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“Fluorescence correlation spectroscopy (FCS)

A technique for analyzing the spontaneous
fluctuations in the fluorescence signal

diffusion
concentrations
kinetic chemical reaction

Correlation function indicates the statistical
correlation between two different points in

time.

Gy(z)=[ " f(t)f (t+z)at

The decay of correlation function present the
kinetic of the fluctuations.
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Fluorescence correlation spectroscopy (FCS) is a technique for analyzing the spontaneous fluctuations in the fluorescence signal arising from a microscopic subvolume of a fluorescent sample.1-7 FCS measures a temporal correlation function that depends on the time-dependent molecular processes giving rise to the observed fluctuations. In principle, the correlation function can be analyzed to determine accurate values for the relaxation times associated with the different fluctuation process. The time resolution can range from the low nanoseconds to many milliseconds.


Examples:

Freely diffusion and triplet fluctuation:

when the dynamic processes are in different time scale
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In case that the dynamic processes are in the same time scale. FCS analysis
can not distinguish



B
DNA hairpin structure

single-stranded DNA oligonucleotides that form a stem-loop DNA hairpin

structure
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Hairpin structures are not static: they fluctuate between different conformations.
In a simplified description, all of the conformations can be divided into two main
states: the open state and the closed one

Kinetics of conformational fluctuations in DNA hairpin-loops

{molecular beacons /fluorescence correlation spectroscopy/folding kinetics /polymer conformation /fluorescence energy transfer)

GREGOIRE BONNET, OLEG KRICHEVSKY, AND ALBERT LIBCHABERT
Center for Studies in Physics and Biclogy, The Rockefeller University, 1230 York Avenue, New York NY 10021

Communicated by Hans Frauenfelder, Los Alamos National Laboratary, Los Alamos, NM, May 13| 1948 (received for review April 8, 19498)

ABSTRACT The kinetics of DNA hairpin-loop fluctua-
tions has been investigated by using a combination of fluo-
rescence energy transfer and fluorescence correlation spec-
troscopy. We measure the chemical rates and the activation k

energies associated with the opening and the closing of the -

hairpin for different sizes and sequences of the loop and for —

various sall concentrations. The rate of unzipping of the ~—

hairpin stem is essentially independent of the characteristics K b
of the loop, whereas the rate of closing varies greatly with the +
loop length and sequence.|The closing rate scales with the loop 1
length, with an exponent 2.6 £ 0.3. The closing rateI,

increased at higher salt concentrations. For hairpin closing, a
loop of adenosine repeats leads to smaller rates and higher
aclivation energies than a loop with thymine repeats.

Fic. 1. Sketch of the DNA molecular beacon. The five bases at the
two ends of the beacon are complementary to cach other. The size of
the loop and its content are varied in our experiments. The beacon
flips between open and closed states with the characteristic rates k
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The closed state is characterized by a low enthalpy due to base pairing in the stem region of the hairpin. The open state has a high entropy due to the large number of configurations achievable by a single-stranded DNA chain. The closed-to-open transition requires an energy fluctuation sufficiently large to unzip all of the base pairs, whereas the opposite (closing) transition involves the collision of the two arms of a hairpin. One expects the rate of closing to depend strongly on the properties of the hairpin loop, such as length and rigidity, whereas one expects the rate of opening to be relatively unaffected by these properties

Present about comformation of RecA -> TR. When Td~TR is difficult. -> can use control sample which do not have the TR -> but it is not a perfect solution when experimentally one can not be sure that the diffusion is the same for control and real sample.


Experiment setup

From autocorrelation analysis of a standard
R6G solution

w = 0.306 % 0.092,m

k= Wz ~0.104+£0.002
Combining with cross-autocorrelation analysis

R =2.26+0.07 um

Detector

Emission filters

Optical fibers

Dichroic mirror

Objective
Caplllary

5'-R6G-AACCC-(T),,;-GGGTT-dabcyl-3’
5'-R6G-AACCC-(T),,-GGGTT-dabcyl-3’

poly(dT)40 oligonucleotide labeled at the 5’ end with
R6G for comparison purposes




Theory

This study investigate the fluctuations are cause by:

-Diffusion and unidirectional flow;
-Folding and unfolding dynamics of the hairpin;
-“Triplet blinking”

Cross-correlation function , .
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N : number of molecules (one focal volume)

y . geometric correction factor (compair to ideal Gaussian function)

7, . transit time through a focal volume

7. . transit time between two focal volumes R/V,

r: the ratio R/w T : quantum yeild 7, : time constant of triplet state

. 1-Q)’ L _ o
B : amplitude factor B=K % K: equiblirium distribution F/UnF  Q: relative fluorescence intensity
1+ QK
7, . relaxation time of folding and unfolding reaction
[ strectch parameter.

In the cross-correlation function, the hydrodynamic parameters relating to translational diffusion and
uniform translation are effectively decoupled


발표자
프레젠테이션 노트
GC(T) is a pseudo-Gaussian shaped peak that rises to a maximum near T=TF This is in contrast to the autocorrelation  function which decays from a maximum value at T=0.

In the cross-correlation function, the hydrodynamic parameters relating to translational diffusion and uniform translation are effectively decoupled, allowing them to be determined independently. Such would not be the case for a single beam autocorrelation analysis.


Flowing

One can determine 7ri.e.7yq from the position and the
dispersion of the correlation peaks

While 7. can be controlled by flowing rate and distance
between two focal spot. It is reasonable to satify the
condition in which

Te > 7 and 7. > 7,

TR 5

exp .
1+T} 1+k*> = 1+%d

A )

Ty
| |
Gpirr (7) Flowing
All experiments will be done with 7. ~1+2ms which

can be controlled by flowing rate and distance between
two focal spot.
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Figure 4. (A) A series of theoretical cross-correlation functions
calculated using eq 2 with varying 7g. The solid bold curves represent
a DNA sample which does not exhibit conformational fluctuations. The
dotted curves and the thin solid curves represent hairpin DNA samples
with g = 150 us and Tr = 50 us, respectively. (B) Experimental cross
corrclation functions measured for poly(d 1)y (solid squares connected
by dotted curves) and hp-Ts, (open squares connected by solid curves)
samples.
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These qualitative trends are borne out by the experimental data presented in Figure 4B, which compares the cross correlation functions measured for a poly(dT)40 control DNA sample with the hp-T30 sample over a range of flow velocities. As expected, at transit times above 500-ís, there is no measurable difference in the degree of correlation of the two samples.




Theory

Auto-correlation function
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We have determined ﬁ(l—T);r;rd;fF from cross-correlation analysis

=) One can define T..;7r;B; 7 and B by fitting the autocorrelation data
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Figure 5. The experimental autocorrelation data (black dots) and fitting curves using our models for a polyv(dT e (A), a hp-T2(B), and a hp-T3(C)
DNA sample. (Inscts show corresponding cross correlation data and fitting curves.) Red colored curves are caleulated autocorrelation functions
obtained from the parameters(a, r, 7, and 7)), determined from the cross-correlation analvsis. Green colored curves fit the data by a “triplet model,”
which excludes the gg(r) contribution from the eq 5. The experimental data also were analyzed by fitting to eq 5, with a single-exponential decay

model (blue), and nonexponential decay model (violet). The residuals from the least-squares fitting routines are shown at the bottom. The color
scheme for the residual plots is the same as the one used for the autocorrelation functions. The fitted parameters are shown in Table 1,

TABLE 1: Parameters from FCS Analysis®®

Cross Correlation Analvsis

polyidTho hp-T hp-Tag [ 5 1
T3 (ms) 1311(12) 1.299(13) 1.268(13) rr 1
L« 161022} 790(31) 777(39} l ‘ exp| —| —
o 0.1121(67) (0.1054(63) 0.103%64) | T T
) RLETEIN) 366(16) 33327 ] 1+ k? r F) 1+ 7,4
standard error® 0.84 101 6.92 « 107 728 101 Al T
| d
Auto Correlation Analysis
bp-Ty hp-Tia
2
poly(d 1 o exponential nonexponential exponential nonexponential 7 rr 1
Tr (us) 9.4(1.1) 3.95(69) 2.92(98) 4.94(78) 36291 F G.(7)-1=a — [1,Te(‘e ’ jEXp — | ———
Teg O.587(41) 0.293(62) 0.306(92) 0.346446) 0.329(96) T 2 T Tk 1+ v
B 0.603(18) 0.689(78) 0.754(30) 0.82(12) 1+— | 1+k"— 7,
Tr (0e5) 51.3(3.1) 45.5(8.7) 102.7(9.2) 121019 ]" T
i 0.72(14) 067(12) ‘
{r) (us) 360171 153%43)
standard error 254 <107 255 <107 2.51 = 1073 257 < 107 244 1071

Equilibrium Measurement

adjusting set of parameters: T,,z;,B,7; and g

eq?
hp-T hp-Ts
polvid exponential nonexponential exponential nonexponential 2 2 TOp = <TR >( K + 1)
23.-{(2.9] ‘22.?"2.2{1} B _ K (1' Q)
“‘;?ﬁj] 1.64(52) 2J:_cI}§A;2‘(a;.J_] 3.73097) o (1 L OK )2 — 3 <T R > ( K+ 1)
53.1(32) 58(16) 108.0(9.6) 166(45) Ty

cl
Folding and unfoldlng time constant Melting curve K
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The parameter, r, was found to be within experimental error of the ratio R/w obtained from FCS analysis of a standard R6G solution.

The Td parameters can be used to predict the diffusion coefficients, D, of the DNA molecules from Einstein relation. Then it is comparable to the literatures


For the poly(dT)40 sample, the idealized autocorrelation function strongly overlaps the experimental data for lagtimes above 30-ís. This is further indication that the parameters determined from the cross-correlation analysis well represent the molecular processes occurring at time scales ranging from tens to hundreds of microseconds for this sample. => triplet model


<30us We attribute this deviation to triplet blinking, since poly(dT)40 is not expected to undergo any other processes that would significantly alter the fluorescence intensity of the R6G label.


The important value is the folding and unfolding time constant which require a specified equilibrium paramerter. Here they get K value from the melting curve.


Discussion

For a given stem sequence, the time constants for hairpin hp-T hp-To

exponential nonexponential exponential nonexponential

formation increase as a function of the loop size. Tr (us) — 51361 FEETE 2703 12109

The folding time depends on the sequence of the hairpin loop. The mean relaxation time of hp-T30 is
159us while hp-A30 is 450us agreeing with results of Klenerman (2000)

DNA hairpin folding exhibits non-Arrhenius kinetice. A stretched exponential model is needed to
characterize the relaxation process.

0< <1 B=0 Corresponding to a completely random folding mechanism
B ~1 Corresponding to two state, single barrier folding

Biooya ~ 0.5 Was introduced by Klenerman and explained by Ansari that because of base-stacking of
polyadenine chain that incease the roughness of the folding free energy surface.

By 0.7 Was found in this experiment proves that theses intramolecular interaction are largely absent
for polythymine chain

Folding and unfolding time constant are in qulitative agreement with conventional FCS analysis
results doned by Libchaber group (2000) which used single exponential model.

Jung Libchaber Ansari

op cl op cl op cl
op cl (04 a (04 (94 (04 o
7, ~L* and 7, ~ L*

op
2.30 2.96 2.6 2.2



Conclusion |

It is possible to extract relevant information about the hydrodynamic and the reaction rate properties of

DNA hairpin molecules by analyzing fluorescence fluctuations observed at two spatially offset detection
volumes.

Cross-correlation analysis of the two detection volumes revealed independently information
about the hydrodynamic properties

Autocorrelation functions could then be constrained to allow determination of the
intramolecular dynamics properties.

This research present evidence for heterogeneity in folding mechanism of large polythymine containing
hairpin loops coming from the observation of nonexponential relaxation kinetics

The correlation analysis aonle is not sufficient to determine the equilibrium distribution of folded and
unfolded hairpins. The photon counting histogram can be used to resolve these parameters
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Trying with two state model
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Figure 2. Experiment data (dots) and corresponding fitting curves (solid
lines) from simultaneous FCS and PCH measurements vs NaCl concen-
tration (blue, 0; green, 25; red, 100; and black, 300 mM NaCl). (A) The
observed autocorrelation functions, with the cross-correlation func-

But the Want to O fu rther tions shown in the inset. The dashed curves are the predicted auto-

y g correlation functions assuming pure diffusion and flow. (B) The photon
counting histograms obtained from the same samples using 9 gs sampling
intervals. The DNA concentration was held constant at ~235 nM for all the

K, B, Top and Ty samples.



The equilibrium distribution of folded and unfolded molecules

In two state regime the melting curves can be analyzed to
determine the equilibrium constant K = Nz / |\_ll
Following by the equation
1 (85°C)—I(T
Kmelt (T): ( ) o( )
I(T)-1(5°C)

It was expected that NaCl stabilizes the folded form of

the hairpin. Hence, K, rises with added NaCl
The goal is to simply characterize this behavior directly
from FCS experiment. Such idea comes from the relation

(1'Q)2 _ Nl_NZ (51:82)2
(1+ QK)2 N.& + N,&,

&, &, are the specific brightnesses of hpDNA in two state
Q=¢,/¢
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Figure 3. (A) Equilibrium constants of DNA hairpin samples vs NaCl
concentration and (B) corresponding melting profiles [data sets with NaCl
concentrations of 0 (4), 25 (@), 100 (¥), and 500 mM (M) are shown]. In
panel A, K. (&) represents the equilibrium constants evaluated from the
melting curves according to eq 12. Krrz (®) represents the equilibrium
congtants determined from our FCS and PCH analysig. The dotted line in
panel A is K 3z calculated according to eq 25.
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As shown in Figure 4A, when Q > 0.1, the measured value of Beq can support a broad range of KFFS values. Beq essentially loses its dependence on KFFS under these conditions. It is also
seen that Beq only takes on values greater than 1 when Q , 0.1.


The equilibrium distribution of folded and unfolded molecules
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A photon counting histogram analysis investigates the amplitude of the fluctuations

The number of detected photons from a constant intensity light
source is governed by Poisson statistics

(k) e
p(k,(K)) =24 = Poi (k,(K))
k is the number of detected photons

(k)= Vi I ﬁ(?)df is the average number of detected photons
0V,

& the molecular brightness

V, total sample volume

In two component system
P(k; N, &, Nz,gz) = P(k; Nl,gl)@) P(k; Nz,gz)

By fitting the PCH data, one can obtain these parameters i.e. the
equilibrium distribution

Simulations of FCH Data

Equal concentration: 50 nM, Dillerent brightness (g): 20,000 vs 100,000 counts
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Failure of two state reaction mechanism

If the sub millisecond chemical relaxation process observed by FCS
represents the complete DNA hairpin folding reaction then K
and K., pcyy should be identical

melt

This assumption works at low concentration of NaCl in which the
open form of hpDHA is favored

At higher concentration the deviation becomes quite dramatic

It is the first obvious clue showing that the DNA hairpin folding
reaction may be more complicated than previously recognized
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Figure 3. (A) Equilibrium constants of DNA hairpin samples vs NaCl
concentration and (B) corresponding melting profiles [data sets with NaCl
concentrations of 0 (4), 25 (@), 100 (¥), and 500 mM (M) are shown]. In
panel A, K. (&) represents the equilibrium constants evaluated from the
melting curves according to eq 12. Krrz (®) represents the equilibrium
congtants determined from our FCS and PCH analysig. The dotted line in
panel A is K 3z calculated according to eq 25.



Failure of two state reaction mechanism

The disagreements are clear on the other parameters

Is there something wrong with the experiment? Verify with the mixture of two different brightness dyes

(Cy3 +Rh6G)
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The experiment is capable to characterizing two state behavior but hairpin folding mechanism
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K/(K+1)~1/N2


Three state reaction mechanism

The assumptions
-Some of the DNA being converted into a non fluorescent dark state

-Such dark state is being formed on a longer time scale (~1ms) than the FCS

correlation time (sub millisecond). Once it is formed, it is stable

 refers to the unfolded DNA conformation for which the R6G fluorescence is unquenched
. refers to a reaction intermediate that is stable on the sub-millisecond time scale

N,
N,
N, : is fully folded DNA hairpin

G, (r)-1 ‘ Gy (7)-1= Nital (1+ Be™ + Bzejﬂ)gD (7)9: (7) 9e (7)

Ntotal = N1 + N2 + N?)
B,,B,, 4,4, are functions of the rate and equilibrium constants



Qualitative discussions:

The equilibrium constant in 2 state regime which is not describe (A)BO- ;’:
completely melting curve is now only the K, in 3 states model i
60} /
_ _ /
At low concentration of NaCl, the N, =N, reaction dominates, « /
so K and K, are essentially equivalent. 0y }ffi
As NaCl is added, the Nz = N3 reaction becomes dominant, such 20r /}{/
that K, rises while K change more slowly because NaCl does not g
affect the N, =N, reaction as strongly as it does on complete T
folding reaction [NaCl] (mM)

The FCS and PCH measurements are only sensitive to N,and N,. At low NaCl concentration,
represent the dominant species so the PCH and FCS parameters behave as expected for two state
reaction.

Quantitative discussions:

Knetssi = <| >i - < | >miﬂ

<I >i - Is the average fluorescence count rate for a given NaCl concentration

(1) and (1) _: arethe fluorescence count rate when all DNA are in the close form or the open form



Conclusion ll:

Extra PCH analysis is simultaneously used to investigate the equilibrium constant by the same experiment which
are in remarkably good agreement with what introduced by the melt curve.

A three state reaction mechanism has been proposed and proved by experiment data at very high concentration of
NaCl in which, the folded DNA are favored. This regime consists of a rapid equilibrium between open and
intermediate forms of the DNA and a fully folded form that is stable on the time scale of FCS experiment .



Thank you for your attention
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