR0

* The big idea: there are
genes that control other
genes!

bacterial cell

host chromosome — .-"5._--:.‘1-.
lambd
s g ATTACHMENT TO HOST CELL
4 ANDINECTION DF LAMARADHA

S\ ._. ..

| LAMBDA DNA CIRCULARIZES
INTEGRATION OF
LAMBDA DNA INTO '
HOST CHROMOSOME

density

5 SYNTHESIS OF VIRAL
< +.| PROTEINS NEEDED FOR
+s+.*| FORMATION OF

< NEW VIRUSES

h
ours f ? Q.(.)

induction ‘-.".'.Z'.'=..0 =L)| RAPID REPLICATION OF

event . ) “ LAMBDA DNA AND ITS

PACKAGING INTO

y § COMPLETE VIRUSES

CELL DIVISION ,A\

AN A | l CELL LYSIS RELEASES
A LARGE NUMBER OF
AN A2\ ? Q NEW VIRUSES
INTEGRATED LAMBDA DNA REPLICATES b? P,

ALONG WITH HOST CHROMOSOME
PROPHAGE PATHWAY LYTIC PATHWAY
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e Lac Operon: The Hydrogen Atom o
Gene Regulation

{ y A A
g 17 4

Monod

- ol ITHALSI ATIaVEL T 2
qr‘:l"a“-{ﬂj.% -‘;“-'1 I:VHr'lg::‘!'l ¥ Ood (YHAIS T INHIVL ob
rolree @UIESTVRAI FAURLE cOLIBACILLEESTV-RA| |
3 = PR L ELEPHA INT rOU Tc.?.le!z ?Liin;PauR;iEULl‘ﬂ‘c' =2
1 £ TOlL ct
Lactose  Glucose Expression Level B LiseaTvRniue Lt AL T TR ETES
FoAATBaURLELEPH AN TTOU T CEQL
ESTUYRAPoyRLE COLIBACILLEEST
UAK ) POUR UELEPANTTOUFCE gy
IESTVR A1 poy R LEESL 1BACHLEE

+ + lacZ OFF (basal) v

=L ® '\ eTVRN PourLELLpHRNT ol
% £ e ela R
: LUefr el AN TIouTL
Promoter (s I E% F VR A POVRLE G
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gt i
;5‘ NS - |
- -
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“Tout ce qui est vrai pour le
Colibacille est vrai pour I'élephant.”
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bp o~ -
The Single Molecule Census £ . KEMT

— ———
- o

Fa .

,/ P = number of RNAP \
/ molecules H
[ = 1,500 ~ 2,000

=

CcAMP receptor
g protein

DNA| Gene of interest
Promoter

lac repressor

R = number of

lacA Mgy repressor molecules

L2 4 X

A= number of

| activator molecules
A ~ 1,000 \%
{ |

.\\ /}.
\ /

galactoside ~_

acetyltransferase
(Beautiful work of David Goodsell)

%
e B
4% -L',-f 5

lactose permease
B-galactosidase



the Numbers

1. Simple repressor

)

2. Simple activator '/_\'

[ A ] [

3. Activator recruited by a helper (H)

L oA

4. Repressor recruited by a helper (H)

N N[
s - N -

5. Dual repressors

N[

R | (R 1 —

6. Dual repressors interacting

(l + r‘)—l

rchitecture of Different Promoters by

7. Dual activators interacting

afll[J 8{13/} E(alp+€(12p+5ﬂ|az
kpl £pT £pl
m m — l+ae "B +aye "B +aae 2
Ea+%ay

[ A ] | Y
I+ a +ay + ajaye

E{l[)
l+ae ‘8" 8. Dual activators cooperating via looping
b _fap e _ Fapitaypslloop
—— — bl Iy £l
Eha : /’ \\ m I+H]€ B +{]2€ B +”lﬂ2€ B
kT B tap ! \
1+4e "B FgT A ] == | | (l+(1|Xl+{12)
= ¢
1+ /4 o .
€ ha 9. Repressor with two DNA binding units and DNA s, g7 —
gt _ Bryd+ loop
73 £ pl
1+{1L 147, +——e¢ B
1+ 4 1+7,
_ =]
hr

1+ /4

(l + rl)*](l +r2)7l

L+7+r +rne

Fal
1+ 4e B
+—

~

€
L L)

K‘B'I'

Bintu et al. (2005)

DNA looping
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=5 7'The Quantitative Experlmental W
Situation i e

s

Macroscopic (population) readout of single base pair changes

in genome!! - .
Two Repressor Binding Sites

One Repressor Binding Site

7000
repression 6000 70.5 (MUIIer'Hi” Et al.)
50 R 900 81.5

\ / — \ / S 00 _§ >000 92.5

01 lac Z 5 505
\_/ — \/ £ 3000
X[ X 21 320
a 02 lacz 7 2000 150.5
N/ - NS 1000 &.
|)Q | I)( 1.3 16 =

03 lac Z

0 @)
55 65 75 85 95 105 115 125 135 145 155 ]
operator distance in bp

* Repression - reduction in gene activity
measured relative to basal transcription.

* This quantitative data demands more than
a cartoon-level model.




' "Statistical Mechanics of Promoter
Occupancy: Beyond the Cartoons - =%

* The claim (hope): probability of promoter
occupancy can tell us the extent to which
gene is expressed.

* The goal: compute the probability of promoter
occupancy (like Ackers and Shea and others)
as a ratio of promoter occupied states to all of

the states available to all of the polymerase . _ N,
P polymerases to distribute in way

molecules. Pl (N_-P)!
Non-specific DNA is FYONS T

the reservoir of RNAP 2] 2 [ -2 == |8

—— ([Emmmn i RNAP —— [([BE] [ [ (8] [=[E)

DNA L2 == - |8 ==

N, boxes

Why Bother? Take the cartoons literally and explore them
guantitatively - allows us to precisely check the biological picture.

N el _p.NS
Z(P; Nys) = NS x e Pl /R8T

. . e . P!(NNS_P)! oo ~~
statistical weight - promoter unoccupied ~ - 4 weight of each state
number of arrangements




“"Polymerase and Repressor C0m|Oet|ng ford
the Same Real Estate lode 008

— 1
STATE WEIGHT pbOU/nd - 1 : NNS 5A€
Repressor — pFreg

binding site\

I 2

I:-)tzuound= 1

N
g™ N 11

Repressor —4&

i e—AErd/kBT l l |:| +

ey =

* Model predicts concentration dependence of
repression for a single repressor binding site.
* Extent of repression depends upon the
strength of the binding site.

+ We need a better molecular census!
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“"Statistical Mechanics of a Single |
Repressor Binding Site Boend = 22

o= (14 £ —BAcq)—1
reqg — m NyvoC
NS
100 ——==crrm ..
repression 10°1¢
—~ 50 R 900 i
\/ \ /. =
X] B X 200 4700 c 102
N 01 lac Z oA \fg\
\X/ [ I—|> X 21 320 S 103
02 lac Z 7 -
\ 7/ — \ 7 10-4. e } ;? Oehler et al. -
| X! 1.3 16 ' Vilar and Leibler
03 lacz -11.4
105 . . . .
10 100 10! 102 103 104
+ Data from Oehler et al. examines the extent of R (Number of Repressors)
repression for different binding strengths of the
primary operator.

* Model predicts how repression depends upon
strength of binding site and number of
repressors.



w5 "'The Quantitative Experimental
Situation Revisited Cpwd = T2

Two Repressor Binding Sites
One Repressor Binding Site

7000
repression 6000 70.5 (MU”EI’-Hi” et al)
| |
—- 50 R 900 = 5000 81.5 o
| 200 4700 2 '
]>Q | o ac 7 D<—— o 4000 1155
a 59.5
\_/ l" \_/ £ 3000
XL ] X 21 320
i 02 lacz 7" 2000 150.5
- 1000 l&.
X X s -
03 lac Z 0 o

55 65 75 85 95 105 115 125 135 145 155 ]
operator distance in bp

~distance

W T ok
Oid Ol 02
Promoter
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"Repression by Looping: States and
Wel

= Tk
ghts e
STATE WEIGHT
promoter
* Repressors (AraC, Lacl, Gal, etc...) often — 1.
act by looping out region between two I 1 ]
operators. S‘s’éﬁ%‘{ main
* Looping acts as a powerful enhancer of gramr 5 A
repression or activation. S o e
* All parameters in the model are known A
except for the looping free energy. Jjﬁ~ A PR 8(Aepa+ Agrg)
Nns NNS
R —B AEr d
R e m
P g = Zbound . Nis
ounmn
Z bound +Z unbound
oA R B AEr,d
N .. N :
NS

R R-1 e B (A€ d + Aerad)
Nns NNS

R B (Aera + Aerya HFioop)
Nns




" "Repression and DNA Looping: Repressor
Concentration Matters iz ]

401 bp
* Predict the repression as a function of —E u
number of repressors, sequence | e O
between operators, strength of 100 -
operators, number of operators, eftc... |
+ We need a better molecular census as a 101 b i e
function of space and time! How many 3, 2
of each molecular actor and where are g’ )
they? - @ N T
/..—--"' T _C ..............
L N\ S
\ | o 103
| | ©
| HQ On O,
4 104 |— 01 02

1 — 02 02| Oehleretal.

S | 93 02| Vilar and Leibler

101 100 ‘IO‘ 102 103 | 104
R (number of repressors)

L

(1 4 B e—Aérmd) (1 i Le—Aemd) i Ni —(AeppatAergatFloop



" "Repression and DNA Looping: The Loop
Len 0 th Matters Evend = _T__H

1072
+ Interoperator spacing and sequence are
knobs we can turn to control
expression. If the model is right, we
know what to expect.

obeLgfoL ql2fguce 1 pb
022 €2 N2 82 92 102 Il2 IS2 132 I+ Jeeoj

fold-change

L ]
[LacT,] (nM)
—10 — 200
—50 —900

1000 'f-

5000 .4 : .
— 3000 10 0 500 1000 1500
S 2 * dlstance between oDerators (bp)
o $000 10° i
‘©

10° 10° 10*
L (bp)

Beware: in-vitro and in vivo reconciliation not clear. What about
the persistence length?



One AF,,,, to rule them all! ..o

loop

AF

Extract AFIOOp

65 70 75 80 85 90 95 100
Distance between operators (bp)

Miller et al. (1996)
Saiz et al. (2005)

55 60

Distance
between operators
—

[ ] | lacZ

01 —e— Muller et al.
Q2 e

Becker et al.

Relating AF, in
different promoters?

65 70 75 80 85 90 95 100
Distance between operators (bp)

60

7000

6000 r

%)
(=]
(=]
(=]

4000

3000 -

Promoter Activity

2000

1000

Interchangeable Sequence

200

150
Distance between operators (bp)

Lee and Schleif (1989)

50 100 250

e

i

/[

Reporter Gene

O,

|
Om
P

romoter
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Concluding Thoughts . ThhT

? :

Persistence
length of DNA

* Physical and informational characteristics
of DNA are linked.

* Tightly bent DNA plays a key role in real
biological problems.

* Application of physical thinking to in vivo
questions yields predictive models and
suggests new experiments.

Goodsell




~"DNALooping in Transcriptional
Regulation TS

CRP synergistic

Lac Repressor Repression by AraC prast
activation
6000 7000 : 45 : : ; : :
xofs--- " g, g e
5000 é;,‘?_‘_if}‘_@g_??\?m g 6000 ; & e S B ’ /T ;g {@ ]
1] .r’.- £ — \"'\\\ Iy oo 8 II:\. . 5k il \"_'IB?-?:_‘.-;. b
o all f \ | :% g 5000 T || ll'! %‘%} \hl“ '-;_:E ] e ﬁ lll | 6“\ - :'T@':*a}“.— N
O 4000+ I S W ) |l I LS O F o 3 I ] 5@ _Igw
g N AL < _ | WG c I | b
n W I N g UMD ‘| | . S 2.5 s [ Misoy
@ 3000 7 |4 \ e v | |i \ ‘ 1 | = / ; [ i
S |l r Y 2 © 0o litif e A1 ol T SO O SR A I PR
I ( | | | | | | .I] -O = ." Y |II ‘III | lll‘ / I|
& 2000 ! ll J | g il Tu* u‘n |,+l ! q_g 1.5 ,\. ‘ ,'l | II! v/
&- | 5 I p l \/ ! v
1000 '“'.f;%f | l‘ “‘m&h‘ < TR |Ji 'l J,' ‘ ""b’_ od . i o \
i e ; i '
’ =5 _ . . e ! . ! ! .
%50 100 " 250 500 1000 1500 % 50 100 150 200 250 0 110 100 90 -80 f?o

Distance between operators (bp) Position of upstream CRP (bp)

Distance between operators (bp)
Lee and Schleif (1989) Belyaeva et al. (1998)

Muller et al. (1996)

*+ DNA is not just a storage medium, its physical state and mechanical

properties play an active role in life. o _
+ What is the connection between what we know from in vitro experiments

and the in vivo situation?
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. Physical Biology = Cartoons Are
Not Enough Bade X0

s

Quantitative Data Demands Quantitative Models and

Quantitative Models Demand Quantitative Experimentation

* Experimental techniques
producing quantitative data on

many fronts. e (Selvin et al.) g
* Cartoon-level models deprive us - ‘

of the full understanding lurking £~

in the data. £

* New mode of thinking — precise o
understanding followed by control °™:
and synthesis. e

Sukharev et 13
§ by WM ________

1000 {44

5000 -

2 88888

Repression

D:......,.,..,..”Tn..n...nrn......-..u-..-....
55 65 75 85 95 105 115 125 135 145 155

Operator distance in bp

Gene regulation

E s | This talk: class of case studies involving tightly bent
Ion channel dynamlcs DNA. Problems that are seemingly remote are
Intimately related.
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What Now?

Evend = mﬁ—-—kbr

R

In vivo looping

Interchangable Sequence

In vitro looping

Oa

/ report7r bead

bead image

|\ binding sites

tethered DNA — | looping protein

7y \
-
|

tunable DNA region

microscope slide

O Reporter Gene

m
lacUV5
promoter

Incorporate twist and protein
flexibility in the analysis.

Reconcile in vitro and in vivo pictures of DNA mechanics - use sequence to tune mechanical response.



(Evilevitch et al.)
20% 10% 5% h DNA
PEG PEG PEG DNA ladder

il B

—— ==k
S I s

¢ =
woy T

5.0

T Rk n

oo

[l (3]
(3]
=

Absorbance

o~
S T TT TETE L  ONN
S LONR
~Ta—aa

Lambda cl60 partial ejection

240 250 260 270 280 290 300 310 320
Wavelength (nm)

0% PEG

5% PEG ——--
10% PEG ----- 35% PEG -- -- -
15% PEG --------- No LamB --- ---

* Force balance between ejection forces (as measured by
Bustamante) and osmotic resistance.
+ More PEG, higher osmotic pressure and less ejection.
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Epau= kel

DNA unwrapping
with local diffusion
coefficient D

Donor Cy3
# LexA Binding site

1 8 27 147

oy
AN

LexA Binding

Acceptor Cy5




time of unwrapping (msec)

8000 - ' ' ' ' y
7000 -
1 (L —x)
U(z) = —y(L—=z)+ EfkTT 6000 -
1 5000 -
_ 08 4000 -
2 os 3000 -
é 0.4 2000 -
1000 -
O (~—} 0 , : 1 1 J
0 5 10 15 20 25 0 5 10 15 20 25

binding site depth nm
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* The operon concept was built around two famed examples, both of which involve
DNA looping — phage lambda and lactose metabolism in E. coli.
* Eukaryotic looping in cis-regulatory context is rich and diverse. Not yet

quantitatively nailed.
* Goal: Understand physical mechanism of biological action at a distance. I will

emphasize the Iac operon but the ideas are more general.

aac(Schleif et al.)

— araBAD

Promoter

looped DNA

Lac Operon
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Quantitatively?

'How.Shoutd We Think About Regulatlon

“Thermodynamic Models” —

Equilibrium Notions

STATE WEIGHT

Activator
bin;iing site

W Qf P -t y/kgT
. A N

Rate Equation Perspective
d[mRNA,,, |

dt _vaN.l--lkp F(kd.nﬂm-hp"'p)'{m[{mﬁhp]

d| f: pl = Veep = (kg +1)-[Rep]
d[mR{;ﬁm =V, sonzra {kd_..mr.—z‘m + u} : [mRNAhg]
“[I?iﬂ‘] Vg (ke + 1) [Beat]
d[P:lrm] = Vpum — (K4 + 1)} [Perm)
@ = Ve = Vautae = Vi o = 1+ [LaC, ]
d[J::ID] Viae-ane — Yeaan — W -[Allo]
AAME]) - Ve = (ke 1) [cAMP)
d[Glum] = (Voun = Vien) X
M N
dt
=
d[G;uﬁP] v+ 2 (Ve + Vo o) = B - [Glu6P]
t X1 G

Wong, Gladney, and Keasling ‘03



"DNA-DNA Interaction: Osmotlc
Stress Measurements

Osmotic stress measurement

DNA in hexagonal array %cg%dm %%

osmotic pressure = cppakpT
The concept: osmotic pressure known as function of
concentration of polyethylene glycol (PEG). DNA

spacing measured via x-rays. Used to derive strand-
strand interaction energy.




“Interaction Effects and the Vlral
Packing Problem o M

+ All of the complex physics of

adapted from (Parsegian and Rau)

hydration forces and screened

.
Coulomb interactions can be
folded into a simple effective o P~ F;% eﬁlgl(v eds/ c)
interaction. o P
¢ Basic physics in virus: At low £
packing fraction, DNA tries to . T a ®
stay far apart. However, at larger : ? et
filling, this leads to severe = . * &
bending cost which is then paid Z icsill °
in terms of repulsive energy. = ¢ °
s I S 5 °
_ N @ @
E;n; = FoL(c? + dc)e d/c | attractive .
5 1 1 I / |
20 25 3 35 44

INTERAXIALSPACING(A)

Different ionic
concentrations




" Numbers for various phage = it

Phage Hypothesized Genome Ejection Av. Ejection
Mechanism Length (kbp) |time (sec) |rate (kbp/sec)

\ Pressure 48.5 60 0.8

T4 Pressure 169 30 5.6

T7 Enzyme 40 600 0.06

15 Pressure+ 121 360 0.3
Enzyme

$29 Pressure+ Enzyme | 19 1800 0.05
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Fo)= & Modeling the kinetics

Viral Capsid

Binding of RNA polymerase
| Energy

release energy
Binding sites for
- release of
S

interior RNA polymerase

(&= e persite

Internal Force

" capsid exterior

Described by Fokker-Planck equation
op(x,t) D <82p(:1:,t) 1 0

U(x) is the total
free energy of

(U(z)p(=z, t))) DNA

8t 8332 kaé?
D assumed
to be The mean first passage time is
constant

U( ) U(y)

ky I’




