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Kahn Lab Research

» Design and construct interesting DNAS.

» Characterize their interactions with proteins:
bending, twisting, writhing, looping, topology
» Goals:
» Better methods for large-scale structure.
» What are some of the structures?
» Functional consequences of changes in structure?
> Design new systems.
» Techniques:
> DNA cyclization
» Molecular biology: EMSA, footprinting, DNA topology
» FRET, both bulk and single-molecule
» Numerical simulation
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Central Dogma of Molecular Biology
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DNA Cyclization Methods and Their
Applications to Sequence-directed
and Protein-induced DNA Bending,
Twisting, Topology, and Flexibility

J. Kahn




DNA Czclization

» DNA ring closure or cyclization requires bringing the DNA ends together,
aligning the helix axes, and having the correct torsion so that 5" and 3’ meet.

» The ring closure probability is given by the J factor, which is the effective
concentration of one end of a DNA in the neighborhood of the other.

» J depends on DNA length, helical twist, bending, and flexibility.
> This cyclization constraints are expressed in the following equation:

J=47W O, (DD, (7)) / N,

» W(R) is the probability of end-to-end distance R, T'y(y) is the conditional
probability that the dot product of terminal helix axes is v, and @, ;(t) is the
conditional probability of torsion angle t, where 15 = 360°(1-1/helical repeat)

» The J factor is most conveniently measured by cyclization kinetics, and
flexibility and bending parameters are extracted by fitting models to the data.

» DNA minicircles (< 100 to 600 bp) are ideal systems because they are most
sensitive to changes in shape and flexibility.
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Cyclization Kinetics Measurements and Formalism

Experiment: Compare T4 Ligase-Mediated Cyclization and Bimolecular Reactions
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Adapted from Shore, Langowski, and Baldwin (1981). PVAS78,4833.
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Shore and Baldwin Results

LR LL | L L L AR A v ¥ v

E o ]
-~ "“.
FAR [N
L ' L Increasing 3 - ] |‘
E Entropy 3 i
R Il 2"’ Y ] 3 I v
-, \‘ 4 .1 ! H [
gL 13 [~ ] i s 3
l ' . i S 1 FE S
' L ) N ) - E
= H ﬁ * e L ]
-t ! * 3 i b
: % ] LY | _
. Increasing “:h (¥}
HIE, Strain Energy S
: 1 DNA g s pesi)
[ AT | 22 23888 - . .
7 o o Torsional Oscillations
DNA longihs Pase-poss)
Fp-t9—37

Cyclization probubility j s » feaction of DNA length for a sevies of EcoR] sestriction
fagments raoging in leagth from () 2504362 bp and (5) 237-254 bp. [Reprinted from Shore,
n.-umk&hmhuua-m—m-am Topoisomerisea
Amalysis, 957-981, 9631078, Copyright ©1983, by permission of the
publisher Acadensic Press Limited London.) . .

From Bloomfield, Crothers, and Tinoco, 2000
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A-Tracts: Intrinsically Bent DNA

" ¢ s .
B b (— — s A
:"-“ S| —~— //’ w5 Q‘k
T — —— s
2 —= — o
=5 —— -~ N
o2 == == X
—;? G A% /: ;: B
S ., = s == . S —
Y U= ~ =5
Mé — — S
= — — N X
o, o2 A =
3 s — — g
H_ — — e
_:;}:: Ns{ e 4 “a
;- — '/; TG

Crothers et.al. (1990). J. Biol. Chem.

Steps A-C are equivalent to compressing the
minor groove at the centers of the A-tracts.

A-tracts repeated in phase with the helical repeat
add up to give substantial DNA bends
We use them as tools.
J.Kahn




Protein Bending, DNA Cyclization and Minicircle Binding

Analysis of Bending by Cyclization

Equivalence of Binding and Cyclization

In-Phase Bends
A tracts] Q

Out-of-Phase Bends

A tracts

CAP

= variable length phasing adaptor

Experiments

- —0

Circle

Thermodynamic
Cycle 1

N —
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Linear-CAP Circle*CAP

> The left panel illustrates enhanced cyclization of DNA with in-phase protein-induced and sequence-
directed bends, as well as repression of cyclization caused by out-of-phase bends. Total DNA
length, and therefore the torsional phasing at the ends, is independently controlled by the second

phasing adaptor or by PCR.

» The right panel illustrates thermodynamic linkage between the effect of bound protein on
cyclization and the effect of cyclization on protein binding: minicircle DNA is pre-bent, so protein
binding is strongly enhanced. Thus cyclization kinetics and minicircle binding are equivalent
experiments, and they can be used interchangeably.
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Demonstrating Bending-Binding Connection

Quasi-thermodynamic Cycle

K, (- CAP) ko (—~ CAP)

Linear —— Nicked Circle —> Closed Circle
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NC-CAP —> CC.CAP

K (+ CAP) kjjg(+ CAP)
K (+CAP) _ Kg(NC) /' Kp(C)
K (- CAP) Kp(L) Kp(L)

Cyclization kinetics

Gel mobility shift competition **

Enhanced binding of CAP to
in-phase ~150 bp minicircles
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»We compare ratios of J factors with ratios of
binding constants, find good agreement.

J. Kahn

Kahn and Crothers, PNAS 1992




Detection of DNA Flexibility

a 141 bp all-ds DNA 141 bp wi DNA b 147 bp all-ds DNA 147 bp wi DNA
Larger
circles
Monomer
Monomer circle
circle
Linear
dimer

Linear
monomer

Tme(min) 0 1 3 6 101521 0 1 3 6 1015 21

Linear
monomer

Tme(min) 0 2 5 10182634 0 1 3 6 10 15 21

» Old data: Kahn, Yun, and Crothers 1994

» Cyclization of 141 and 147-bp DNAs with or without 3-nt interna loops
» Loop enables 141bp DNA to cyclize: torsional flexibility

» Also see weak enhancement of 147 bp cyclization: bending flexibility

J. Kahn Kahn, Yun, and Crothers, Nature 1994
J factors for Flexible DNA
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» J factors as a function of length were fit to a sum of Gaussians.

» Flattening due to torsional flexibility, elevation due to bending
flexibility. No bend phasing dependence.
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Application of DNA Cyclization to the
Solution Shape and Flexibility of TATA box
DNA, TBP*DNA, and Assembled Complexes

J. Kahn
The TATA Box Binding Protein (TBP)
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DNA Deformation Induced by TBP

A net 80° bend (viewed
from the side) comes from

a contorted geometry
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(Burley, Sigler; this is hTBP
but they all look alike)
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DNA Deformation Induced by TBP

Intercalating phenylalanines are responsible for out-of-plane bending,
and there is substantial bending by roll across the top of the saddle

J. Kahn




Cyclization Constructs Used for Analysis of TBP-induced DNA Deformation

J. Kahn

Models for Free TATA-containing DNA

TATA Box

Scaled Trifonov
wedge angle model

Suggests A tracts

inversion of TATA
box bend

J. Kahn




Cyclization |Is Profoundly Affected by Shape
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Simultaneous Analysis of Equilibrium Constant and Cyclization Rate

08 Kinetics and EMSA are consistent with 5 100 nw: TBP
exclusively singly-bound TBP
07T at the concentrations 1
used for kinetics. - [tgp)(aM) 0 2 10 20 50 100 —— 50
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Czclization Kinetics for a Class | DNA 520A112 With and Without TBP

Simultaneous fitting of two kinetic experiments (Matlab):

e We can distinguish +TBP reactions occuring in one tube i _ NoProtein
* The TBP-bound DNA cyclizes to give the -1 topoisomer 05| Rel. ligase =0.92237
e J factors in this case are 110 nM for the TBP-induced oa] TORONAZZM
-1 topoisomer and 8.1 nM for the free DNA O topoisomer. = . 3 Topoisomer (-TBP)
3
No Protein With TBP 02 °
Well 0.1 Bimolecular
. 5 10 15 20 25 30
oot fime ()
With TBP
Gel Shift (!) 0.45 | [Bound ke = 0.15358
Topo -1 —§ — Free kc = 0.011297 -1 Topoisomer (+TBP)
Tp e oo s d oo 8 o 003; Bimol kb = 0.0013886
opo - 03 Occupancy = 0.20395
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[TBP] (M) 50 0 20 10 ° s 10 15 2 25 30
Time (min) 30 DES— 0 [0 ] 30 Time (min)

In-phase bending enhances cyclization. Topoisomers appear.

J. Kahn
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TBP Represses Cyclization of the Out-of-phase (Class Il) 8T15 Construct
only Weakly, and the Cyclization of the Free DNA Is Surprisingly Rapid
1.0
¢ Rapid cyclization of fr.ee DNA s | J ~ 6000 nM
suggests strong Bendingor ¢ .
anisotropic flexibility of the T sl L o
TATA box; other data suggests )
it is anisotropic flexibility S o0af A L
e Difficult to measure true rate of
TBP*DNA cyclization due to -
occupancy issues. 0% i X : . . :
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Time (min)
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DNA Topology

(a) — (b)

Linking Number:
Lk = Twist + Writhe
Lk is conserved if the DNA
chain is not broken

ALk = ATw + AWr

(c) (d) (e)
Wr ~ -4
ATw ~0 =i y
Plectoneme - _; i Wr ~-3
= i"‘ ATW ~ '1
Adapted from Bates and Maxwell, / 4 Wr~-4
DNA Topology { ‘ ATw ~0
Solenoid
J. Kahn
Interconversion of Twist and Writhe
ALk partitioned into twist
B . ATw=-1
Relaxed DNA

Helix axis is in the plane,
so Wr=0.

There is no difference in
Lk for B-E

Flip the red strand

ALk partitioned into writhe ¢

Wr=AWr=-1
Gedanken
? intermediate
‘\ ) "
D Flip the blue strand
-

ATw =0 relative to relaxed

J. Kahn




Summary of Cyclization results for the TATA Box with and without TBP
Total L|147bp 150 153 155 156 157 158 159 160 161 162 163
Construct |Phasing Turns §| 14.14 1442 1471 1490 15.00 15.09 15.19 1529 15.38 15.48 15.57 15.67
Class I: In-phase A-tract and TBP bends—TBP enhances cyclization
©To  |47bpt 4s0 | 247 23 18 (9)1

(9)To+TBP | 47 450 | 7700 470

140 ()1
(15)A9 47 450 14 34 64
(15)A9+TBP | 47  4.50 &g g 710 28000
(17)A11 49 469 54 14 7.8
130 1200
(17)A11+TBP| 49 4.69 150 (9
Class ll: Out-of-phase A-tract and TBP bends—TBP represses cyclization except for unwinding effects
6600 1200 1.1 (0)
(13)A13 51 4.88 1.3(0)
(13)A13+TBP| 51  4.88 [3200] [1200] " EO;
(NT5 | 53 507 5800 3500 85
(1)T15+TBP| 53  5.07 [4600] [2200] 67 (0)
13 (+)
(11)A17 55 5.26 6500 3700 12 EO;
[4000] [2900] 840 (0)f
(11)A17+TBP| 55 526 270 ()
# (n) indicates total length was varied by PCR by altering first linker length.
* All J factors (effective concentrations of aligned ends) are in nM.
+ Distance from center of TATA box to center of first A tract: Half-integral turns indicates in-phase TBP-A tract bending.
§ Calculations assume B-DNA helical repeat = 10.45 bp/turn, A tracts 10.33 bp/turn, no allowance for TBP unwinding.
+ Where (0), (-), or (+) are indicated, they accompany the J factors of the corresponding topoisomers.
9 Estimate includes consideration of occupancy factor.
Bracketed values are upper limits; true values could be much lower due to site occupancy issues.
Results are reproducible to within a factor of 2. H H
Davis, Majee, and Kahn, JMB 1999.

Summary of Cyclization results for the TATA Box with and without TBP

Total L|147bp 150 153 155 156 157 158 159 160 161 162 163
construc asing|lurns §[ 14.14 14.42° 74./1 1490 15.00 715! 15.19 1529 15.38 15.48 15.57 15.67
Class I: In-phase A-tract and TBP bends—TBP enhances cyclization
(#T9 _ lazbnt 450 | 247 23 13(0)
-7 ¥
7700 470
(9)T9+TBP | 47 4.50 140 (O r ~N
(15)A9 47 450 1.4 34 64
(15)A9+TBP | 47  4.50 &s g 710 28000
(7A1 | 49 ae9 N84 14/ 78
(A\AA4,. TDD 40, 460 130 1200
150 )Y
Class ll: Out-of-phase A-tract and TBP bends—TBP represses cyclization except for unwinding effects
(13)A13 51 488 6600 1200 11
LA
(13)A13+TBP| 51  4.88 [3200] [1200] 1-g EO;
5800 3500 8.5
J factors are consistent with predicted
[2200] 67 (0)
. . B 13 (+)
bend magnitude and direction 3700 50
1.2 ()
[4000] [2900] 840 (0)f
(11)A17+TBP| 55 5.26 270 (1

# (n) indicates total length was varied by PCR by altering first linker length.

* All J factors (effective concentrations of aligned ends) are in nM.

+ Distance from center of TATA box to center of first A tract: Half-integral turns indicates in-phase TBP-A tract bending.

§ Calculations assume B-DNA helical repeat = 10.45 bp/turn, A tracts 10.33 bp/turn, no allowance for TBP unwinding.

1 Where (0), (-), or (+) are indicated, they accompany the J factors of the corresponding topoisomers.

9 Estimate includes consideration of occupancy factor.

Bracketed values are upper limits; true values could be much lower due to site occupancy issues.

Results are reproducible to within a factor of 2. J K a h n




Summary of Cyclization results for the TATA Box with and without TBP

Total L|147bp 150 153 155 156 157 158 159 160 161 162 163
Construct |Phasing Turns §| 14.14 1442 1471 1490 15.00 15.09 15.19 1529 15.38 15.48 15.57 15.67
Class I: In-phase A-tract and TBP bends—TBP enhances cyclization
(©@*Te  |47bpt 450 | 247 28 1300
7700 470
(9)T9+TBP | 47 450 140 )1
(15)A9 47 450 14 34 64
(15)A9+TBP | 47  4.50 &g g 710 28000
(17)AT1 49 469 54 14 78
130 1200
(17)A11+TBP| 49 4.69 150 (9
Class ll: Out-of-phase A-tract and TBP bends—TB es cyclization except for unwinding effects
(13A13 | 51 488 6600 1200 " EO;
(13)A13+TBP| 51  4.88 [3200] [1200] " EO;
(11)T15 53 507 5800 3500 85
(11)T15+TBP| 53 507 [4600] [2200] % EO;
¥
(11)A17 55 526 6500 3700 1.6 (0)
Extremely efficient 20
(11)A174TBP| 55 526 [4000] [2900] 840 9
cyclization of TATA- L
# (n) indicates total leygth was containing DNA ir length.
* Al J factors (effective concel g
+ Distance from center of TATA box to center of first A tract: Half-integral turns indicates in-phase TBP-A tract bending.
§ Calculations assume B-DNA helical repeat = 10.45 bp/turn, A tracts 10.33 bp/turn, no allowance for TBP unwinding.
+ Where (0), (-), or (+) are indicated, they accompany the J factors of the corresponding topoisomers.
9 Estimate includes consideration of occupancy factor.
Bracketed values are upper limits; true values could be much lower due to site occupancy issues.
Results are reproducible to within a factor of 2.
P J. Kahn

Summary of Cyclization results for the TATA Box with and without TBP

TotalL[147bp 150 153 155 156 157 158 159 160 161 162 163
Construct |Phasing[Turns §| 14.14 14.42 1471 14.90 1500 1509 1519 1520 1538 1548 1557 1567
Class I: In-phase A-tract and TBP bends—TBP enhances cyclization
(©)fTo  |47bpt 4.50 TBP-induced topoisomers appear at
(Q)TO+TBP | 47 450 ~n+0.6 helical turns: ALk~ -0.3
(15)A9 47 4.50 E 34 64
(15)A9+TBP | 47 450 829 710 28000 /\
(A7A11 | 49 469 \/ 54 14 78
130 1200
(17)A114TBP| 49  4.69 150 (0
Class Il: Out-of-phase A-tract and TBP bends—TB es cyclization except for unwinding effgcts
(19A13 | 51 488 6600 1200 I Ef)
(13)A13+TBP| 51 488 [3200] [1200] " EO;
(11)T15 53 507 5800 3500 85
(1)T15+TBP| 53 507 [4600] [2200] % EO;
+
(1MA17 | 55 526 6500 3700 \_/ 18 Egg
(11)A17+TBP| 55 526 Extremely efficient [4000] [2900] gég 8111
cyclization of TATA-
(n) indicates total leygth was containing DNA r length.
All J factors (effective conce

Distance from center of TATA box to center of first A tract: Half-integral turns indicates in-phase TBP-A tract bending.

Calculations assume B-DNA helical repeat = 10.45 bp/turn, A tracts 10.33 bp/turn, no allowance for TBP unwinding.

Where (0), (-), or (+) are indicated, they accompany the J factors of the corresponding topoisomers.

9 Estimate includes consideration of occupancy factor.

Bracketed values are upper limits; true values could be much lower due to site occupancy issues.

Results are reproducible to within a factor of 2. J K a h n

wn —F % 3




Summary of Cyclization results for the TACA Box, without TBP

TotalL [147bp 150 153 155 156 157 158 159 160 161 162 163
Construct ‘Phasing Turns § | 14.14 1442 1471 1490 15.00 15.09 1519 1529 1538 1548 15,57 15.67
Class I: Out-of-phase A-tract and TACA box bends
(9)#T9 47bpt 450 | 076 11 0.71

(15)A9 47 4.50 1.8 10 2.8
(17)A11 49 4.69 16 3.2 0.42
Class II: In-phase A-tract and TACA box bends

0.7 (0)
(13)A13 51 4.88 410 54 0.2 (1)
(11)T15 53 5.07 640 250 1.9

4

(11)A17 55 5.26 320 29 04 (0)

All of the J factors are lower for the TACA box than for the corresponding TATA box:
TACA looks more like a plain A tract.
= Suggests decreased bending/flexibility.

Flexibility of the TATA box is readily disrupted by a single-base change.
=» Suggests TATA box deformability is essential to recognition by TBP.

J. Kahn

Comparisons with FRET and other literature results suggest roles for TATA box flexibility

FRET: Parkhurst, Richards, Brenowitz & Parkhurst(1999). /4758 289, 1327-1341.
Variant Structures: Patikoglou, Kim, Sun, Yang, Kodadek, & Burley (1999). Genes Dev. 13, 3217-3230.

FRET: High AH Slow Fast
TBP + DNA —= TBPDNA I1 (Bent) === 1I2(Bent)=<—= Final
Interpretation:

i x Bend inversion . .
Binding to rare DNA and unwinding Phe insertion?

TBP

TBP /‘7\ major .
DNA* DNA y ;Igg\:e groove

TBP binding to DNA is slow -- Why?
Requires binding to rare pre-bent state.
Binding to some TATA variants is poor, though final complexes all look similar -- Why?

DNA is not readily deformable: it is the reactant’s free energy that is sensitive to mutation, not the product’s.
Is there a clear function for Phe intercalation?

Compensates for topological change induced by unwinding: TBP is a “facultative supercoiler.”

J. Kahn




Further testing of TATA-TACA flexibility

» |dentified intrinsic bendability correlates with the
binding affinity of TBP but not final structure.

» Ligation ladders do not suggest unusual bending,
suggests anisotropic flexibility.

» Theoretical work (Manning, Maddocks) using rod
mechanics focuses on double-well hinge to explain
results.

» Possible relationship to Widom results on
hyperflexible DNA.

» Predict that cryo-EM (Bednar, Dubochet, Amzallag)
on minicircles vs. linear should show a strong
induced kink at TATA. May not be panning out...

» Advanced NMR and X-ray by others, please.

J. Kahn

What about the supercoiling?

» In plasmid relaxation experiments (Roger
Kornberg), no ALk was observed.

» X-ray structures showed 100° untwisting,
compensated by positive writhe (~0.25).

> |s there a simple structural change that
can explain our observations?

J. Kahn




DNA Deformation Induced by TBP

Intercalating phenylalanines are responsible for out-of-plane bending,
and there is substantial bending by roll across the top of the saddle

J. Kahn

Speculative “Stirrup Retraction” Model for Flattening of the TBPeDNA Complex

Remove roll kinks
at stirrups.
No other changes

The Consequences of
Kink Removal Are More
Topological than Geometric

¢ Induced bend is d slightly ive to
neighboring DNA
+ Slight ion of the

4 DNA is flattened: No more writhe!

4+ Twist is unchanged inside site

+ Stirrups would need to move out + Requires overtwisting outside—that’s

¢ Interface is otherwise unchanged where the lost positive AWr goes
% hTBP DNA structure from Nikolov et al., 1996

J. Kahn




Model for' Minicircle 025 g:lculated Writhe vs. Flattening Angle
i \B
Flattening 020 c
N

Modest Structural Change Can 20 No
Decrease Writhe Substantially. 2 010 NCE

TBP May Be Able to Act as a N

“Supercoil Shock Absorber” 008 \ F\

0.00

] 20 40 60 80
Flattening Angle

Flattening
Angle

J. Kahn

TBP Malleability in Different Complexes

TBP in hTBPeDNA structure
Free aTBP (dimeric in crystal)
Free aTBP (other monomer)

yTBP complexed to dTAF ;230

J. Kahn




th Should TBP Flatten?

» Flattening induces longer contour length and
eliminates out-of-plane bending.

> In a minicircle environment, this will allow an
increased radius of curvature and decreased writhe
in the remainder of the molecule.

» The driving force for flattening is thus the relief of
bending strain in the remainder of the minicircle.

» Why we care: model for strained DNA in vivo?

J. Kahn

Testing Strain-induced Flattening Mechanism

» The effect should decrease as length increases:
Measure DNA length-dependence of induced

supercoiling.

» TBP should bind better to appropriate negatively
supercoiled minicircles than to anything else.
Footprint and EMSA to measure stability and kinetics.

» Reality check using Monte Carlo simulations of DNA

cyclization.

» TBP mutants that lack Phe stirrups should be
“obligate supercoilers.” Some TBP-like factors may

be natural examples.

J. Kahn

K. (- CAP) kjio(— CAP)

Linear — Nicked Circle -—> Closed Circle

for  fama Jue

L-CAP —= NC-CAP —> CC-CAP
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J (+ CAP) K (+CAP) Kg(NC) Kp(C)
J(-CAP) ~ K.(-CAP)  Kg(L)  Kg(L)




DNA Length Dependence of TBP/TFIID-induced Topological Changes

— %7 .44 g e i e | | | 50 or 100 bp

BStB | — —n-3 150 or200bp | | | ™ “each
----- 0 } < . Cc—------
..... :|_|:D:E 5 5 F—zroo:
TATA Box or ! Atract bend | A R ~ **+10 800 bp

AdMLP Promoter BstBl BstBl BsiBlI

1
Phasing adapters
(-47 to +35) 9 adap

Length variation probes for size- and flexibility-dependence of observed unwinding.

. The topological coupling model predicts that as the DNA length increases the driving force for minicircle
flattening decreases, as the DNA is more flexible.

. Thus TBPsDNA should revert to the presumed ground state as DNA size increases.

. The use of “poised” DNA lengths maximizes the sensitivity to changes in torsion,

. A family of molecules with base lengths 150,200, 250, 300, 350...800 bp are synthesized by PCR using the
primers shown. That PCR primer from the set of three at the left is chosen which provides two (or more)
topoisomers upon cyclization.

J. Kahn

DNA Length Dependence of Topological Change

203 bp 871 bp
. QO Q? Q/ 92
éQ\ (<\Q’0 «Q’Q ,{(\\ ,\Q\«@Q@ [ @ Q’ Q\

P T -

o>
oy
ALk = -1 PNHHW
ALK =0 [wasg o

[— ALk = -1
ALk =0

bt ot ¢ o _
Topological unwinding is much more
noticeable for the 203 bp fragment than for m

the 871 bp fragment. J. Kahn




Effect of TBP/TFIID on Topology Decreases Rapidly with Increasing DNA Length

Relative Ratio of Topoisomers

—c—TBP
--4=}--TFIID

DNA Length (bp)

HOe* Footprinting and EMSA of Supercoiled Minicircles

Rsal

1. Blunt-end o
32p 1. PCR Ligation Z
— x Ethidium TATA
I { I —_—
Renl  TATA 2. Gel Purify 2. Gel Purify 43 bp
Linear Topoisiomers
ALk =0or -1
Circles: Linear:
* *
—_— —_—T
Footprint: - —* _ ——*
Emm— —_——* —_—
—3 * — *
PR * *

‘»
|»

Footprint:
1. TBP

__2. FeEDTA

3. Rsal
(circles only)

4. Denaturing
Gel

Gel Shift:
1. TBP
2. Native Gel
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Gel Mobility Shift of -1 Topoisomer and Linear DNA with TBP

TBP (nM) 64322416 8 4 1 0 643224168 4 1 0

- et
. BESEs |1 Topo
= 2TBP- -1

TBP'Linear TBP--1

Free  (ob i el ol
Linear

Circle is much more stable in the gel, shows modestly
increased binding affinity

Gel Mobility Shift of O Topoisomer and Linear DNA

TBP (nM) 041632 0 41632
Free 0 TOpo |ssssssss
TBP 0 Topo TBP LInear
w Free Linear

Gels suggest global conformational changes

» TBP affects R, of circle much less than that of linear.

» Acceleration due to induced writhe.

» Difficult to measure binding affinity with any confidence:
We (and others) do not observe saturation on linear DNA,
suggesting kinetic instability. Circles are stable.

J. Kahn

TATAAAAG

Hydroxyl Radical Footprinting of -1 Topoisomer
1234567 89 10111213141516

".-----------—- 1: MG (A+G)
2: Uncut
3: No TBP
- — | 402anmTEP
SSSseveEeREE 5:0.4 nM TBP
6: 0.64 nM TBP
7:1.2nM TBP
8:2.8nM TBP
9:3.2nM TBP
10: 4.4 nM TBP
11:7.2nM TBP indi i - i
T e Binding curve for TBP with the -1 Topoisomer
13:17.6 "M TBP  ;, .
- 14: 28 nM TBP
[ 144, P
£ 3 16: 72 M T8P R ) A
= 1.0 VALUE ERROR A
. Ko | 35609 | 8.0e-10
: - - Crsa | 0.2321 NA
= = > |1 | os7s NA
EEEEE 3 it g A
- - s = B H
;, - ; - g 3
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g SR RRR 2
N = | FOOTPRINT &
2 - 0.4
s
: . _e=z=288888 yypeRsEnsmviTy
@ z = i a8
/: s 82 5 E - g 02
s - a s Qs
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S ¥ 3 0.0 T T
s 10" 10° 10* 107
. - 0 *1 , TBP(NM)
isiddg
A - ’
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Monte Carlo Simulation

» Levene, Crothers, Drak. Also Hagerman.

» Specify models for intrinsic curvature, induced bending, and
bending and torsional flexibility. Can consider arbitrary
potentials.

» Build ensemble of DNA half-chains using rotation matrices to
generate coordinates for each base pair from the previous one.

> Filter joined ensembles for end-to-end contact, axial and
torsional alignment.

» Calculate J factors and the Twist, Writhe, and Link of cyclized
chains (observe only integral LK).
» Newer methods for bent DNA:

* Manning, Maddocks, Kahn, 1996 use rod mechanics to calculate
equilibrium shapes.

* Zhang and Crothers, 2003 use iterative annealing to obtain
equilibrium and then harmonic expansion to consider entropy.

J. Kahn

Monte Carlo Simulations of DNA Topology vs. Length, £ TBP Flattening

234 bp Minicircle

f by Knked BF Confirms TBP-induced writhe
Kinked TBP P Kinked TBP — Y

P tk‘q P _I and twist/writhe cancellation.

s % Yr Flattening enhances cyclization,
therefore minicircle flattening
should be coupled to binding.

Yr Have not yet captured the

quantitative magnitude of the

J = 7402100 nMi} :}
2 ‘
n topology preference.

I 234 bp: Flattened TBP 234 Bp: Writhe distributions
234 bp Minicircle Flat TBP w0 { —

. -
Flattened TBP o 1 g e I

g2E88

MNumber of Chains

wo 88 8

J = 1670 £170 nM . w s \

s 2 04 02 © 02 04 08 08
Writhe

ns 2

871 bp Minicircle

Kinked TBP Kinked TBP ~") Yr Writhe still exists in long DNA
,‘ ¢ but has no effect on cyclization,
AN therefore there is no coupling
) between TBP binding and
\ topology for longer DNA.

J=1142350m Y/

+r No driving force for
flattening

TwonLx

871 bp Minicircle
Flattened TBP _.FlatT8P

B71Bp. Writhe distributions

= FTToP

¢
S

J = 140 230 nM ‘\-\‘;
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Why is this worth our effort?

» Unusual (unique?) example of a strain-
responsive conformation for a protein-DNA
complex

> Biological relevance to transcription on
constrained/supercoiled DNA templates.

» Superhelical strain can be dynamic as well
as static: possible broad importance.

»Where does supercoiling appear...?

J. Kahn

Chromatin Structure: Nucleosome and 30 nm fiber

@ T. Richmond
(1aoi.pdb)

1.65 Turns of Left-Handed Superhelix
But ALk~ -1/Nucleosome N

Bednar et al., 1998, PNAS

J. Kahn




Models for Chromatin Remodelinﬁ w ATPase Motor Proteins

Bend / Writhe / Bulge

Nucleosome

SWI/SNF
or ISWI

~

Twist / Peel

Becker, Kingston, Peterson, Wu

J. Kahn

Proposed Coupling of Supercoiling Changes with
TBP Binding in a Constrained Chromatin Context

Unrestrained
supercoiling

Chromatin

TBP
absorbs

ALk as ATw

Repressed

Remodeled

N\

Transcription
initiation

Kahn, Biochemistry 2002 J. Kahn




Testing Supercoiling-Binding -Remodeling Connections

» Test remodeling of reconstituted nucleosomes in
minicircles and the effect on remote TBP

» In vivo analysis of rate of TBP binding and/or
transcription initiation after remodeling? ChiIP, Re-ChIP

» Analyze Phe stirrup mutants and TLF’s lacking Phe
stirrups

J. Kahn

Communication Between Nucleosomes and TBP?

Variable Phasing SWI/SNF or

NURF

Positioned Nucleosome

J. Kahn




TBP-like factors s Mor'asi Tora 2

ODO o
1Bes
o
5
: Ao
VPRTRCHL NBR KIALEG IXK-RDVGXVLMKLRKY- -RITATIN o L8
VZRTRCHLNER KIALEG - AQV IYK -RDVOKVLMELRRZ- -RITATIW
VPRTRCHL R KIALEG - AV IYK -RDVGXVLMELRRY- - RITATIW nSIA R
VPRTRCHL i8R KIALEG - LW I¥K -REVSXVLMKLRIE- - RITATIW. :
SFSVACHL EIALQO-SHVEYR-RENGMVTMELREE- - YTTASIN A
NYTLPLHI ELAMNT - MOV TYE -REXGVEMEQRR Y- -GCYIRVY R 3
NYTLPLUY DR KLAMNT - MOV TYE -REXGVNMKQKRME- -GCYIRVY : Y
NYTLPLHY O KVAL NS - GUVAFD -KGROVLLXQKR Mg - SCYVEIY b
o oae O oeo O
%0 270 2 290 \ A - 320 .
RLEGLVLTHQ [POLIYRMIKP - -RI RAEIYEAPEND GFRETT 339
FFUIRLEGLVLTHC GLIYRMVRP--RI o RQEIYDAYDXRY YEXQs 353
JIQLEGLCITHS oL -R = EKRDIDEAPGOE 340
RLEGLAFPSHG GLIYRMVEP - K1) s IYOAPEAR TREX 240
KFUTRLEGLAYSNS, GLIYRMKLP - -K I 51 X, TYTAPENSD EFREVQQ 200
RLEGLAYSH. 4POL IYRMEVP - -K X S IO A TYRAPEND 200
i o RLENLNKVHG GLIXRMVEP- -RI MDCLEA BPRET 224
VIV LAVC NMPY EX RLPEPT RA T ~AVATAVEQUVIrYY 186
VVIIV LAVC KMPR® EX RLPEPTKNNRPNA SUEllel it PAVCYRIKS L - ~-RA 1T VEOPNVE - AVATAVE PVPESRREIL 186
SV LAVCNMPY ET RLSE P TRKNNRPHA SSERLH PAV CYRI X TL - =RA ITVEOPNVE = AVASAVE rvyEsRx 183
WY SAVCTHRY KX RLNR Y TXQNR PXA SEEEEL X PAVCYRIKSL - ~RA 17 VEOPDVE - SVASATE FVPESRRTIL 186
14TC SHPMAL KT P ® PGV VI VEAAS VN - HVESAIQ [LVFDYRRQRS 378
LATCRLPPGIKIEEVAAKYPSES NEHIRL S VOLVHRS VTP - - KA T TS 1T Qi VLEFRCLER 446
G (VLATCRLPY OX KIEEVAAKY PAES TIERRS l\'llﬂllllf?!--nﬂ:ﬁ!! SSEADVLEVLSREh 452
AJ238444 140 WY LATC KMPY GV KIEELAQKY PDCE UEMEn S VOL INRSTNP - - RA T A AV 230

Figure 1

Sequence alignment of the conserved N- and C-terminal repeats of the core domains of TATA-binding proteins (TBPs) with the corresponding
domains of the newly identified TBP-like factors (TLFs) and the Drosophila TBP-related factor (TRF). The amino acid one-letter code is used.
Numbers indicate the starting and the ending amino acid positions of the N-terminal (top) and C-terminal (bottom) repeats. The positions of
the « helices (H) and the B strands (S) for both repeats are also labelled. Residues conserved among TBPs, TLFs and the TRF have a black
background; residues with the same physicochemical properties in all factors are on a grey tint; TBP- and TRF-specific residues are blue;
TLF-specific residues are yellow. Coloured circles indicate key amino acids also depicted in Figure 3. Arrowheads indicate the two phenylala-
nine pairs conserved in TBPs. Accession numbers for each sequence are indicated. Abbreviations: at, Arabidopsis thaliana; bm, Brugia

malayi; ¢b, Caenorhabditis briggsae; ce, Caenorhabditis elegans; dm, Drosophila melanogaster; g8, Gallus gallus; hs, Homo sapiens; mn
Mus musculus; sc, Saccharomyces cerevisiae; x|, Xenopus laevis.

n,

J. Kahn

TBP-TATA Summarx

» The TATA box DNA is remarkably, anisotropically,

cooperatively flexible, and this may be important to the
mechanism of TBP binding and sequence selectivity.

» TBP induces ALk of about -0.3 in small minicircles,
perhaps due to “stirrup retraction.” Removal of posit

ive

writhe contribution allows untwisting to manifest in the

linking number. This leads to improved binding to
negatively supercoiled minicircles.

» Length dependence of supercoiling is consistent wit
unusual strain-induced plasticity of the TBP-DNA
complex.

» Suggests possible role for this effect as a “supercoil

shock absorber,” coupling chromatin remodeling to
time-dependent activation of TBP binding.

h
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The lac Operon: DNA Looping Paradigm

Tetrameric Lac repressor protein binds two (@ Nolactose: repression

Jacl Qperator lacz lacy lacA
DNA sites (operators). The secondary operators ’?m—#—_
increase the local concentration of repressor in “TRNA

mRNA l

the neighborhood of the primary operator via Negative control
DNA looping. This is essential for efficient d — “ of lac operon
R
repression of gene expression. monomer Tetramer
() ;Lm“‘i lon  Transcription
Repression by repression —
chromosomal /+
4 lacz hd:cq
e e T T
rewros ) X 0 t (-galactosidase  Permease ml-
hEw 120  —<— 1 . ’ ase
rem100 ¢ ~ 18
rEwtozs - @ 19 Im
aEwoos i< 1.0 Figures from Weaver,
2EW020  —H—e X @ o Molecular Biology, 1999.
# Ewt 000 — — S~ 1.0

|~ 82 bp ~}———— 401 bp ——]

J. Kahn

“Lewis Model” for the Lacl-DNA Loop

Lewis, M. ¢f al. (1996). “Crystal Structure of
the Lactose Operon Repressor and Its
Complexes with DNA and Inducer.”

Science 271, 1247-1254. (Cover)

Issues:

e Discontinuous DNA

* CAP and Lac binding
sites on opposite faces

* Positive supercoil

J. Kahn




Testing Models for Lac Repressor Looping

EcoRV Bglll BamH I Miu | EcoR \')
:L-E J— —_- H
— — — 57
lac O A-tracts /ac O
Ilnker Ilnker
9C14 «—9>¢c———— 84— > <14—>
DNA: { 11C12 <11>«—— 83— ><12—> (allin bp)
7C16 <7>< 73 ><16—>
75 bp to BssH Il 1581 enter-to-cent 115 bp to BssH I
enter-to-center
- | I :Z: "~ 0-0 distance (bp) >| >

What do these DNA constructs look like?

J. Kahn

Constructs Designed to Stabilize Different Plausible Loops

9C14
Wrapping
Away

7C16
Shorter

Back

l Forward :i

& Simple Loop/
® Wrapping Towards @

Simple Loop/Wrapping Towards

Wrapping Away

Simple Wrapping
Loop Towards

» The DNA shape that most resembles that preferred by Lac
repressor should form the most stable loop.
J. Kahn




DNA Loop Equilibria

Double-bound: detect gel shift

Lacl
N La>cl//
Challenges
* Decreased loop AG® k\\ “Sandwich” DNA* 1[
stabilizes it toward challenge by t
either excess DNA or excess Lacl S
(Brenowitz)

* Loop AG’ depends on DNA and Deltae;etlz;e;‘:eA of

protein deformation free energies

J. Kahn

Stability of Designed Loop Constructs to Protein Challenge:
Loops are stable, have different gel mobilities

Short Wrapping Awayl Wrapping Away Simple Loop Unbent Control
7C16 9C14 11C12

LacR (nM) | o 350| 0 350[ o 350( 0 350
- 4 4 - - » ‘ ¢

Bound DNA

v ..r'N L -

T - -

|- - — - .-
Free DNA ~._.

looped/singly bound: doubly bound: = multiply/non-specifically bound: ¢

% S g @. Acrylamide Gel Mobility Shift
J. Kahn




Stability of Lacl-mediated Loops to Competitor DNA Challenge:
Both Designed Loops Are Kinetically Hyperstable.

Short Wrapping Away | Wrapping Away Simple Loop Unbent Control Single Operator
7C16 9C14 11C12 Control
Competitor
DNA (nM) 0 sl 50 0 el 50 0 il 50 | 0 50 0 50
nl-",? “" z
After 8 i
1/2 hr . - Fos 2
Loop DNA mlﬂi Soee B
; &
After 1 T g ¢ E
R & 4 - .
i) | | i — BT gl
Loop DNA g,‘.; -
- - csesen S  evemen
Free DNA | gt

[labeled DNA] = 1 nM

[Lacl] =3 nM

Competitor DNA is the same molecule, unlabeled.
Mobility shift in 1% agarose gels.

Equilibrium —T

J. Kahn

EMSA Competition results

hyperstable loops

designs worked.

Confirms formation of

What shapes are formed?

Surprisingly, both geometric

J. Kahn




Cyclization |Is Profoundly Affected by Shape

: Fast
Protein —_—

DNA

Wil
Slow

//”H\\Strain

Intermediate
— @

Change in
DNA Topology

J. Kahn

Cyclization Kinetics of Extended Constructs

Extend Constructs from EcoR V to BssH Il for Cyclization of ~340 bp Fragments

BssH Il EcoR V EcoR V BssH Il
5'| | - - | | 3
¥ - - 5

| A-tracts \
linker linker
75 bp | 156 Cotetid " | 115 bp
enter-to-center
« [ < :z " 0-O distance (bp) >| >

» Measure T4 DNA ligase mediated cyclization kinetics with
and without Lacl

» Focus on changes in the topology of circular products

» J Factors (effective concentration of one DNA end in the
neighborhood of the other) also measured

J. Kahn




Ligation Kinetics of Extended Lacl Looping Constructs

No Lacl

Time (min)

dimer circle i

-1 topoisomer (a) i

0 topoisomer — e e e g s s ]

linear dimer L

free DNA

60

[ —————— — —

e e —)

Shorter Wrapping Away
7C16

Wrapping Away
9C14

Unbent 2-operator
Control

3 nM Lacl
Time (min) | o
well [ ===
dimer circle -
-1 topoisomer (4 —

0 60|

bt — S~ —

0 topoisomer
+1 topoisomer (¢)

linear dimer o . it i O |

free DNA

Bt ¥ abendd Lk A

A

Conclusions from Biochemical Eerriments

» Successful design of hyperstable loops.

» Open form 11C12 (purple) is the most stable, geometry
appears to mimic unbiased loop. Forms relaxed circle.

» Ring closure experiments show that the less stable
wrapping away 9C14 (red) forms relaxed circle and
positive supercoil. Kinetics suggest a mixture of

structures.

> MODEL?

» Mehta and Kahn, JMB 1999

J. Kahn




Proeosed LooE Geometries

9C14
Wr = +0.76

11C12 ~
Wr =-0.09

Can be forced to form: More stable, proposed
balance of stresses mimic for natural loop J. Kahn

Crystal Structure of LacleDNA (Lewis et al., 1996)

mainly a four-helix bundle

Opening model cf. Friedman, Fischmann and Steitz, 1995

J. Kahn




Plausible “Open Form” of Lacl TetramereDNA

Tetramerization domain is
mainly a four-helix bundle
attached via flexible loops.

J. Kahn
Rationalizing Two Populations
A Strain
(preferred) T ‘
9C14 Interconversion requires

release of one operator

v
\A L % m—

Twisting Strain

J. Kahn




I][IC> Test using physical methods !

J. Kahn

Forster Theory for Fluorescence Resonance Energy Transfer

» The efficiency of energy transfer E from a donor
fluorophore to an acceptor can be used to measure the
distance between fluorophores.

» E can be measured from quenching of donor
fluorescence or a decreased fluorescence lifetime in the
presence of acceptor. Both result from the additional
transfer decay path.

» We can also measure sensitized emission of the
acceptor in the presence of donor. This is useful because
it helps distinguish between energy transfer and simple
quenching.

J. Kahn




Distance Dependence of FRET

» (After Selvin, 1996)
» FRET is a transition dipole-transition dipole interaction. The Hamiltonian is:
H = HyHp (IuA.R)(:uD.R)
R R’
» Fermi’'s Golden Rule: the rate of energy transfer is proportional to the square
of the matrix element:

K'2

2
ky o<[(D* A|H|DA*)| o =

» We absorb the orientation dependence into the infamous %2 factor, where
0< x¥2< 4 and we assume it averages to 2/5. This is why most applications of
FRET give only relative numbers.

» The overlap between the D*A and DA* wave functions leads to an integral
over the emission spectrum of the donor and the absorption spectrum of the
acceptor. The quantum yield of the donor enters in because it reflects the
probability of donor de-excitation by other pathways. This gives:

J. Kahn

Fluorescence Resonance Energy Transfer (FRET) Principles

Phenomenon and Geometric Factors Spectral Overlap

/)‘v G TR oL it e T %h A
| f F imissio 1
\‘ Energy Ti ot r Fluorescein  Fluorescein  Rhodamine f N d
% r Ahsorbance Emission  Absorbance 1
./]/ s | » i
s | 1
w2 L ]

o [ 1 e

2t S

<t 1

Fluorophore '§ [ ] ‘E
0.4 3 b ]
? Acceptor E C ]
Fluorophore 2 i n ¥ 1
! Selvin, 1995 _ ‘1
‘}» : b e

= < 450 550 600 650
K™ =(cos0 ,—3cos0 4cos0 ) Wavelength (nm)
= % for random orientations J "}, (N/(A W A

5( .2 —4 16
£ =8.79x%x10 (./k n (b/;) A constant for random orientations for a given D-A pair

Bottom Line:
1. Measure transfer efficiency (donor quenching or stimulated acceptor emission).

2. Calculate distance: F= AT,(‘/(A’“" +A’b) s A’(.[(l B /:V/:,]w»

J. Kahn




Verification of Hyperstable Loop Geometry:
Fluorescence Resonance Energy Transfer

“Sandwich” Complex 9C14 Loop 11C12 Loop

D

variable?

A( random?

Donor = Fluorescein
Acceptor = TAMRA

%\ Attachment Points
~ for Fluorophores

for FRET Experiments

Fluorophores are attached in the
major groove away from Lacl,
~130 bp or ~ 400A apart along the

DNA contour

e 4-Helix Bundl
ing A elix Bundle
s o e Tetramerization

Domain

11C12

Simple Loop Base of Attachment of

Fluorescein Donor

Base of Attachment
of Fluorescein Donor

Simple Loop

9C14
Wrapping Away

lac
»> operator

5 FL PCR primers D

lac
operator 8 phased A-tracts

/A TAMRA PCR primer
linker linker

J. Kahn




Fluorescence Intensity

Fluorescence Spectra of 9C14 Donor Only, Acceptor Only, and Donor + Acceptor

25000

_ Fluorescein Emission Max at 520 nm

20000

— Fluorescein Contribution
~— TANMRA Contribution
— Fluorescein + TAMRA

15000

10000

TAMRA Emission Max at 580 nm
5000

Excitation at 495 nm

~
A
0 AN L cm A NI i I

510 530 550 570 590 610 630 650 670 690

Wavelength (nm)

Fluorescence Intensity

Fluorescence Emission Spectra of Donor-Acceptor 11C12 Loop
35000

11C12 Loop
Fluorescein Emission Max at 520 nm
30000 D
— OnM Lac
25000 0.5nM Lac
—1nM Lac
20000 ) —3nM Lac
'\ —5nM Lac
1 5()()() f — 1 ()r]hd lJiC
10000 A
TAMRA Emission Max at 580 nm
5000
Excitation at 495 nm
0
500 520 540 560 580 600 620 640 660 680 700

Wavelength (nm)




Spectral Decomposition for 11C12 "Open Form" Loop

1200000

1000000 1

The doubly-labeled 210-bp 11C12 DNA concentration was 2.5 nM.
A

The spectral "area of contribution" is referenced to the fluorescence emission
spectrum of a 56-bp duplex containing the corresponding singly-labeled
oligonucleotide PCR primer. It is proportional to quantum yield.

= 800000 -
8 Efficiency Based on the Decrease in Quantum Yield of the Donor
- oY 1 1
e E :Q - q)",')”‘" )(T): ——————— =0.11 (at 5 nM Lacl)
. . y + o °
v‘é 600000 A,-lac A [l (R/R“) ] R,=55A R=78-90 A
Y Efficiency Based on the Sensitized Emission of the Acceptor
S Inayq,)
= = — = — = 0.08 (at 5 nM Lacl)
= 400000 - ILhatlp@y/a,) [I "'(R«' Ro) J R,=554
—&—FLSN (Donor) Area
- TAMRA (Acceptor) Area
200000 - {Aocepton Ar
—
S
ol
0 2 4 6 8 10

Lacl Concentration (nM)
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Fluorescence Emission Spectra of Donor-Acceptor 9C14 Loop

25000

20000

v

15000

10000

Fluorescence Intensity

5000

Fluorescein Emission Max at 520 nm

— 0 nM Lacl

0.5 nM Lacl
—1 nM Lacl
—3 nM Lacl
—5nM Lacl
— 10 nM Lacl
—0.75 mM IPTG
—1.5mM IPTG
—3.0mM IPTG

TAMRA Emission Max at 580 nm

9C14 Loop

Excitation at 495 nm

0
500

520 540 560 580 600 620 640 660 680 700
Wavelength (nm)
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Integrated Area

Spectral Decomposition for 9C14 Positively Supercoiled Loop

750000
The spectral "area of contribution" is referenced to the fluorescence emission
y spectrum of a 56-bp duplex containing the corresponding singly-labeled
oligonucleotide PCR primer. It is proportional to quantum yield.
The doubly-labeled 210-bp 9C14 DNA concentration was 2.5 nM.
600000 - : P
E ffmenn B aised on the Decrease in Quantum Yield of the Donor
5 —( 4,)+Iﬂ )( ) = 0.74 (at 5 nM Lacl)
q)\ -lac f" l+(R/R“ R,=55A
450000 A 2
Efficiency Based on the Sensitized Emission of the Acceptor
I...09,/9.,)
7= \I; h:(II\’(l = [ ( - J =0.38 (at 5nM Lacl)
/ } / o
pAT ap\Up Yy 1+(R/Ry) R,=554
300000 1 )
R=46-60 A A
A
150000 1 | | |
-~ FLSN (Donor) Area
-#- TAMRA (Acceptor) Area
0 y
0 2 4 6 8 10

Lacl Concentration (nM)
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Control Experiments

» Restriction digestion analysis shows that there is no
energy transfer for either construct in the absence of
Lac repressor.

» Electrophoretic mobility shift experiments show
complete binding of fluorescent DNA.

» Experiments on singly-labeled DNA show that
fluorescein and TAMRA emission are each quenched
only 0-5% by repressor binding.

» IPTG does not significantly quench either
fluorophore in singly-labeled DNA.

» But...in retrospect we could have been more careful
about repeated measurements of the TAMRA labeling
efficiency.

J. Kahn




%

» Why does energy transfer appear less efficient for acceptor
emission vs. donor quenching?

» Excitation spectra show that there is significant Lacl-induced
qguenching of TAMRA, but only in the double-labeled molecule!
(Confirmed by emission spectra with excitation at 560 nm. )
This explains why the overall TAMRA emission is lower than
expected.

» Spectral decomposition of excitation spectra shows that the FL
contribution at the TAMRA emission maximum remains
constant, even though FL is substantially quenched overall.
This suggests that energy transfer from FL to TAMRA is quite
efficient, which leads to an excitation spectrum component from
FL appearing with an emission spectrum characteristic of
TAMRA.

» Conclusion: FL probe perturbs TAMRA photophysics: via
allostery? Exciton coupling? Electrostatics? Does the converse
also occur?

J. Kahn

Fluorescence Excitation Spectra of Donor-Acceptor 9C14 Loop

Fluorescence Intensity

X 9C14 FI in(FL) Onl
uorescein(FL) Only TAMRA Excitation
200000 ¢+ |—9C14 TAMRA(TM) Only Max at 560 nm
[ | —9C14 FL/TM +0 nM Lacl
9C14 FL/TM + 0.5 nM Lacl

L =—=9C14 FL/TM + 1 nM Lacl
150000 % |=——9C14 FL/TM + 3 nM Lacl
i =——9C14 FL/TM + 5 nM Lacl

—9C14 FL/TM + 10 nM Lacl

100000 ¢ . s
| Fluorescein Excitation

Max at 495 nm
Emission at 580 nm

50000 ¢

300 550
Wavelength (nm)
J. Kahn




Spectral Decomposition for the Excitation Spectra
of the 9C14 Positively Supercoiled Loop

Integrated Area

15000000
l Percent Quenching of Acceptor Fluorescence
L o 4
12000000 1 Q= e Ha ‘ ””")\ 100 = 31.60% (at 5 nM Lacl)
(I)ﬁ'm'
9000000 + O
I O
The spectral "area of contribution” is referenced to the fluorescence
i excitation spectrum of a 56-bp duplex containing the corresponding singly-
6000000 + labeled oligonucleotide PCR primer. It is proportional to quantum yield.
[ The doubly-labeled 210-bp 9C14 DNA concentration was 2.5 nM.
3000000 A = a A
[ &~ FLSN (Donor) Area
- TAMRA (Acceptor) Area
0 ’ * * * *
0 2 4 6 8 10
Lacl Concentration (nM)
J.Kahn

Correction of Efficiency Calculated by Sensitized Emission
Fractional Quenching of Acceptor Fluorescence
Calculated from:

Qe, = 9C14 Donor/Acceptor Excitation Spectra = 0.3160

(ex: 300-575 nm; em: 580 nm)
Qem = 9C14 Donor/Acceptor Emission Spectra = 0.1812

(ex: 560 nm; em: 565-700 nm)

Qu = 0.2486
Uncorrected Efficiency Based on the Sensitized Emission of the Acceptor
( 9o
(ll\.ulnr I/\, lac )[_]
Eun(’o«rm’ll‘:l: qA . 0.382

1o, vtac 4 (l/\ viac — IA, Jac )[? ]
) A

Corrected Efficiency Based on the Sensitized Emission of the Acceptor

9
[~ (1~ 2|

bp,s1ac + Il»‘-mn Ia, 1ac (1 Q,“)' 5 (1q”Q“’)

Summary of Efficiency and Distance Calculations

-=0.516

E(.Ull('( ted =

Method Efficiency (E) Distance (A)
Decrease in Quantum Yield of the Donor 0.738 46.3
Corrected Sensitized Emission of the Acceptor 0.516 54.4

J. Kahn




B-DNA extensions were added to
the ends of the DNA in the X-ray
crystal structure. The opening model
assumes rotation about an axis par-
allel to the axis of the 4-helix
tetramerization bundle. Then the
two dimers were translated by eye.

Time-resolved Fluorescence

® |aser excitation at 335 nm, time-

resolved photon counting using a Decay Component Amplitudes
monochromator and 1.2
microchannel plate detector,
channel width 47 ps. § 1.0 9= —
® Detection at 515 nm monitors = 08 —=—Tau = 3.56 ns (unperturbed FL)
fluorescein donor lifetime. £ -\.\ —e—Tau =061 ns (transfer??)
- —e— Tau = 0.013 ns (scattering)
® Best global fit to data was E 0.6 ™~ —a—Tau = 15.5 ns (noise)
obtained with four consistent S
lifetimes and variable amplitudes, g 04 — ‘
as shown. 8 0.0
® Even at saturation some FL —
remains unperturbed. Suggests 0.0 4e — - h—
two populations, one which 0 50 100 150
transfers very rapidly, one with [Lacl] (nM dimer); [9C14 FL/TM] = 50 nM

unaffected lifetime? Closed and

open forms? John J. Harvey and Jay R. Knutson, NHLBI, NIH

® 0.6 ns transient is puzzling:
although very close to expected
value for E = 80 %, why is it there
for free DNA?

J. Kahn




Energy Transfer vs. Distance

100 T ooo0o=g 3.5
\g | = Litetime (ns) | | 3.0
f ; ; - 2.5
3\; 60 u | |
2 C
_5 - 2.0 .‘_P:
2 S
‘.5 @
2 a0 15 3
g )
'—
- - 1.0
| —O— Transfer efficiency (%) I
20 0.6 ns o} f f
/: ! ; L 0.5
100 ps
0 o=t OO O O mO=C 0.0
0 20 40 60 80 100 120 140
Distance (A) J Kahn

Rationalizing Two Populations

Why are separate pools observed in both
cyclization and fluorescence experiments?

A Strain
(preferred) T ’
9C14

Interconversion requires
release of one operator

v
\A N/ \
Twisting Strain

Less
11C12 Bending Strain

R
\ ‘/




FRET Conclusions and Prospects

» First demonstration of energy transfer in a DNA
loop.

» FRET experiments confirm the flexibility of Lac
repressor and the idea of open and closed loop
shapes.

» Preliminary evidence suggestive of mixed
populations obtained from lifetime measurements.
Is it real?

» Edelman, Cheong, and Kahn, Biophys. J. 2003

J. Kahn

Theoretical Framework for DNA Looping

Monte Carlo programs for simulating loop
conformation were adapted from DNA ring
closure methods: Simulate half-chains
originating at lacO, filter for end closure

o)

\% e
/
~
z . .
- Fix angle in
‘ each simulation

o0 Outer (Ligated)

Loop

All four loop types must be considered

Inner loop J factors and protein deformation energy are
converted to free energy of each DNA loop type

Inner loop stability determines loop population distribution
Only inner loop is needed to compare to FRET

Inner and outer distributions are melded to make complete loop population
Weighted average outer loop J factor is compared to experiment

Topological distribution determined, compared to experiment




Simulations of FRET molecules

e Simulations correctly predict relative energy
transfer efficiencies

J. Kahn

Simulated Lacl-DNA Loops

Loops shown were generated using Monte Carlo
methods by filtering random DNA chains for
closed-loop shapes. Bound Lacl imposed an
additional geometric constraint. Results

angles where ALk = -1 (A) and ALk = +1 (B)

topoisomers dominate, or large Lacl angles
where ALk = O (C) teopoisomers dominate.

J. Kahn




Simulations Match Experimental Topoisomer Distributions

Unbent

9C14

7C16

11C12

J. Kahn

|
+1 +1
0 0
-1 -1
-2 -2
+1
| 0
4 [l
-2
0 0.5 1 0 05 1 0 0.5 1
Experimental J|,m, Weighting Additional Weighting Factor

Simulations require imposing a preference for open form loop
L —

AG Relative to Closed Form

Predicted Lacl Opening Free Energy

-5.0 =

-6.0 <

-7.0 =

e
Strong preference

for open form

T
90

Lacl Opening Angle

J. Kahn




Biological ImElications

» Efficient repression (unlike activation...) requires nearly
complete site occupancy.

> Changes in cellular cation concentrations, and/or the
binding of specific or non-specific DNA bending proteins,
change DNA shape and flexibility.

» The flexibility of Lac repressor (and probably others, like
AraC: Schleif) allows it to bind efficiently under different
DNA bending/flexibility conditions, although not at different
helical phasing (Record; Muller-Hill).

» Similar activation mechanisms (flexibility, multivalency)
have evolved for evading the constraints of DNA physical
chemistry, including twist constraints (Maher; Lilja and
Kahn).

J. Kahn

Overall Conclusions and OEen Questions

» Biochemical experiments show that DNA can be
designed to form hyperstable loops with Lac repressor.

» FRET experiments confirm Lac repressor flexibility,
choice of open and closed loop shapes.

» Protein flexibility may allow efficient repression (and
activation) under a variety of conditions.

» Can the 9C14-Lacl loop assume two forms?
» What do we really know about the geometries?

» Can we use what we have learned from these systems
to design protein-DNA loops and other structures?

J. Kahn




Single-Molecule FRET on Lacl-9C14

» Collaboration with Doug English’s group, Chemistry
and Biochemistry, UMCP

» Goals: What do we get from single molecules that
we don't already know?

* Characterize population distributions rather than averages:
are there two loop types?

* Measure ET for the individual populations
* Measure interconversion rates (requires immobilization)
* Observe rare events

» Michael Morgan

J. Kahn

Single-Molecule Apparatus and Data

sample - coverslip

: : High Energy
4> dichroic 200 Transfer Efficiency

v

, tube lens 160-| LowEnergy

: Transfer Efficiency i
pinhole
100
4 donor channel
, 50

T W . i

1 | ' I |
296.0 296.2 2964 296.6 296.8 297.0
time(s)

dichroic mirror

emission filter
lens

detector I| %

acceptor channel

adapted with permission from hitp:/ www.puhli(: asu.edu/~sulin/setup. htrmi.

I
s A
Calculate Efficiency of Energy Transfer (ET) =
(corrected for Donor leak-through) Ia+ 1o

J. Kahn




Single Molecule-Titration Eerriments

1.25nM DNA 0.0 nM Lacl
=07

Q
d.8
O
:0.6_
S
9.4 -
Q

o]
17 %

(0.2

w

Likelihood (%)

N

o
= f 7 0.0 T T T
-20 0 20 40 60 80 100 0 1
Transfer Efficiency (%)

2 3
Lac | (nM)

» The free DNA shows no evidence of efficient energy transfer. The “zero-
ET peak” is broadened by noise from donor leakage correction.

J. Kahn

Single Molecule-Titration Eerriments

1.25nM DNA 0.05 nM Lacl
4 — Ec;l-o_

(]

8-

o
= 06 -
S
0.4

o

©
(0.2 1
0'0-'1 T T

80 100 0

w
|

Likelihood (%)

N
|

-20 0 20 40 60
Transfer Efficiency (%)

2 3
Lac | (nM)

* As Lacl is titrated in a population exhibiting nearly 100 % energy
transfer efficiency appears

J. Kahn




Single Molecule-Titration Eerriments
1.25nM DNA 0.5nM Lacl

Cr

Qe

(o]
1

Likelihood (%)

N

I 1 1 I
-20 0 20 40 60 0
Transfer Efficiency (%)

ol -

2 3
Lac | (nM)

* As Lacl is titrated in a population exhibiting nearly 100 % energy
transfer efficiency appears

J. Kahn

Single Molecule-Titration Experiments

1.25nM DNA 2.5 nM Lacl

w

Likelihood (%)

N

I 1 1 I 1
-20 0 20 40 60 0
Transfer Efficiency (%)

2 3
Lac | (nM)

* As Lacl is titrated in a population exhibiting nearly 100 % energy
transfer efficiency appears

* The effect saturates at £ 2.5 nM Lacl, suggesting nearly
stoichiometric binding.

» A substantial population (40%) remains in the “zero-ET
peak” of the histogram obtained at saturation.
(Possible explanation for the 70% ET observed in bulk FRET experiments)

J. Kahn




Single Molecule-Titration Eerriments

1.25nM DNA 5.0 nM Lacl

&)

N

Likelihood (%)

-20 0 20 40 60 0
Transfer Efficiency (%)

80 100

ol -

2 3
Lac | (nM)

* As Lacl is titrated in a population exhibiting nearly 100 % energy

transfer efficiency appears. We see almost no examples of the 70 %
average behavior!

» The effect saturates at £ 2.5 nM Lacl, suggesting nearly
stoichiometric binding.

» A substantial population (40%) remains in the “zero-ET
peak” of the histogram obtained at saturation.
(Possible explanation for the 70% ET observed in bulk FRET experiments)

J. Kahn

Single Molecule-Titration Exeer‘iments

1.25nM DNA 0.0 nM Lacl
=07

Q
d.8
O
0.6 -
S
.4 -
Q

@
1 -

(0.2

w

N

Likelihood (%)

= 0.0
-20 0 20 40 60 0 1
Transfer Efficiency (%)

+ Still not clear what comprises the zero-ET peak.
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Laser Excitation Power Dependence of Observed SM-FRET

ambient conditions oxygen scavenger

1.25 nm DNA + 25 nm Lacl 1.25 nm DNA + 2.5 nm Lacl
2.5 5uw
¢ 1150
< 2.0 3
©
é 1.5
£ 1.0
-
0.5
0.0-== T T T T
0 20 40 60 80 100
Energy Transfer Efficiency (%) Energy Transfer Efficiency (%)
Y . .-y
%0 = 1. Ambient Conditions
AT Irreversible photooxidation of the
F70 = S acceptor fluorophore
§0 i e, o 2. Oxygen Scavenger
9, O ambient conditions Photostatlt_)nary state: Sln_g_let_ and triplet
Lo @ oxygen scavenger states are in dynamic equilibrium

50 100 150 200
Power (LW)

J. Kahn

Tentative Photophysics of Acceptor Triplet State

Rare ISC gives long-lived 3A that

DA ground state

" can accept ET from D* with

some efficiency: detect donor
emission, measure low Eff.

(Rare ?) reverse ISC from 3A*
regenerates A* or A.

» The most common event is energy transfer from D* to A followed by
acceptor fluorescence, but occasionally A* converts to 3A.

> D*-3A must emit some fluorescence, because otherwise the state would be
dark and could not affect the observed transfer.

» R, is probably shorter (less efficient transfer) for D-3A than for D-A due to
decreased spectral overlap for the D-3A pair, so we observe some donor
fluorescence. 3A* is presumably nonemissive but this is not required if R, is
shorter for D-3A, so we observe a lower-ET state.

» There is precedent (Tinnefeld et al., 2003) for a triplet state acting as an
energy transfer acceptor.

J. Kahn




How Does D-2A Transfer Explain the Power Dependence?
[

» Low power: D-3A typically does not form. If it does, it does not absorb
another photon during the illumination time, so >90% ET is observed.

» Intermediate power: If D-3A forms, we observe Eff < 90 % because there are
some donor emission events from D*-3A before it diffuses out of the beam:
Eff decreases but not as much as at high power.

» High power: Observe Eff < 90 % because of donor emission from D*-3A. The
plateau at high power suggests that there must be a mechanism to
regenerate A: otherwise suppression of ET by long-lived 3A would continue
to increase with power above 50 uW. Reverse ISC frequently occurs before
the molecule diffuses out of the beam. At high flux a statistical distribution of
all the events shown occurs during the illumination time.

» Any mechanism for light-dependent regeneration of ground state A could
explain the data. If 3A relaxed spontaneously, then we would expect more
donor emission during its lifetime at higher flux, hence a progressive
decrease in measured Eff as power increases.

» The model can also explain the ambient power dependence assuming rapid
triplet relaxation by O,, with or without irreversible bleaching by 1O,.

J. Kahn

Dealing with Donor and Acceptor Photobleaching and Mislabeling

There are many mislabeled molecules in our SMS experiments

Excitation Spectra
Donor + Acceptor Capable of ET

300 =
20
° 250 =
Donor-only Incapable of ET, shows [=] 0
up in “zero-ET peak” % 200 - 500 540
"= 150
Acceptor-only Incapable of ET, however if o Cv3
directly excited can show up S 100 - yos
as weak ET
50 = : Cy5 k
0 = °

9C14-unlabeled Invisible to the microscope I I ]

500 600 700
wavelength (nm)
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Excitation at Two Different

Wavelengths
514nm . _ .
Tniirated sampie Direct excitation of the donor with
7 ligible excitation of th t
i Fully tirated sample negiigiblie excitation ot the acceptor
10
| Symmetric depletion of the
0 0 difference peak centered at zero
- 10
- . — ; . : . Donor-only molecules present
-40 0 40 80
FRET Efficiency (%)
543nm Direct excitation of the donor with
0 Uniitrated sample small but non-zero excitation of the
] Fully titrated sample acceptor
10 4
1 Asymmetric depletion of the
0] 0 difference peak centered at ~ 10%
- -5
-4|o (l: 4:0 :;o Double labeled molecules shifted

FRET Efficiency (%)

to High ET form
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Decomposing the “zero-transfer’ Peak
543nm

R A Untitrated Sample . ., ) )
20x10° 1 zero-transfer” peak in the untitrated
sample is comprised of 9C14
D-only molecules molecules that have double labeled

fully functional fluorophores and mole-

= Double-labeled .

N molecules cules that have bleached or missing

i — acceptor fluorophores
-40 -20 0 20 40 60 80 100
FRET Efficiency (%)

Fully titrated sample W

“zero-transfer” peak in the fully titrated
sample is comprised of 9C14 mole-
cules that have bleached or missing
acceptor fluorophores

FRET Efficiency (%)
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Possible Sources of Discrepancies with Bulk FRET
and DNA Cyclization Kinetics

Labeling efficiency > The two ~100 bp tails on the
ends of the 9C14 molecule

loa | 1 (needed to allow cyclization)
E=1-—"| =< could perturb the stabilities of the
I D two different conformers.
» Record’'s wrapping models? The
Calculating ET efficiency by closed form geometry might be
monitoring decreased quantum incompatible with surface
yield of the donor. wrapping.
» Test with SM-FRET on extended
fa decre_ases over time as a constructs - not easy.
sample is handled.
J. Kahn
SM-FRET Conclusions

» Single molecule spectroscopy suggests that all of the Lacl-bound 9C14
molecules exist as a single closed loop population exhibiting nearly 100%
ET. This confirms many of our previous results.

» The extremely efficient energy transfer is consistent only with a loop
geometry in which both fluorophores are on the “inside” of a V-shaped
repressor, and eliminates the other three possible connectivities. (Zhurkin
and Adhya have observed antiparallel loops in related systems.)

» Next steps: immobilization, dynamics with IPTG, application to wild-type
loops, open from loops.

J. Kahn
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