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Abstract: The folding of a dye-quencher labeled DNA hairpin molecule was investigated using fluorescence
autocorrelation and cross-correlation spectroscopy (FCS) and photon counting histogram analysis (PCH).
The autocorrelation and cross-correlation measurements revealed the flow and diffusion times of the DNA
molecules through two spatially offset detection volumes, the relaxation time of the folding reaction, and
the total concentration of DNA molecules participating in the reaction. The PCH measurements revealed
the equilibrium distribution of DNA molecules in folded and unfolded conformations and the specific
brightnesses of the fluorophore in each conformational state. These measurements were carried out over
a range of NaCl concentrations, from those that favored the open form of the DNA hairpin to those that
favored the closed form. DNA melting curves obtained from each sample were also analyzed for comparison.
It was found that the reactant concentrations were depleted as the reaction progressed and that the
equilibrium distributions measured by FCS and PCH deviated from those obtained from the melting curve
analyses. These observations suggest a three-state mechanism for the DNA hairpin folding reaction that
involves a stable intermediate form of the DNA hairpin. The reaction being probed by FCS and PCH is
suggested to be a rapid equilibrium between open and intermediate conformations. Formation of the fully
closed DNA hairpin is suggested to occur on a much longer time scale than the FCS and PCH measurement
time. The closed form of the hairpin thus serves as a sink into which the reactants are depleted as the
reaction progresses.

Introduction These experiments include laser-induced temperature jump
DNA stem-loop hairpins are model systems for secondary spectroscopy?1116and fluorescence correlation spectroscopy
structure formation in single-stranded DNA and RNA&.In (FCS)!81215 Chemical relaxation processes attributed to DNA

recent years, there has been a resurgence of interest relating t§irPin folding and unfolding are routinely observed. Relaxation

the kinetics and energetics of DNA hairpin folding, fueled in {imes depend on the size of the hairpin loop, the number of
part by new experimental techniques for probing the micro- Pasé pairs in the stem, and the loop sequence and can range
second time scale on which these reactions ofTHr. from a few microseconds to hundreds of microseconds. It has

generally been assumed that these relaxation processes describe

(1) Cantor, C. R.; Schimmel, P. Biophysical Chemistry: the Behir of a predominantly two-state reaction in which the DNA molecules
Biological MacromoleculesFreeman: New York, 1980. L . Lo
(2) Tyagi, S.; Kramer, F. RNat. Biotechnol1996 14, 303-308. spend most of their time in a fully folded stem-loop hairpin
) Bt gad ol Y, 2 Grrgaber. A Kramer, F.foc. Natl. Acad. Sci. structure or a fully unfolded random coil configuration. Partially
(4) Liu, X.; Tan, W.Anal. Chem1999 71, 5054-5059. folded or misfolded intermediates are thought to exist as

(5) Wang, X.; Nau, W. MJ. Am. Chem. SoQ004 126, 808-813.

i i i i 17
(6) Ansari, A.; kuznetosov, S. V.; Shen, Froc. Natl. Acad. Sci. U.S.2001, transient traps in the overall f0|dmg reactioh

98, 777+-7776. _ _ In a previous study, we characterized the relaxation times
@ E‘ggg‘g‘é %‘éo'éﬂcg%%"éky' ©.; Libchaber, Rroc. Natl. Acad. Sci. USA- ot pNA hairpin folding reactions using a new “multiparameter”
(8) Goddard, N. L.; Bonnet, G.; Krichevsky, O.; Libchaber Phys. Re. Lett. approach to FC% This technique analyzes the fluorescence
200Q 85, 2400-2403. ) -
(9) Kuznetosov, S. V.; Shen, Y.; Benight, A. S.; Ansari,Biophys. J2001, observed from a flowing sample of DNA hairpin molecules at
81, 2864-2875. i i i .
(10) Senior, M. M.; Jones, R. A.; Breslauer, KRtoc. Natl. Acad. Sci. U.S.A. two spz_mally offset detectl_on VOlum.eS' Simultaneous cross
198§ 85, 6242-6246. _ correlation and autocorrelation analysis of the fluorescence from
(11) Shen, Y. kuznetosov, . V.; Ansari, & Phys. Chem. 8001, 105 12202- the two detection volumes resolves the transport properties of
(12) Wallace, M. 1.; Ying, L.; Balasubramanian, S.; Klenerman,JDPhys. the molecules from their chemical relaxation properties and,
Chem. B200Q 104, 11551-11555.
(13) Wallace, M. 1.; Ying, L.; Balasubramanian, S.; KlenermanPioc. Natl. (15) Jung, J.; Van Orden, Al. Phys. Chem. B005 109, 3648-3657.
Acad. Sci. U.S.A2001, 98, 5584-5589. (16) Ansari, A.; Kuznetosov, S. \d. Phys. Chem. B005 109, 12982-12989.
(14) Li, H.; Ren, H.; Ying, L.; Balasubramanian, S.; KlenermanPBoc. Natl. (17) Ying, L.; Wallace, M. |.; Klenerman, DChem. Phys. LetR001, 334 145—
Acad. Sci. U.S.A2004 101, 14425-14430. 150.
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thus, allows more information to be drawn from the system .
. . . . Data analysis | Detector
than could be obtained using conventional single-beam FCS
alone. | Q |\_

The present study combines this multiparameter FCS tech-
nique with photon counting histogram (PCH) analy$ig?
which monitors the absolute and relative concentrations of the
reactants taking part in the observed chemical relaxation pro-
cess, in addition to the reaction time. We studied the folding
of a stem-loop DNA hairpin molecule containing five base pairs
in the stem and twenty-one thymine residues in the loop region.
The reaction conditions were varied from those favoring the
open form of the DNA hairpin to those favoring the closed form.
Our results do not support a predominantly two-state reaction
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mechanism for the folding of this DNA hairpin, as has ) )

reviouslv been thouaht. For example. one of our kev observa- gure 1. Schematic representation of the two-beam fluorescence fluctua-
F_) X y gnt. ple, . y . tion spectroscopy experiment. The optical setup was designed to position
tions is that the overall reactant concentration was dramatically the two laser beams in the center of the squared capillary, separated by a
depleted as the reaction conditions were altered in favor of the distance of~2—-3 um. The sample solution flows through the capillary
closed form of the hairpin. This observation cannot be explained ynder applied gas pressure. Fluprescence signal frqm each laser foce}l volume

. . . is collected and used for the simultaneous analysis of autocorrelation and

from the standpoint of a two-state reaction mechan!sm. Ifonly cross-correlation as well as PCH.
two states were present, the relative concentrations of the
reactants would change, but the overall reactant concentrationmirror; split by 50/50 beam splitter; and then imaged into twq&0
would stay constant. We can explain this and other observationsconfocal pinholes separately, (Thorlabs, Newton, NJ) which provide
presented below by assuming the chemical relaxation processaxial resolution by rejecting out-of-focus light. The output of the
being probed by FCS and PCH involves an intermediate form plnho_les was band-pas§ filtered and focused onto the active areas of
of the DNA hairpin that is stable on the time scale of the two single-photon-counting avalanche photodiode detectors. The two
observed reaction. The fully folded configuration is not directly Iase_r_ beams formed nearly identi<_:a| diﬁrac_tion-limited focal regions,
observed in our FCS and PCH measurements but is observe ositioned near the center of the inner capillary spae25um from
indirectly as a stable sink into which the reactants become he inner surfaces), separated along the axial dimension of the capillary

. - by a distance of-2 to 3um. The optimum position of the two laser
transformed as the reaction progresses. Our observations sugpeam foci relative to the-position of the capillary and the flow axis

gest a three-state DNA hairpin folding mechanism involving @ could be confirmed by cross-correlation analyé® The entire
rapid equilibrium between open and intermediate configurations. experiment was placed inside an enclosure to block stray laser light.
The fully folded DNA hairpin forms much more slowly and, All experiments were carried out at an ambient temperature 1
once formed, is extremely stable on the time scale of our °C.

experiment. Hence, we describe a DNA hairpin folding reaction ~ The photocounts from the two detectors were recorded using the

that is even more complex and more drawn out than previously two channels of a 800-MHz gated photon counter (PMS-400, Becker
thought & Hickl GmbH, Berlin, Germany), interfaced to a Pentium computer.

A sampling time of 1xs per sampling interval was used for each
channel. A LabView computer program, written in-house, was used to
perform real-time FFS analysis on the detected photons as they were
being accumulated. The program simultaneously autocorrelated the
photocounts observed from the individual detection volumes and cross-
correlated the photocounts from the two detection volumes relative
to each other. The cross-correlation functions were calculated after
first rebinning the accumulated photocounts intou8 sampling
intervals to achieve improved signal-to-noise ratio. All correlation
functions were calculated using the “multiptféeoncept, in which the
intervals between successive lagtimes increase as the lagtime in-
; ) ; creases. The rebinned photocounts gg%ampling intervals were also
sample solutions were flowed continuously through the capillary by used to construct photon counting histograms. The histograms obtained

pressurizing the capillary inlet with Agas. Fluorescence fluctuation ;1 o4ch detection channel were identical within experimental error.
spectroscopy (FFS) measurements were performed using a home-bunLrhe user interface of the LabView program continuously displays a

ngle m;)llicgle COTO\;:VaI qu%resceEc? mlﬁrosc?ilﬁéwo spit Ifaser q running average of the correlation functions and the cumulative
eams (514.5 nm, 46W per beam before focus lens) were focuse histograms. The experimental photon counting distribu{ipg was

mé(_) the c'azt)lllary by a flOQ ll25h ’f\lA (IJ” |mmerS|on r:lﬁlcrozc%pe hanalyzed by fitting the normalized histogram to a theoretical PCH
objective. Fluorescence from each focal region was collected throug model{py, devised by Perroud et #.The PCH fitting quality is

the same objective; passed through the 530 nm long pass dIChrOICdetermined by estimating reducgtkqs based on a binomial distribution
statistics'®24

Experimental Section

Details of the experiment were described previodsl@riefly,
the DNA hairpins were dual-labeled with Rhodamine 6G (R6G) and
4-{[4-(dimethylamino)phenyl]aXdenzoic acid (dabcyl) at the &nd
3' ends, respectively. The hairpin sequence W&R&5-AACCC-(Tps-
GGGTT-dabcyl-3 DNA solutions with nanomolar DNA concen-
trations were prepared in a pH8.0 buffer solution containing 2.5 mM
Tris-HCI, 250u4M EDTA, and various concentrations of NaCl.

The FCS and PCH experimental setup is shown in Figure 1. The

(18) Chen, Y.; Muller, J. D.; So, P.; Gratton, Biophys. J.1999 77, 553—
567

(19) Kask, P.; Palo, K.; Ullmann, D.; Gall, Kroc. Natl. Acad. Sci. U.S.A.
1999 96, 13756-13761.

(20) Perroud, T. D.; Huang, B.; Wallace, M. I.; Zare, R. BhemPhysChem
2003 4, 1121-1123.

(21) Van Orden, A.; Fogarty, K.; Jung, Appl. Spectrosc2004 58, 122A—
137A.

(22) Brinkmeier, M.; Dorre, K.; Stephan, J.; Eigen, Mnal. Chem1999 71,
609-616.

(23) Gosch, M.; Blom, H.; Holm, J.; Heino, T.; Rigler, Rnal. Chem200Q
72, 3260-3265.

(24) Huang, B.; Perroud, T. D.; Zare, R. BhemPhysCher2004 5, 1523~
1531.
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kmax
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where,d is number of fitting parameters amglis a normalized residual
given by

@)

2 _
X red—
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whereN is the total number of experimental data points in the histogram
andoy is a standard deviation given by

o= yNp1 — P ®)

Analyses of both experimental correlation functions and photon
counting distribution were carried out using a Levenbevtarquardt
algorithm (least-squares fitting routine) from the MatLab Optimization
Toolbox.

Results and Discussion

FCS and PCH Analysis.We begin by describing our efforts

to evaluate our FCS and PCH measurements assuming a DNA

hairpin folding reaction that goes to completion via a two-state
reaction process:

_ ok
NN,

(4)

Here,N; and N, refer to the average number of DNA hairpin
molecules occupying the detection volume of the optical

microscope in their open and closed conformations, respectively.

Figure 2A displays autocorrelation and cross-correlation func-
tions (inset) obtained from DNA hairpin samples containing
constant DNA concentration and varying NaCl concentrations.
The cross-correlation function$c o5(7), were analyzed by

fitting to eq 522,23,25-29
Geodr) — 1=
1 )1’2 p( (1 - mF)Z)
expg— ——
1+ «5tlty, 1+ t/tp

[ 1

1
N, + No\1 + /7,

= NigD(r)ch(T) X
CC
where
B 1 1 1/2
Op(7) = (1 + '[/TD)(l + K(Z)T/TD) v
2 1— /
g () = eXF{_ r§+—r/r:)) v

The parameterp is the average diffusion time of the DNA
molecules through the detection volumg.is the ratio {vo/zo)

of the radial,wo, and axial,z, focal radii and has been held
constant at the value 0.1@40.002 determined previouslyis

the ratio Rlwg) of the distanceR, between the two detection
volumes and the focal radiuay. ¢ is the average flow time
of the DNA molecules between the two focal volumes and is
equal toR/Vy, whereVy is the linear flow velocity of the analyte
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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, O; green, 25; red, 100; and black, 500 mM NaCl). (A) The
observed autocorrelation functions, with the cross-correlation func-
tions shown in the inset. The dashed curves are the predicted auto-
correlation functions assuming pure diffusion and flow. (B) The photon
counting histograms obtained from the same samples usirggs@mpling
intervals. The DNA concentration was held constant2b nM for all the
samples.

solution at the point of detection. Finallijcc represents the
average number of DNA hairpin molecules in both open and
closed conformations occupying the detection voluies(=

N1 + Ny).

For a two-state chemical reaction with a relaxation time faster
than the flow time ), the cross-correlation function is only
sensitive to the diffusion and flow properties of the DNA
molecules'® Fluorescence fluctuations caused by the reaction
are not sufficiently correlated with respect to the two detection
volumes under these conditions. Cross-correlation analysis thus
gives the parametens, s, r, andNcc, without contributions
from chemical relaxation. The dotted curves in Figure 2A predict
how the autocorrelation functions would appear under conditions
of pure diffusion and flow of the DNA molecules, based on
the measured cross-correlation parameters. Any deviation
between the predicted and observed autocorrelation functions
is attributed to relaxation caused by triplet blinking at shorter
time scales and quenching and unquenching of the fluorescent
dye, induced by DNA conformational fluctuations, at longer
time scales.
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Table 1. Parameters form EFS Analysis2? A " i ' " ' T N
PCH analysis® FCS analysis ( ) 80+ :"i 8
one two .:,-"
model:  species species cross-correlation autocorrelation 60 __." §
Napp 1.54(03) 1.44(55)r 11.8(06) Teq 0.198(24) ;’
€app  0.539(31) 0.48(19) Ncc 4.26(05) Beq 0.987(97) i
_ 7e(ms) 1.47(15) 77 (us) 4.12(71) b4 ,Z
N:  1.27(12) 0.72(16) 7o (us) 214(13) tr (us) 62.7(5.1) 40r i 1
N2  2.98(22) 0.98(25) '
€1 0.591(17) 0.61(14) BGO)— 1]t 1.65(01) '
e  0.074(14) 0.26(12) 20l ?’ ]
F 0.732(54) 071(16) __“_...}”
v L5 69 0 ot o o o o
0 5 10 25 50 100 200 500
Kers 2.33(22) 1.36(46)
0.125(24) 0.42(22) [NaCl] (mM)
aParameters correspond to the fitting analysis in Figure 1 (100 mM (B)
NaCl).? Values in parentheses are the standard deviation for the last digits. 1 coorieerlbersshensoens Ar;";;-w-“ J
¢Values underlined are calculated using fitting parameters. ‘."’A s 9 - g
Ay ‘,.l"
Parameters relating to the chemical relaxation of the DNA r Fd 1.1
L . " . $ s S &
hairpin structure were obtained by fitting the experi- A i s )
mental autocorrelation functions to eq 8, which shows the v 05 £ i 7 |
theoretical autocorrelation functioa 25(7), describing two- ; ’f’ P :i’
state chemical relaxatici§:30-36 i i ' Vd
H 1 R A
.‘ .".‘ Vj o
1t —1lt i A
GaslT) — gD(r)(l + T "1+ B "™ x A |
(rr/r,:) 1 0 30 60 90
exXp————— ] ==9(7)9:(7 T 7) (8
F{ 1+ g Ncch( )9(1)9R(T)G(7) (8) Temperature (°C)
Figure 3. (A) Equilibrium constants of DNA hairpin samples vs NaCl
where concentration and (B) corresponding melting profiles [data sets with NaCl
concentrations of 0«), 25 @), 100 (v), and 500 mM M) are shown]. In
1—T+T — ity panel A, Kmeit (A) represents the equilibrium constants evaluated from the
g.(7) = 1-rrle  _ 1+T qe*T/IT 9) melting curves according to eq 1Rgrs (@) represents the equilibrium
g 1-7T € constants determined from our FCS and PCH analysis. The dotted line in
o panel A isKmeir3scalculated according to eq 25.
_1-B+Be"™® -
gR(r) = T =1+ Beqe ,and (10)
(zr) for the DNA hairpin folding reaction were observed to be
(rt/ty)? ~60 us, consistent with previous kinetics experiments on the
G{7) = ex 1+, (11) folding of DNA hairpins with the same size and composition

Here, T is the quantum yield, andy is the time constant for

triplet blinking; tr is the relaxation time of the two-state
reaction; andB is an amplitude term that depends on the
equilibrium distribution of the reactants and their specific

as the one studied hefé1>

What is of interest to us here is the equilibrium distribution
of folded and unfolded DNA hairpin molecules as a function
of NaCl concentration. It is known that NaCl stabilizes the
folded form of the hairpir¥’ This is evident from the melting

brightnesses. These parameters were determined by constrainingurves displayed in Figure 3B, which show the characteristic

o, T, I, andNcc to the values obtained in the cross-correlation
analysis and adjustingr, Teq Tr, andBeq to achieve the best
fit. Representative results from our autocorrelation and cross-

rise in melting temperature with added NacCl. If a two-state
reaction is assumed, the melting curves can be analyzed to
determine the equilibrium constalt.er = No/N; using eq 12:

correlation analyses are presented in Table 1. Relaxation times

(25) Magde D.; Webb, W. W.; Elson, E. IBiopolymers1978 17, 361—

(26) Dlttrlch P. S.; Schwille, PAnal. Chem2002 74, 4472-4479.

(27) Kunst, B. H.; Schots A.; Visser, A. J. W. @nal. Chem2002, 74, 5350~
5357.

(28) LeCaptain, D. J.; Van Orden, Anal. Chem2002 74, 1171-1176.

(29) Fogarty, K.; Van Orden, AAnal. Chem2003 75, 6634-6641.

(30) Elson, E. L.; Magde, DBiopolymers1974 13, 1-27.

(31) Magde, D.; Elson, E. L.; Webb, W. VBiopolymers1974 13, 29-61.

(32) Palmer, A. G.; Thompson, N. Biophys. J.1987 51, 339-343.

(33) Widerngren, J.; Mets, U.; Rigler, R. Phys. Chem. B995 99, 13368~
13379.

(34) Widerngren, J.; Rigler, RCell. Mol. Biol. 1998 44, 857-879.

(35) Van Orden, A.; Keller, R. AAnal. Chem1998 70, 4463-4471.

(36) Rigler, R.; Eigen, E. LFluorescence Correlation Spectroscopy: Theory
and Applications Springer-Verlag: Berlin, 2001.

1(85°C) — I(T)
I(T) — 1(5°C)

wherel(T) is the fluorescence intensity at temperatliréNVe
have evaluate&yei: for each sample at our laboratory temper-
ature of 19°C (See Figure 3A). As expecte®mer rises
precipitously with added NacCl.

Our initial goal was to simply characterize this behavior using
our fluorescence fluctuation spectroscopy data itself, without
reference to the DNA melting curves. The correlation amplitude

Kmelt(T) = (12)

(37) Manning, G. SQ. Re. Biophys.1978 11, 179-246.
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Figure 4. (A) Simulations of the amplitude terBeq as function ofQ and

K (inset), and (B) experimentdeq values from FCS analysis of DNA
hairpin samples. Panel A shows three equilibrium consta®s K(= 5,

(0©) K =10, @) K = 30). Note that aQ = 0, Beqg = K. As Q deviates
from 0, the values dBeqbecome considerably different frokh For instance,

the difference between cases @f= 0 (dotted line) andQ = 0.1 (solid
line) is shown in the inset. According to observed values in panel B, the
expectedQ is greater tham~0.1 in our experiments.

parameterdlcc andBeg contain information about the reaction
equilibrium. In particularBeq has the form:

B —K S[ 1-Q 2:NlN2(€1_62)2
e 1+ KeeQ (Nle1 + Nzez)2

Kers denotes the equilibrium constant as determined by our
fluctuation spectroscopy measuremeatsinde; are the specific
brightnesses of R6G when the DNA hairpin molecules are in
their open and closed conformations, respectively, @iglthe
ratio e-le;. The Bgq parameter is sometimes used to estimate
Krrsbased on the assumption ti@ate 0. However, this is often

a very severe approximation that must be used with great care
As shown in Figure 4A, whe® > ~0.1, the measured value
of Begcan support a broad range frs values.Beq essentially
loses its dependence #rs under these conditions. It is also
seen thaBeq only takes on values greater than 1 when<
~0.1. OurBeq measurements (Figure 4B) are in the regime
whereBeg < ~1 andQ > ~0.1. This means the{rrs andQ

(13)

ditional information is needed to resolve these parameters.
Our motivation for combining PCH with FCS was to address
this issue. The PCH is a probability distribution for detecting

precisely the information needed to resolve kiesandQ terms
contained in theBey parameter. Figure 2B shows photon
counting histograms obtained from the same DNA samples
represented by the corresponding FCS data in Figure 2A. The
9 us counting intervals were chosen to be small compared to
the relaxation time of the DNA hairpin folding reaction, such
that the system could be considered static on the time scale of
the PCH measurement. Two approaches for obtaining the desired
information from these data were investigated. To simplify
matters, we note thaf is the specific brightness of unquenched
R6G, which we have measured separately by PCH analysis of
R6G labeled DNA in the absence of quencher (See Supporting
Information). The challenge becomes one of determiriag

Nz, andez.

The first PCH analysis approach we investigated was to

determineN;, N,, ande; directly by fitting the observed PCH

to a two-species model of the probability distribution. The model
we used was that of Perroud et?&These authors devised a
way to correct for the contribution to the PCH from out-of-
focus emission due to one-photon fluorescence excitation. For
a one-component system, the probability for detedtipgoton

counts fromN identical molecules with a specific brightness,
€, is given by

P(k; N,e) = ’ip(N)(k; q, €)-PoissorfN, g N)  (14)

where
Pk g, €) =
A a0 5 el
(1+F)? ak & — K)1(2))*2
According to Chen et df
PSPk Vo, €) = %‘) Tyk e ydx  (16)

where,y(a, X) is the incomplete gamma functiogis the ratio
between an ideal Gaussian shaped detection volume defined in
FCS,Vecs and a reference volum¥y (i.e., Vo = qVecy). It is
found that the probability distributioR(k; N, €) is independent

of the choice ofVy, as long asv, is large enough to obtain a
positive value ofP(0; N, ¢€).1824 We foundq = 6 to be an
appropriate choice for our experiment. A first-order correction
in which F; = F for k = 1 andFj = 0 for k > 1 was usedF

is the ratio between out-of-focus and in-focus emission. For our

optical setupF is found to be~0.7, in good agreement with
the PCH measurements of Huang et al. using a similar optical
setup?* The probability distribution for a two-component system

] is obtained from the above equations using
cannot be resolved using our FCS measurements alone. Ad-

P(k; Ny, €5, Ny, €,) = P(k; Ny, €,) ® P(k; Ny, €,)  (17)

Our PCH measurements could be analyzed by fitting to eq 17.

photons arising from the optical detection volume during a The parameterl;, N,, €2, and F were determined, with the

specified sampling intervaP1°The probability depends on the

parametek; held constant (see Table 1).

average number of fluorescent molecules being probed by the An alternative approach to the PCH analysis was to apply a
optical microscope and their specific brightnesses. This is single-species model that depended orapparentnumber of

1244 J. AM. CHEM. SOC. = VOL. 128, NO. 4, 2006



Three-State Mechanism for DNA Hairpin Folding ARTICLES

moleculesNapp, With anapparentspecific brightnesssapy 383 tions, the open form of the DNA hairpin is favored at our
Napp andeapp are weighted averages characterizing the distribu- laboratory temperature. At higher concentrations, however, the
tion of fluorescent species of differing brightnesses present in deviation becomes quite dramatic. The melting curves predict
the sample. For a two-component system, these parameters are precipitous rise in the equilibrium constant with increasing
given by egs 18 and 19 NaCl concentration as already discussed; whereas, the equilib-
rium constant determined by PCH and FCS stays relatively

N N 2
N (Nye; + Noey) constant. According to our observations, the assumption that

app Nye,? + Noe,? (18) Kmelt and Kees describe the same reaction is only valid under
B _ conditions that favor the open form of the hairpin. When the
Nlel2 + Nzez2 closed form of the hairpin is favore&mei and Kers appear to

€app— Nye, + Npe, (9) represent different reactions. This is our first clue that the DNA

hairpin folding reaction may be more complicated than previ-
Our PCH data could be analyzed by fitting to the single- ously recognized.

component distribution (eq 14) witN = Napp ande = eapp Additional clues come from the behavior of the FCS and PCH
The parameterblap, €app andF were obtained. parameters themselves. Figure 5A shows the behavibiggpf
Table 1 compares the PCH parameters obtained using theeapp [GA(0) — 1] (the autocorrelation amplitudeJ[{the average
different analysis procedures for a representative set of data-photocount rate), andlcc as a function of NaCl concentration.
The results were essentially equivalent in that they gave the Ajso shown is the way these parameters would behave assuming
same values foNap €app andF. They also agreed with the 5 two-state reaction characterized by the equilibrium constant,
corresponding parameters derived from FCS within experimental i (dotted curves). The parameters are plotted ag#inst
error. In particular, we notice th&d,,, has the same functional (Kmett + 1) for each NaCl concentration, which represents the
form as the inverse amplitude of the autocorrelation function, f5ded fraction of DNA hairpins that would be present assuming
[Ga2s(0) — 1]7*. Good consistency between these parameters 5 yo_state reaction. The dotted curves were calculated using
was found for both analysis procedures. The advantage of they,iq predicted fraction, along with the measured values;of
two-component PCH analysis is that the equilibrium constant, 5,4 e (See Supporting Information for the details of the

Krrs can be determined directly from the PCH data alone. The ¢5icyjation.) In a two-state reactidfypshould slowly decrease
disadvantage is that four adjustable parameters are needed tQ, 5 minimum value. while Gas(0) — 1] should have the

fit the data, which means the parameters were not as well
determined as one would wisk20- to 30-% relative standard
deviations forN; and N,). The single-component analysis
requires fewer adjustable parameters, so the parameters wer
determined more precisely(0-% relative standard deviations).
However,Kgrs could not be obtained directly because the one-
component PCH analysis did not provide enough information
to uniquely determinél; andN,. We found the best precision
for determiningKgrswas attained by combining the information
from the one-component PCH with the FCS parameters. Using
egs 13, 18, and 19, along with the known valuepfve obtain

inverse of this trendeappwould decrease as the brighter species
is depleted in favor of the darker species, axg:, which
represents the total DNA concentration, should remain constant.
%hat we have observed is diametrically opposed to these
expectations. At low NaCl concentrations, all the parameters
are in good agreement with their expected values. But as NaCl
is addedNappdrops precipitously, asda(0) — 1] rises inversely.
Ncc abruptly drops, whilesa, remains relatively constant.
Naturally, we wondered if this apparently anomalous behavior
could be due to experimental error or to misinterpretation of
our measurements. To address this possibility, we constructed

_ Nap peapp2 a model two-state systéfhand subjected it to the same set of
1= >——and (20) measurements as described above. The model system consisted
e, + (€1 — €app /Bed of solutions containing poly(dF) ssDNA, singly labeled with
NCC - N; either R6G- or Cy3- and mixed together to achieve different
Keps= N (21) fluorophore ratios. PCH analysis of pure component solutions
! was used to measure the molecular brightnesggs andecys.
Table 1 shows the values bk, N, andKrsderived from the  €rec Was identical toe;, presented abovecys was measured
above equations for a representative sample. under the same experimental conditions. The r&djg/crec Was
Failure of the Two-State Reaction Mechanismin the past, ~ ~0.25 which compares reasonably well to @&alue measured

it was assumed that the sub-millisecond chemical relaxation for the DNA hairpins. (See Supporting Information.) Figure 5B
processes observed by FCS represented the complete DNAShOWS howNapp €app [Ga(0) — 1], L] and Neys + Nreg, as
hairpin folding reactior:312-15 |f this were the case, theiineit determined by FCS and PCH analysis, changed with an
and Kees would be identical. We are now in a position to increasing fraction of Cy3-labeled ssDNA. The concentrations
evaluate that assumption. Figure 3A compares the behavior ofof the different components were adjusted so that the total DNA
Kmeit and Kers as a function of NaCl concentration. There is concentration remained constant. These parameters behave in
good agreement between the two sets of constants at NaClprecisely the way one would expect for a two-state system.
concentrations below25 mM. At these lower NaCl concentra- Moreover, the observed trends are completely analogous to the
expected behavior of DNA hairpin molecules undergoing a two-

(38) Chen, Y.; Mueller, J. D.; Ruan, Q.; Gratton,Hophys. J2002 82, 133~
144

(39) Chén, Y.; Wei, L.; Mueller, J. DProc. Natl. Acad. Sci. U.S.£2003 100, (40) Chen, Y.; Muller, J. D.; Tetin, S. Y.; Tyner, J. D.; Gratton,Btophys. J.
15492-15497. 200Q 79, 1074-1084.
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Figure 5. FCS and PCH parameters of DNA hairpin samples (A) and a model two-state system (B). The DNA hairpin samples coRaimddNA
concentrations and varying concentrations of NaCl. The model system contained Cy3- and R6G-singly labeledpsiy§ig-stranded DNA prepared in

different ratios. The total concentration of Cy3 and R6G were held constast.&tnM. In panel A, thex-coordinate represents the expected fractfon,

Kmetd1 + Kmer, of DNA molecules in the folded conformation, assuming a two-state readiott. N> was obtained from the cross-correlation analysis. In

panel B,Nappandeapp Were evaluated using fitting parameters from the two-species PCH analysis according to egs 18 and 19. The expected behaviors of the
parameters, assuming a two-state system for each, are represented by dotted lines in both panels (see Supporting Information for details).

state reaction. We conclude that our experiment is capable ofNo NaCl concentration dependent effects were observed in any
characterizing this type of two-state behavior. of the samples (see Supporting Information). It is concluded
We also considered the possibility of detector saturation that if the DNA hairpins were reacting according to a two-state
artifacts skewing the results for higher count rate samples, asmechanism, this would be manifested in the behavior of the
well as changes in the background photocount rate due to added~CS and PCH parameters. The fact that the FCS and PCH
NaCl. Detector saturation artifacts were investigated by carrying parameters deviate so strongly from the expected behavior leads
out the same measurements on samples in which the DNAus to consider alternative reaction mechanisms for DNA hairpin
hairpin concentrations were adjusted to achieve the maxi- folding.
mum count rate observed in our experiments for each sam- Three-State Reaction MechanismThe observations pre-
ple. The same was done for the model two-state system. Thesented so far can be explained in a straightforward manner if
model system exhibited precisely the behavior that would we make the following assumptions. First, it is apparent that
be expect for a two-state system, while the DNA hairpin sam- the concentration of DNA molecules detectable by PCH and
ples exhibited behavior that was anomalous for a two-state FCS decreases as the DNA hairpin folding reaction progresses.
system (see Supporting Information). Also, analysis of solvent This is evident from the walapp €app Ncc, and the correlation
blanks vs NaCl concentration showed no change in the amplitudes are affected by the NaCl concentration, and it
background photocount rate. Finally, we examined the effect suggests that some of the DNA is being converted into a
of added NaCl on the fluorescence emission of the R6G nonfluorescent dark state that does not contribute to the FCS
fluorophore for both the free fluorophore and the fluorophore and PCH measurements. Second, it is apparent that this dark
labeled DNA hairpin molecule in the absence of quencher. The state is being formed, and is stable, on a longer time scale than
same was done for 40-oligo polythymine single-stranded DNA the FCS correlation time. Our FCS experiment can only observe
labeled at the'3and 3 ends with dabcyl and R6G, respectively. chemical reactions that occur on a faster time scale than the
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molecular transport time through the optical detection region. correlation functions for this three-state reaction mechanism are
Anything taking place on a longer time scale that ms is given by eq 24 (see Supporting Information for a complete
static with respect to FCS. What our results suggest is that thederivation):

undetectable dark state is static on the FCS time scale and 1

is thus not taking part in the sub-millisecond chemical relaxa- Gyr) — 1= N -+ Ble’lzf + B,&)0p(7)g(7)ge(7) (24)

tion process observed by FCS. As far as our FCS and PCH total

measurements are concerned, this nonfluorescent dark state _ ) ) ]
is a sink into which DNA molecules disappear and never re- WheréNwa is the total concentration of DNA in all its forms
turn. (Niotat = N1 + N2 + N3); By, By, 42, andAs are functions of the

This implies that the DNA hairpin folding reaction is not 'at€ and equilibrium constants; ang @), gr(z), andge(z) are

going to completion on the time scale probed by FCS, as has@S defined in egs 6, 7, 9, and 11.
previously been thought. Some other reaction must be respon- FTom the previous discussion, it can be assumedkihat ,
sible for the observed sub-millisecond relaxation process. How > K k-2- Accordingly, the chemical relaxation process observed

can we be sure this is the case? In fadt,our observations ~ PY our FCS experiment arises from the two-stite== N,
point to this key assertion, but it can be explained most clearly "€action. TheN, = N reaction occurs on a time scale not
with reference to the way the cross-correlation amplitude rises 0Pservable by FCS (i.e., slower than the diffusion and flow time
with added NaCl. As already discussed, sub-millisecond chemi- ©f molecules through the optical probe region). This implies
cal relaxation processes observed by FCS do not contribute tothat the DNA molecules fluctuate between open and intermedi-

the cross-correlation amplitude because they occur too rapidlyate configurations many times before the correctly folded stem-

to remain correlated on the FCCS time scale. Hence, the crossJ00P hairpin structure is formed. Under these conditi@Bis(r)

correlation amplitude is inversely proportional to thetal takes on approximately the same functional form&asr) in
concentration of all species taking part in the relaxation. If the €dS 5 and 8 (see Supporting Information). The key differences
observed relaxation represented the complete hairpin folding '€ thatNz now refers to the reaction intermediatg:s refers
reaction, then the overall concentration of DNA species involved [0 K1, 7r is the relaxation time of thil, = N reaction, and

in the reaction would not change on the FCS time scale. ' the'speuflcpnghtness of R6G in the intermediate statg. The
Consequently, the cross-correlation amplitude would remain €9uations forNap, and eapp (€gs 18 and 19) are redefined

essentially constant as the reaction progressed (actually, theréimilarly. _ .
would be a slight decrease in the amplitude due to the All of the observations presented above can now be explained.

dependence or). The only way we can explain the dramatic Krrs @ndKmer exhibit different dependences on NaCl because
rise in the cross-correlation amplitude with added NaCl is to KFFs 9”'3’ describes theN; = N reaction; whereasKmeit
assume that the sub-millisecond chemical relaxation observeddescribes the complete folding reaction (it should be noted that
by FCS doesiotrepresent the complete folding reaction. Rather €0 12 assumes a two-state reaction mechanisrinse may
there must be at least one intermediate step along the way. It ishOt represent the actual equilibrium constant for the complete
this intermediate reaction that causes the observed chemicaf€action). At low NaCl concentrations, tf = N, reaction
relaxation, not the complete folding reaction. As the folding dominates, s&rrsandKmerare essentially equivalent. As NaCl
reaction progresses, the DNA species taking part in the observedS added, thé\, = Nj reaction becomes dominant, such that
chemical relaxation are depleted, lowering the total concentration Kmet: 1is€s, whileKgrs changes more slowly. NaCl apparently
of detectable DNA, raising the cross-correlation and autocor- 40€s not affect thél; = N reaction equilibrium as strongly as
relation amplitudes, and lowering the apparent number of it d0€s on the complete folding reaction. The behavioNg,
molecules probed by PCH. At present, we cannot rule out the €app [Ga(0) — 1], andNcc can also be explained. The FCS and
possibility that the complete reaction may be occurring on a PCH measurements are only sensitiveNtpand No. At low
similar time scale to the cross-correlation measurements ( NaCl concentrations\, andN; represent the dominant species,
ms to~10 ms) or longer, but it is clearly not occurring any SO the PCH and FCS parameters behave as expected for a two-
faster than this. state reaction. As the reaction progressgandN, are depleted,
The simplest reaction mechanism that supports our observa-Vhich causes the observed drop My, and Ncc and the
tions is the three-state reaction: corresponding rise in the correlation amplitudes. Also, because
Krrschanges slowly with added NaCl, the change in the relative
concentrations ofN; and N, is correspondingly slow, which

le NZTZ N, (22) explains whyeapp is not affected by the addition of NaCl.

N N This three-state reaction can be quantified in the following
Ky=— Ky=— (23) way. At 0 M NaCl, it is assumed that onli{; and N, are

N, N, appreciablé? Hence, the total amount of DNA for all the

samples is approximatelgdtotm =N, (0 M NacCl) + N, oM™
N; refers to the unfolded DNA conformation for which the R6G  NacCl), which is measured by FCS and PCH. The same
fluorescence is unquenchedk refers to a reaction intermediate  procedure can then be used to meaduir¢x M NaCl) andN,
that is stable on the sub-millisecond time scale of the FCS (x M NaCl) for all subsequent sampleblz (x M NacCl) is
experiment.Ns is the fully folded DNA hairpin. We believe  obtained for each sample usiig = N — (N1 + Ny). Figure
the fully folded species represents the proposed dark state in6 shows the results of these measurements.
which the R6G fluorescence is efficiently quenched and rendered Our analysis can also explain the observed melting curves.
undetectable by PCH and FCS. The autocorrelation and cross-We define a parameté€nei; 3sthat can be calculated for each
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authors terminated in “collapsed” structures containing nativelike

19 hairpin loops, but with stem structures that were misfolded in
a variety of ways. This “collapsed ensemble” was distinct from
] _ the transition state ensemble in that a much longer reaction time
10} ' (~8 us) for forming the collapsed structures was observed,
N indicating a higher stability of these structures compared to those

of the transition state.
We propose that the DNA folding reaction being probed by
5 our FCS experiment corresponds to the formation of a collapsed
ensemble of long-lived intermediates analogous to the ones
observed in the molecular dynamics simulations of Sorin et
. al#142 This seems consistent with the observations that the
0 5 10 25 50 100 200 500 simulated collapse occurred on the same time scale as the

experimentally observed reaction time for hairpin folding and
[NaCl] (mM) that most of the simulated folding reactions resulted in these

Figure 6. Equilibrium distribution of the three DNA hairpin conformations  types of misfolded structures. It may explain why we observed

((No) blue, (Nz) green, N) red) determined by the three-state reaction g finjte value ofe, in our PCH measurements. Misfolding of

mechanism. The unfolded and intermediate forms of the DNA hairpin are . . . . .

favored at low NaCl concentration, while the folded form is favored at the stem sequence may give rise to partial or intermittent contact

high NaCl concentration. between the R6G fluorophore and the dabcyl quencher, thereby
] ) lowering the quenching efficiency. The formation of the

sample using data from our FCS and PCH analysis for completely folded stem structure occurs on a time scale that is

comparison with theKmer values obtained directly from the 44 sjow to be observed by FCS. Yet once formed, this structure

melting curves. By analogy to eq 12, we have is highly stable on the FCS time scale. This, too, is consistent
G, — 0 with the molecular dynamics simulations of Sorin et‘&f2who
Kmelt3si = _max ot (25) found that spontaneous unfolding of a fully formed stem-loop
’ M — Wl hairpin was an extremely rare event.

here s th f t rate ob qi Experimental support for the proposed mechanism comes
where Il is the average fluorescence count rate observed in g, single-pair Fester resonance energy transfer (FRET)

our FCS and PCH experiment for a given NaCl concentration. experiments on doneracceptor labeled DNA hairpins by
[Wishax and lin are the fluorescence count rates that would be el et a3 and forced unzipping experiments of RNA
observed from samples in which all the DNA was pr(_asent ina hairpins by Liphardt et & and Cocco et a5 These authors
completgly openora completely cIo;ed form, respecnvely_ (See observed much longer folding and unfolding reaction times than
Supporting Information for the details of calculation.) As seen would be predicted from solution phase kinetics experiments

n F(ljgure 3A, thteKme"'e’S and Kmer values are in remarkably on the same sized hairpins. One can argue that these experiments
gog. agre'emﬁn . wudi DNA hairpin f tion h were carried out under somewhat extreme conditions and may
|scu33|on.f :g_vlou? studies on land arpinformation a\;e not represent the true behavior of DNA hairpins in free solution.
assumed a folding Iree energy landscape comprising two However, an alternative assumption is that these experiments
potential minima, corr_es_pondmg tothe rg_ndom coil and the fully were probing a different aspect of the folding reaction. Whereas
f0|d?d stem-loop halrpln, and a transmpn staitltilgnsemble of the solution phase kinetics experiments probed the intermediate
partlally .folded or misfolded intermediatés? These N: = Ny reaction, the single-pair FRET and forced unzipping
intermediate states cause roughness of the free energy Surfachperiments may have been probing the complete folding

but are short?ll\{ed on the time scalg of _the fo!dmg _react_u_)n. reaction. This may explain why such vastly different time scales
Recent atomistic molecular dynamics simulations identified were observed

some plausible intermediate structures in the unfolding of a small . . .
How do our observations impact the conclusions drawn from

hairpin forming RNA molecule that may be present in the - S . . )
transition state ensembi&#? These simulations, together with previous kinetics experiments regarding the energetics of DNA
) | hairpin loop formation? On one hand, the reactions being probed

a statistical mechanics model developed by Ansari €%, ) . .
suggest a heterogeneous transition state ensemble consisting i still thought to be loop-forming reactions and are therefore
valid models from which to gain insight into DNA hairpin loop

collapsed hairpinlike structures in which the loop is fully or . .
. ) . . formation. However, many of the conclusions drawn from
partially formed and the stem is held together by single native . .
previous experiments are based on the temperature and loop

or nonnative base-pair contacts. . S .
b size dependence of the rate constants for hairpin loop formation

Our observations suggest the DNA hairpin fold|_ng p|ctur(_e (k; in eq 4). These constants were calculated using the measured
may need to be expanded to accommodate longer-lived reaction

. . . reaction times, combined with equilibrium constants derived
intermediates that do not lead directly to the completely folded . .

L : : from analysis of the melting curves. We have shown that when
stem-loop hairpin structure. Candidates for such species can also

be found in the molecular dynamics simulations of Sorin et conditions favor the closed form of the hairpin, the equilibrium

al#142The majority of the folding trajectories observed by these

(43) Grunwell, J. R.; Glass, J. L.; Lacoste, T. D.; Deniz, A. A.; Chemla, D. S.;
Schultz, P. GJ. Am. ChemSoc.2001, 123 4295-4303.

(41) Sorin, E. J.; Rhee, Y. M.; Nakatani, B. J.; Pande, VB®phys. J2003 (44) Liphardt, J.; Onoa, B.; Smith, S. B.; Tinoco, |.; BustamanteS€ence
85, 790-803. 2001, 292 733-737.
(42) Sorin, E. J.; Rhee, Y. M.; Pande, V.Bophys. J2005 88, 2516-2524. (45) Cocco, S.; Marko, J. F.; Monasson,BRur. Phys. J. 2003 10, 153-161.
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constant derived from the melting curve does not describe thereaction mechanism for DNA hairpin formation that consists
reaction being probed by the kinetics experiment. Hence, rate of a rapid equilibrium between open and intermediate forms of
constants determined in this way may be in error. Just how the DNA and a fully folded form that is stable on the time scale
severe might these errors be? For our DNA hairpin sample underof our FCS experiment. Further insight into this proposed

conditions of 100 mM NaCl, we obtaiky = (1.124+ 0.16) x mechanism could be gained by carrying out these measurements
10*s™1, based on ourr andKgrsmeasurements for this sample. on DNA hairpins with varying stem and loop sizes and
If we useKmeiiin our calculation, we obtaiky = (1.53+ 0.21) compositions. For example, a smaller sized hairpin with a shorter

x 10* s71. Although the use oK may overestimate the rate  stem sequence may exhibit folding times for both the intermedi-
constant somewhak; does not have a strong dependence on ate reaction and the final folding reaction that could be measured
the equilibrium constant whed > 1. WhenK < 1, the reactions on the FCS time scale simultaneously. Also, it is suggested that
probed by the kinetics experiments are the same as the oneshe experimental techniques described in this paper could be
described by the melting curves. Hence, we believe conclusionsemployed in the future to the study of more complicated
drawn from the behavior df; can still be supported. biomolecule folding reactions involving RNA, DNA aptamers,
However, conclusions regarding the reverse reaction are aproteins, and proteianucleic acid complexes.
different matter, because the; rate constant depends much
more strongly on the reaction equilibrium wh&h> 1. For
example, our 100 mM NaCl sample givies; = (4.79+ 0.50)
x 10® st andk-; = (6.46+ 0.74) x 1(? s! usingKgrs and
Kmelr respectively. One area of controversy in the literature on
the unfolding of DNA hairpins has to do with the loop size
dependence dft-;. Some studies have found that; has no
dependence on loop si2éthers show an increase kn; with Note Added after ASAP Publication. A correction was
loop size, and still others show a decrefis€We believe these  made to the reaction notation in the fourth sentence of the second
conflicts come from the fact that some experiments were carried full paragraph after eq 24, after the initial ASAP publication
out under conditions that favored the closed form of the hairpin, on January 5, 2006.
while others were carried out under conditions in which the
open form was favored. Conclusions drawn from thg
parameter are only valid when conditions favor the open form.
Even then, we believe the reaction describedbypertains to
the dissociation of a misfolded stem structure, not the unwinding
of a fully intact set of base pairs.
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Supporting Information Available: Derivation of three-state
FCS model; Further details on the analysis of the PCH and FCS
data ((i) Combined approach with FCS and PCH analysis, (ii)
PCH analysis of model two-state system, (iii) PCH analysis of
DNA hairpin sample, (iv) Calculation of expected behavior of
parameters, (v) FFS experiments with varying sample concen-
Conclusions tration, and (vi) Calculation oKmei39; Control experiments
to determine the effect of NaCl on the R6G fluorescence. This
material is available free of charge via the Internet at
Qttp://pubs.acs.org.

We have shown that more detailed information about the
DNA hairpin folding reaction can be obtained by combining
fluorescence autocorrelation and cross-correlation measurement
with PCH analysis. These measurements support a three-statdA0560736

J. AM. CHEM. SOC. = VOL. 128, NO. 4, 2006 1249





