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Lecture  1	
•  Hierarchy of biological organization 
•  Biomolecules: 1D polymers 

•  Examples of Polymers in Biology: DNA, RNA, Proteins, 
and Polysaccharides 

•  DNA: genetic material; double helix 

•  Central Dogma 

•  DNA thermodynamics 



Lecture  2	
•  Watson-Crick base pair 

•  Effects of chemical factors on DNA stability 

•  DNA sequence vs. charged polymer 

•  Mechanical models: Freely Jointed Chain model 

•  Persistence length, end-to-end extension, radius of 
gyration, force response 



Lecture  3	
•  Mechanical models: Worm Like Chain model 

•  DNA supercoils: definition (sign, magnitude) 

•  Linking number, twist, writhe 

•  Călugăreanu-White-Fuller theorem 

•  Energy associated with DNA supercoiling 

•  Non-canonical DNA structures (induced by SC) 



Lecture  4	
•  Single molecule methods (revisit) 

•  Hybrid single molecule technique of smFRET & MT 

•  Case studies: DNA mechanics via single-molecule 
methods 

•  Case studies: Non-canonical DNA and its dynamics 
via single-molecule methods  



Single  molecule  
manipulation	

•  Optical tweezers 

 

•  Magnetic tweezers 

•  AFM 

See  Omar  Saleh’s  lectures!	



Magnetic  tweezers	



Single  molecule  fluorescence  
detection	

•  Confocal based detection 

•  Total internal reflection based detection 
 - immobilize target molecules à long-term observation 

o  Prism type 

o  Objective type 

See  Ben  Schuler’s  lectures!	



smFRET  (single-‐‑molecule  Fluorescence  
Resonance  Energy  Transfer)	



DNA  elasticity	

S.  Smith,  L  Finzi,  C.  Bustamante,  Science  1992	



DNA  
supercoiling	

•  q 

T.  Strick,  V.  CroqueXe,  et  al,  Science  (1996)  	



(RNA)  hairpin  unzipping	

Liphardt,  Tinoco,  Bustamante,  Science  (2001)	



DNA  overstretching	

•  q 

S.  Smith,  Bustamante,  et  al,  Science  1996	



DNA  looping  &  ligation	

Vafabakhsh,  Ha,  Science  2012	



DNA  torsional  stiffness  C	
•  Bouchiat, Mezard PRL (1998): 86 nm 
•  Bryant, Bustamante, et al, Nature (2001) ~ 120 nm 



Magnetic  torque  tweezers	

Lipfert,  Dekker,  Nat.  Meth.  2011  	



The  effect  of  kinks  on  DNA  mechanics	

•  q 
Cisplatin:  anti-‐‑cancer  drug	



Euler  elastica;  Euler-‐‑Lagrange  method	

•  . 
Large  force  limit	



Elasticity  of  DNA  reveals  the  
degree  of  cisplatin  binding.  	

Small  force  limit	

Determine  cisplatin  binding  in  a  self-‐‑consistent  way	

N.-‐‑K.  Lee,  J.-‐‑S.  Park,  …,  S.-‐‑C.  Hong,  PRL  2008	



σ-‐‑extension  measurement  permits  the  
degree  of  cisplatin  binding.	

•  . 

J.-‐‑S.  Park,  S.  H.  Kim,  N.-‐‑K.  Lee,  K.  J.  Lee,  S.-‐‑C.  Hong,  PCCP  2012  	
	



Non-‐‑canonical  DNA  conformations	

•  They may serve as structural 
motif to induce downstream 
reactions. 

•  They are believed to play 
important roles in DNA 
metabolism. 

•  They are implicated in 
genetic disorders. 



H-‐‑DNA	

•  q 

○   Double strand DNA(dsDNA)
  + Single strand DNA(ssDNA)
  ---------------------------------- 
  = Triple Helical DNA
  = Triplex DNA

dsDNA ssDNA Triplex DNA

Duplex Duplex

◎ Hoogsteen Base Pairing



Prediction  &  discovery  of  triple  helix	

CHEMISTR Y: PA ULING AND COREY

the five-membered ring 0.5 A from the plane of the other four, as reported
by Furberg6 for cytidine) is 4.95 A. It is found that it is very difficult to
assign atomic positions in such a way that the residues can form a bridge
between an outer oxygen atom of one phosphate group and an outer oxygen
atom of a phosphate group in the layer above, without bringing some atoms
into closer contact than is normal. The atomic parameters given in Table
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FIGURE 5

A plan of the nucleic acid structure, showing four of the phosphate groups, one ribo-
furanose group, and one pyrimidine group.

1 represent the best solution of this problem that we have found; these
parameters, however, probably are capable of further refinement. The
structure is an extraordinarily tight one, with little opportunity for change
in position of the atoms.
The phosphate groups are unsymmetrical: the P-O distance is 1.45 A

for the two inner oxygen atoms, and 1.60 A for the two outer oxygen.atoms,
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Fig. 1.-The optical density of various mixtures of poly- 
adenylic acid and polyuridylic acid. Optical densities were 
measured two hours after mixing. All solutions are in 0.1 JI 
NaCl, 0.01 M glycylglycine, pH 7.4, T = 25". 

the phosphate groups and the additional uracil 
hydrogen bonded to either one or both bases of 
the adenine-uracil pair. It should be noted that 
there is only one position whereby the new uracil 
residue can make two strong hydrogen bonds, 
namely, by bonding uracil 0 6  and N1 to adenine Nlo 
and N7. The addition of the third strand need not 
involve an increase in radius or helical pitch of the 
molecule, and could therefore account for the in- 
crease of approximately 50y0 in sedimentation 
coefficient. 

The transition of the mixture of (A + U) and U 
molecules to (A + 2U) was examined in more de- 
tail. The optical density a t  259 m p  was measured 
for 1:l mixtures of (A + U) and U. Changes in 
this optical density with time are plotted in Fig. 2 
for various concentrations of MgC12. The fact 
that the final optical density depends upon the 
concentration of Mg+f indicates that the latter 
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Fig. 2.-The time dependence of optical density of a mix- 

ture of two moles of polyuridylic acid to  1 mole of poly- 
adenylic acid, for various concentrations of MgCle. All 
solutioiis a rc  in 0.1 If SaCI, 0 01 -If glycylglycinc, pH 7.4, 
T = 23". 

must be reacting with the polynucleotides. At 
concentrations greater than 0.1 M MgC12, the op- 
tical density does not decrease further. If we as- 
sume that the drop in optical density is proportional 
to the number of U molecules which have reacted 
with (A + V), then these curves show that the re- 
action is second order in magnesium. 

It has been found that ethylenediaminetetra- 
acetic acid can reverse the reaction shown in Fig. 2. 
It should be pointed out that other ions such as 
Ca++ and Zn++ can also promote the reaction. 

This reaction has a fair amount of specificity. 
Thus, even in the presence of large concentrations 
of Mg++, the (A + U) molecule will not react with 
polycytidylic acid, polyinosinic acid or poly- 
adenylic acid, but only with polyuridylic acid. 

Since the two-stranded (A + U) structure is 
similar to the \Xratson and Crick6 structure for 
DNA, with uracil instead of thymine, this thrce- 
stranded structure may have significance as a pro- 
totype for a biologically important three-stranded 
complex, as, for example, a single ribonucleic acid 
chain wrapped around a two-stranded DNA. 

(6) J D. Watson and F. H. C Crick, Cold Spring Harbov S y m p o s 2 a ,  
XVIII (1953). 
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RECEIVED MARCH 21, 1957 

A PHENOLIC ANALOG OF ETHYLENEDIAMINE- 
TETRAACETIC ACID 

Sir: 
The use of the ferric chelate of ethylenediamine- 

tetraacetic acid (EDTA) for treating iron chlorosis 
in plants is restricted to crops grown on acid soils.' 
The Fe(II1)EDTA is ineffective in correcting this 
mineral deficiency in plants grown on alkaline soils, 
and this can be attributed in part to the instability 
of the ferric chelate in soil media of this type.2 

We wish to report the synthesis of a new chelat- 
ing agent, ethylenediamine di-(0-hydroxyphenyl- 
acetic acid),3 EDDHA (I), and its ferric chelate, 

CO@H COOM 
I 

I1 

COXH2 COOH 
I11 

(1) I. Stewart and  C .  D. Leonard, "Plant hTutrition," Chapter XVI, 
N. F. Childers, Editor, Rutgers University, New Brunswick, N. J , 
1954, p. 775. 

(2) A. Wallace, R. T. Mueller, 0. R. Lunt,  R. T. Ashcroft and I,. hl. 
Shannon, Soil Science, 80, 101 (1955). 

(3) Ethylenediamine ~i-io-hydroxyphenylacetic acid) and i t?  ferric 
chelate, HFe(III)CisHisOsi\'s, were distributed for agricultural testing 
under the code numbers C1ic.l 138 and Chrl 138 HI:e 

L.  Pauling,  PNAS  1953	 A.  Rich,  JACS  1957	



•  q 

Folding

Unfolding



•  . 

◎ Low pH (= 6.5)

◎ High pH (= 8.5)

◎ Neutral pH (= 7.5)
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Folding(Low →High FRET)

◎ Folding is
    expedited by high 
    salt concentration 
    (more screening).

[Na+] (mM)

Dwell Time(s)

Unfolding(High →Low FRET)

◎ Unfolding kinetics
    is heterogeneous .

[Na+] (mM)

◎ The switching 
   time is macroscopic 
  (order of seconds).

◎ RNA polymerase
    stalls more easily 
(rate : 10~20 nt/s).

* 생리식염수 : 150mM



I.  B.  Lee,  N.-‐‑K.  Lee,  S.-‐‑C.  Hong,  BJ  2012	



i-‐‑motif	•  . 



Z-‐‑DNA	

Z-DNA coupled transcriptional 
regulation in BAF regulated genes.



Factors  that  affect  Z-‐‑DNA	

•  . 



We  first  developed  hybrid  technique  of  
smFRET  and  magnetic  tweezers!	



Synchronized  
measurements  of  smFRET  

and  z-‐‑extension  	

M.  Lee,  S.  H.  Kim,  S.-‐‑C.  Hong,  PNAS  2010	

ΔLk = ΔTw +Wr  



Summary	
•  Thermodynamic properties of DNA can be 

elucidated by empirical approach. 
•  DNA exhibits intriguing mechanical properties, 

which can be well understood by polymer models. 
•  DNA can adopt a variety of interesting non-

canonical conformations, which have biological 
significance. 

•  Single-molecule methods are powerful techniques 
to characterize (bio)physical properties of DNA and 
explore dynamics and conformations (their 
heterogeneity) of (non-canonical) DNAs. 



•  . 
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