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Abstract: A fluorescence resonance energy transfer (FRET) study of biomolecules typically employs two
fluorophores. The increasing number of branches and complexity of biomolecules call for simultaneously
monitoring structures and dynamics of several branches in a single system. Furthermore, despite recent
studies that show DNAzymes can be a stable and cost-effective alternative to protein and ribozymes for
pharmaceutical and biotechnological applications, no FRET study of DNAzymes has been reported. Here,
we describe the FRET study of a trifluorophore-labeled “8-17" DNAzyme, in which each of the three branches
is labeled with a different fluorophore. From the study, we found that the (ratio)s method that has been
commonly used in dual-fluorophore-labeled systems is also applicable to trifluorophore-labeled systems.
However, while both FRET efficiency and fluorophore-to-fluorophore distance can be used to measure
FRET in dual-fluorophore-labeled systems, only the average distance should be used in trifluorophore-
labeled systems. The ability to monitor all three branches in a single system allowed us to reveal new
metal-ion-dependent conformational changes in the DNAzyme. The trifluorophore-labeled “8-17" DNAzyme
has been found to adopt a two-step folding process in the presence of Zn?*. Each step is induced by one
Zn?* binding, with apparent dissociation constants of 19 M and 260 uM for binding the first and second
Zn?*, respectively. The trifluorophore FRET results are verified by a dual-labeled control experiment. The
results demonstrated that the trifluorophore-labeled system is simple and yet powerful in studying
complicated biomolecular structure and dynamics and is capable of revealing new sophisticated structural

changes that may have functional implications.

Introduction

FRET is a widely used technique for analyzing the structure

and dynamics of biomolecules in solutiért. It has been

ion-dependent nucleic acid tertiary structure and DNA protein
interactiong:17.18

A typical FRET experiment involves labeling a molecule of

successfully applied to a variety of nucleic acid structural interest with two fluorophores, a donor and an acceptor. By

studies, such as the characterization of three>vemd four-

wayPf DNA junction and the bending and kinking of DNA/RNA
helices with bulged nucleotidésThese studies have laid a

calculating the FRET efficiency, we can acquire the distance
between the two fluorophores. From the change of FRET
efficiency, the global conformational changes can be deduced.

foundation for the investigation of ribozymesl such as the When the structure of the biomolecule is branched, such as in

hammerhedt® and hairpin ribozyme¥12 FRET is also a

the three-way DNA junction or the hammerhead ribozyme,

powerful tool for the study of the dynamics of nucleic acids, being able to monitor the relative movements of all the branches

like ribozyme catalysi$31*DNA and RNA folding15®metal-

is preferred. The current approach to achieve this goal is by
combinatorial labeling of each pair of arms in the biomolecule,

*Correspondence should be addressed to Y. L. Telephone (217) 333- 0bta|n|ng information about each individual pa"' and then

2619. Fax: (217) 333-2685. E-mail: yi-lu@uiuc.edu.
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Figure 1. Schematics of the trifluorophore-labeled “8-17" DNAzyme system (called +#/HX) that consists of a DNA enzyme strand (17E), a substrate
strand (17DDS), and three fluorophores, FAM, TMR, and Cy5. The normal substrate strand (17DS) of “8-17” DNAzyme contains all DNA except a ribonucleic
acid linkage at the scissile position (between position 10 and 11). The substrate strand in this study, 17DDS, is an all DNA noncleavable analogue of th
substrate strand. Thé &nds of 17E and 17DDS are labeled with Cy5 and FAM, respectively. In addition, the 16th base (cytosine) of 17E is attached with
a TMR.

tages of this kind of system. First, the ability to carry out FRET binding ability or activity. Therefore, DNAzymes have shown
studies on ainglesystem can significantly reduce the number great promise as antiviral ageRthiosensors for metal iof%
of sample preparations. For example, when using current dual-and other organic molecules and biomolecidfeand DNA-
label methods, to carry out FRET studies on a three-way DNA/ based logic computation tootd Since biochemical studies have
RNA junction, three dual-labeled samples have to be made andshown that metal ions play essential roles in the structure and
purified. Up to six samples are required to investigate a four- function of almost all DNAzymes, including the “8-17"
way DNA/RNA junction. Second, being able to observe FRET DNAzyme?2°3335 it is surprising that few FRET studies
between different branches of biomolecules may allow the of metal-ion-dependent structure and dynamics have been
simultaneous observations of structure and dynamics of all reported.
branches. Finally, a decrease in the number of sample prepara- Herein, we report the first FRET analysis of a trifluorophore-
tions and FRET experiments also improves the consistency of |abeled “8-17" DNAzyme (Figure 13%3334in which each of
the results from different experiments. the three branches is labeled with a different fluorophore. The
FRET from a single donor to multiple acceptors, or from trifluorophore-labeled “8-17” DNAzyme is named 17EBTC.
multiple donors to a single acceptor, has been applied in proteinEquations for calculating FRET efficiency and its related
studies, although these experiments utilized at most two differentdistances between each pair of the three fluorophores have been
kinds of fluorophores. For example, energy transfer from a single derived. The ability to monitor all the three branches in a single
donor (6-carboxyfluorescein or FAM) to multiple acceptors (6- system allowed us to reveal new metal-ion-dependent confor-
carboxytetramethylrhodamin or TMR) has been used to study mational changes in nucleic acid enzymes. The results presented
actin assembly? Sawyer has quantitatively studied energy here allowed for the first time a detailed study of metal-ion-
transfer from a FAM to two TMR fluorophores to calculate the  dependent folding of the “8-17” DNAzyme. It also gives us an
distance between a DNA and ATP binding site in T¥fR.  opportunity to compare the similarity and difference between
Energy transfer from multiple donors (tryptophans) to a single the folding of DNAzymes with that of ribozymés1036
acceptor (colchicine) has been used to study the position of
tryptophans in tubulid! Depolarization due to homoenergy
transfer between multiple FAM fluorophores (up to four) has
been used to study melittin oligomerizati¥hRecently, a
trifluorophore-labeled single stranded DNA for DNA sequencing (2% Bhattacharyya, A.; Bhattacharyya, B.; RoyEsr. J. Biochem1993 216
purposes has been reported, although no quantitative energ)(22 ) Runnels, L. W.; Scarlata, S. Biophys. J.1995 69, 1569-1583.
transfer analysis has been perforn%éd 23) Tong, A. K; Jockusch, S.; Li, Z.; Zhu, H.-R.; Akins, D. L.; Turro, N. J.;

Ju, J.J. Am. Chem. 80(200], 123, 12923-12924.

Among the biomolecules amenable to multifluorophore FRET EZgg Srealéer s EN Jtoxgset Gher}irnglloglf%L }13?3—229
reaker al lotecnno
studies, DNAzymes are of great interest. Long considered as(26) Sen, D.. Geyer, C. RCurr. Opin. Chem. Biol1998 2, 680-687.

simply a genetic material, DNA was shown in 1994 to carry 527) Breaker, R. RNat. Biotechnol1999 17, 422-423.
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362—-367.
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S. A.; Yan, Y.Biochemistry200Q 39, 5653-5661.

out catalytic function®' and thus became the newest member 28) Lu, ¥. Chem: Eur. J.2002 8, 4588 45%6.
of the enzyme family after proteins and RNA. Since then, the
DNA molecules (called DNAzymes here; also called deoxy-
ribozymes, DNA enzymes, or catalytic DNA elsewhere) have

(29) Santoro S. W.; Joyce, G. Proc. Natl. Acad. Sci. U.S.A997, 94, 4262
4266.
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124, 3555-3561.

been shown to catalyze many of the same reactions as RNA 0r(33) Faulhammer, D.; Famulok, Mingew. Chem., Int. Ed. Engl996 35,

protein enzyme3>-28 When compared with RNA and protein

enzymes, DNAzymes are relatively less expensive to produce
and more stable to hydrolysis. Unlike proteins, most DNAzymes E
can be denatured and renatured many times without losing

2837-2841.
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488.
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Experimental Section

60000 502 \ A

Oligonucleotides and Sample PreparationsAll DNA samples ‘;‘ 50000 E 02 /\/\j\ 1 \‘
were purchased from Integrated DNA Technology Inc. and were & ﬁﬂ-' & N
purified by HPLC to ensure 100% labeling of fluorophores. Fluoro- g 40000 400 500 600 700 ‘..
phore-labeled DNAzyme 17E and its substrate 17DDS were annealed & 30000 wavelength (nm)
in 50 mM trisacetate buffer, pH 7.2 with 25 mM NacCl, at 90 for 5 "3 20000 \
min, and the solution was subsequently cooled f&€4over a period S
of 1 h. The annealed duplex was then purified on a nondenaturing 16% = 10000
polyacrylamide gel at £C. The hybridized band was excised and 0
recovered by the crush-and-soak method. The sample concentration 500 550 600 650 700
was determined by monitoring electronic absorption at 260 nm, and wavelength (nm)

the final concentration was diluted te 200 nM. ) . o
is Ab ) . btained Figure 2. Electronic absorption (inset) and steady-state fluorescence spectra
UV —vis Absorption Spectroscopy UV —vis spectra were obtaine of 17ES-FTC. During the steady-state fluorescence experiment, three

using a Hewlett-Packard 8453 spectrophotometer. The temperature wagmission scans were collected for 17HSIC. The first scan was from

maintained at 4°C to prevent melting of the duplex and to keep 500 to 700 nm, with excitation fixed at 490 nm (red curve); the second

measurements consistent with those of the fluorescence experimentsscan was from 570 to 700 nm, with excitation fixed at 560 nm (blue curve),

The buffer was 50 mM trisacetate, pH 7.2 with 25 mM NaCl. By fitting and the third scan was from 650 to 700 nm, with excitation fixed at 647

singly labeled FAM, TMR, and Cy5 absorption spectra to the absorption '™ (9reen curve). All spectra were collected at@, and nitrogen was
f btain th . f extincti ffici constantly pumped to avoid water condensation. The inset was the electronic

spectra of 17ESFTC, we cano tain the ratios of extinction coe icients  apsorption spectrum of 17ESTC at 4°C.

of the three fluorophores in 17EFTC at wavelengths of interest.

These values are needed for FRET efficiency calculations and are listed

as follows: €©¥5%(560)kY5(647) = 0.096,e™R(560)£%Y5(647) = 0.43, the donor and the acceptor can rotate freely during the excited-state
€™R(490)k™R(560) = 0.11, €™M(490)£™R(560) = 0.81, ¢¥3(490)/ lifetime of the donor? has the average value #§.4* ; is the refractive
€Y%(647)= 0, €M(490)£Y3(647)= 0.35,e™R(490)k%Y5(647)= 0.048. index of the mediaJ(v) is the overlap integral of the fluorescence

Fluorescence Spectroscopyrluorescence emission spectra were spectrum of donor and the absorption spectrum of the acceptor. Usually
recorded on an SLM 8000S fluorometer operating in photon counting Ry is a constant. Thus is only a function ofR. However, ifRy also
mode and were corrected for lamp fluctuation and instrumental changes (e.g., whe®P changes), the relation betweBrandR is no
variations. Polarization artifacts were avoided by setting polarizers in longer straightforward. Corrections must be madeRpto obtain the
“magic angle” conditiong?*8 All spectra were collected at 4C. The correctR.

FRET efficiency was calculated using the (ratio)ethod (vide infra}. The FRET efficiency can be determined by using the (ratigdthod,
The emission spectra of FAM and TMR singly labeled DNA were developed by Clegd,to minimize errors from sources such as
collected for spectra fittings. The trifluorophore-labeled DNA, 17ES ;. <trumental noises and sample differences. In the (ratigthod, the
FTC, was first excited at 490 nm. Emissions were collected from 500 FRET spectra(Aem ier) (Wherexler is the wavelength at which the

to 700 nm. The secor_1d scan was taken by exciting TMR at 560 "M donor is excited anden is the emission wavelength) are fitted to the
and collecting the emission spectrum from 570 to 70_0 nm. The_thl_rd sum of two components. The first component is the emission spectra
scan was taken by exciting Cy5 at 647 nm and collecting the emission F (e AA)) of the dual-labeled sample excited at the FRET acceptor
- " €

spectrum from 650 to_ 700 nm. For the dual fluorop_hore labeled wavelength/lé‘x, where only the acceptor absorbs at this wavelength.
DNAzyme control experiment, the substrate wakbeled with a FAM The second component is the emission SpeEl{fon /IDQ of another
and 3 labeled with a TMR, while no fluorophore was attached to the B . L
enzyme strand. The first emission spectrum was collected from 500 to szmplet_ that is Sllnglyt/ 'S‘bi'ﬁd with the donor and excited at donor
650 nm after exciting FAM at 490 nm. The second emissions spectrum absorption wavelengtii,, Thus,
was collected from 570 to 650 nm after exciting TMR at 560 nm. The 5 . A 5 5
bandwidth was set at 1 mm for both excitation and emission light. ZnCl F(lem Aed = (ratio)aF(Aem Aey) + 0F (Ao Ay )
stock solution was titrated into the sample to initiate DNA folding.
The total volume of Zanadded was less than 5% of the DNA Sample where (ratio)‘ and o are the two We|ght|ng factors for the two
volume. components. Thus,

From the Dual-Fluorophore (Ratio)a Method to the Trifluoro-

phore (Ratio)a Method. The distance-dependent interaction for FRET Flem 12’ ) — qFD(/lem, /IEX) _ GA(/IEX) + GD(AE

is the nonradiative dipotedipole energy transfer between two fluo- (ratio), = = (4)
rophores. When the donor (D) is excited, the nearby acceptor (A) can F(Aerm AQ eA(/IQ eA(/lg
receive energy from the donor with efficien&expressed ag%4°
wheree is the extinction coefficient of a fluorophore amfd is the
— Rg 1) fraction of DNA labeled with donor. When donor labeling is 100%,
RS+ R d* equals oneE can then be calculated from eq 4.
) ) ) ] The concept of the dual-labeled (ratiohethod can be extended to
R is the donor-to-acceptor distand® is defined by the trifluorophore system. When the three fluorophores are considered

two at a time, the simplest pair is TMR (donor) and Cy5 (acceptor),
because when either of the two fluorophores is excited, FAM is not
excited. In addition, there is no energy transfer from the two
fluorophores to FAM. In this case, FAM can be ignored in FRET
data analysis. The (ratig)or this pair can be obtained by fitting

(37) Lakowicz, J. RPrinciples of fluorescence spectrosco@lenum Press: the blug curve in Flgure‘ 2.t0 the sum of the gre_e_n curve and a
New York, 1983. TMR singly labeled emission spectra. FRET efficiency can be
(38) Nickel, B.J. Lumin.1989 44, 1-18.
(39) Faster, T.Ann. Physik1948 2, 55-75.
(40) Fairclough, R. H.; Cantor, C. RMethods Enzymoll978 48, 347-379. (41) van der Meer, B. WRev. Mol. Biotechnol.2002 82, 181-196.

RS=(8.785x 10°% x ®° x «* x 7 * x JW)°A®  (2)

When R equalsR,, E equals 0.5®P is the quantum yield of the
donor, and¢? is the orientation factor for dipole coupling. When both

15210 J. AM. CHEM. SOC. = VOL. 124, NO. 51, 2002
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calculated according to eq 4. F(Aen, 490)— aF™M(2,,., 490)— SF™R(4,,, 560)

iYFC —
ETMR(560) (ratlo ) F(;Lem1 647) (7)
TRy ®)

Cy5
(ratio),° = G rEqe
6Cy5(647) Ecy5(647) Cy5 FAM TMR
_€(490) . € 7(490) . € " (490)

U O64T) T TCENE4AT) O EY(647)
€"M(490)

A EErfe—r——
FOr Epr Tcecy5(647)

The superscripts describe the name of the fluorophores, and the numbers
in the parentheses indicate the corresponding wavelength. The FRET
efficiency of the TMR-Cy5 pair, FAM—TMR pair, and FAM-Cy5
pair are represented blrc, Err, and Erc, respectively.d? is the
fraction of TMR Iabeling. Since both the substrate and enzyme strand ﬂ is the We|ght|ng factor to fit the TMR contribution in the
are HPLC purified to ensure 100% fluorophore labeling, and the trifluorophore FRET spectra, similar ta When (ratio]C is compared
annealed duplex are purified by nondenaturing gel electrophoresis, all with eqs 5 and 6, it has more components. This is due to more sources
the DNA molecules in the system should be in the form described in that contribute to the emission of Cy5. In eq 8, the first component
Figure 1. Thusd? equals one. results from the direct excitation of Cy5 at 490 nm. Since Cy5 does
When the FAM (donor) and TMR (acceptor) pair is considered, Cy5 not absorb at 490 nm, this part is zero. The second component results
can accept energy from both FAM and TMR. Thus, the effect of Cy5 from the FRET from FAM to Cy5. The third component results from
is as a fluorescence quencher that decreases the quantum yield of bot® FRET from the directly excited TMR to CyS, and finally, the fciurth
FAM and TMR. However, in the (ratig)method, the quantum yield ~ COmponent results from the FRET from FAM to CyS via TNIRd;
does not appear in the equation. Thus, by fitting the red curve in Figure stands for the fraction of DNA labeled with all three fluorophores.

®

2 to the sum of the blue curvéd, = 570-650 nm) and a FAM singly The three (ratig) values were determined by fitting the fluorescence
labeled emission spectra, we can acquire (rafio) the FAM—TMR spectra. All the extinct coefficient ratios have been determined
pair. The FRET efficiency can be calculated based on eq 4. separately from absorption spectra. With these data, the three energy

transfer efficiencies can be calculated from egs 5, 6, and 8.

Fluorophore-to-Fluorophore Distance Calculation from FRET
R FErrTm (6) Efficiency. In a dual-labeled system, FRET efficiendy) (s the most
€ (560) € "(560) frequently used parameter to assess the folding of macromolecules.
The larger theE, the shorter the fluorophore-to-fluorophore distance
(R), as long as}y is kept constant. In a trifluorophore system, when a
donor (FAM) can transfer energy to two acceptors (TMR and CR5),
must be used to evaluate the folding. For example, when the FAM
TMR pair is considered, the presence of Cy5 decreases the quantum

e™R4a90) . €™M490)

(ratio),” =

d; is the fraction of FAM labeling. In our system, the pH is
buffered at 7.2 to prevent the formation of the metal ion hydroxide. At
this condition, the fluorescence of FAM was determined to be 93.4%
of that gt pH 8.3 (see Supporting Information) because of partial yield of FAM (®P). From eq 2, the change di® induces the change
protonation of FAM. Thus, although every 17EETC molecule has 4t g Then E is no longer a function oR only but a function of both
one FAM attachedd; equals 0.934. TMR and Cy5 are pH insensi- R and Ro. Thus, when the FAMTMR pair and the FAM-Cy5 pair
tive fluorophores. No correction is needed for them in terms of pH 5 consideredR should be used to monitor the folding insteadgof
changes. For the TMR-Cy5 pair, since FAM does not interfere, bdfand R

Similar to the effect of protonation of FAM, Zh might change the can be used.
quantum yield of fluorophores by forming ground-state complexes with  The donor quantum yielddP) in the expression oR; (eq 2) is
fluorophores. Thus, theé" factor of the corresponding fluorophore could  defined as the quantum yield of the donor (FAM) in the absence of
be affected. This effect was determined by titratingZimto FAM or the acceptor. When the FAMTMR pair is considered, the quantum
TMR singly labeled DNA molecules under the same conditions of the yield of the donor in the absence of the acceptor (TMR) will be less
trifluorophore experiment (see Supporting Information). Cy5 was always than that of free FAM, because of the energy transfer to Cy5. The
acting as an acceptor, and the quantum yield of an acceptor was notextent of quenching depends on the distance between FAM and Cy5

included in any of the calculations here. So, the effect ¢f Zar Cy5 and Ry for this pair, since the quenching is actually a FRET process
was not determined separately. For TMR, less than 2% fluorescencefrom FAM to Cy5. According to eq 1, the decrease of quantum yield
intensity change was observed up to 1 mM2Zrthe highest Z# of FAM due to energy transfer to Cy5 is

concentration used in this work. For FAM, only 5% intensity decrease

was observed in the presence of 1 mM?Zrand the quenching can (R9°

be described by a SteriVolmer plot. Therefore, this factor has little AD = W 9)

effect on the results described here.

For the FAM-Cy5 pair, special consideration has to be made.
Different from the case of the other two FRET pairs, the acceptor Cy5
can accept energy from both FAM and TMR, even though only FAM
is considered as a donor and TMR is considered as a quencher for RE9°
FAM. To use the concept of (ratiQ)the red curvé=(1em, 490) in Figure (R(F)Tr)fi = (RgT)fi 1——27 (10)
2 is fitted to the sum of three components. The first component is the (R9% + (RF9®
green curve, which is the emission spectrum of the trifluorophore-
labeled DNA excited at 647 nifi(1em 647) (only Cy5 absorbs at 647 From eq 1,
nm). The second component is the emission spectra of a FAM singly

From eq 2, in the presence of Cyg, for the FAM—TMR pair has
changed to

labeled DNAF(Lem 490) excited at 490 nm. The third component is (RET,)G
the emission spectra of a TMR singly labeled DR&L.r, 560) excited = e FTe (112)
at 560 nm. According to eq 4, R+ (R

J. AM. CHEM. SOC. = VOL. 124, NO. 51, 2002 15211
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R)" is the Foster's distance for the FAMTMR pair when Cy5 is 70000 g
absent, and the value can be found in the literature or calculated from —~ 60000 &
eq 2.R;" is the Foster's distance for the FAMTMR pair when the 2 40000 3 A
guenching of FAM by Cy5 is taken into account. When the FAM o E [}
Cy5 pair is considered, very similar results can be acquired. The g 40000 \ S0 60 700 ©
equations are listed as follows: 3 30000 wavelength (nm)
2 20000
FC\6 %c 6 (RST)G £ 10000
R)V=R) x |1~ —=5—Fs (12)
A RD°+ (RN 0
500 550 600 850 700
FT\6
= L (13) wavelength (nm)
FT (R(F,T)6 + (RN Figure 3. An example of emission spectra fitting using the trifluorophore

(ratio)a method for the FAM-Cy5 pair (see the Results section for detail

From egs 10 to 13, the distance can be determined and the results ardescriptions). The inset is the steady-state fluorescence spectra (excitation
listed as follows: ' wavelength: 490 nm) for 17ESFTC when Z&* concentrations are O (red

curve) and 1 mM (blue curve), respectively. The decrease in the FAM (518
1—E. —E.\u6 nm) intensity and increase in the Cy5 intensity (660 nm) indicate the folding
RFT — RST( FT FC) (14) of 17ES-FTC.
Eer
the sensitized Cy5 emission. Thus, the emissions from FAM
RFC = REC 1 — Epp — Ec\¥8 15 and TMR have to be eliminated. The contribution of FAM
=R Erc (15) emission is eliminated by fitting a FAM singly labeled emission
spectrum (black curve) ovelem, = 500-540 nm (only FAM
Results emits in this range) to the red curve. The resulting difference
Absorption and Steady-state Fluorescence Spectra of ~ SPECUUm is the blue curve, which shows only the emiss'ioln pegks
17ES-FTC. The absorption spectrum of the trifluorophore- ©f TMR at 580 nm and Cy5 at 647 nm. A second fitting is
labeled “8-17" DNAzymes (L7ESFTC) is shown in the inset ~ Performed to remove the TMR contribution by fitting a TMR
of Figure 2. Three absorption peaks at 490, 560, and 647 nmSingly labeled emission spectrum (cyan curve) okgr= 570-
are observed, indicating the presence of FAM, TMR, and Cys, 610 nm (only TMR emits in this range) to the blue curve. The
respectively. The extinction coefficients of the fluorophores are 'esulting difference spectrum s the yellow curve. Only the
determined according to procedures described in the Experi-sens't'zed Cy5 emission at 660 nm is left. The ratio of this peak
mental Section. and the peak when 17E&TC is excited at 647 nm (green
To obtain quantitative FRET efficiency and distance informa- CUrve) is defined as the (ratjojor the FAM and Cys5 pair (see
tion among the three fluorophores, 178STC is excited at 490, ~ €d 7)- From eq 8, the FRET efficiency for this pair can be
560, and 647 nm (Figure 2). The excitation at 490 nm resuilts calculated. .
in emissions at 518, 580, and 660 nm (Figure 2, red curve). The inset of Figure 3 shows fluorescence spectral changes
The 518 nm peak is from the FAM emission. The 580 nm I the absence (red curve) and presence (blue curve) of 1 mM
shoulder is attributable to the sum of the “red tail” emission of Zn*" When 17ES-FTC is excited at 490 nm. The change is
FAM, the emission from TMR, and FRET from FAM to TMR. ~ Mainly due to Z#™induced folding of the DNAzyme and
The 660 nm peak is mainly a Cy5 emission resulted from energy indicates, like a dual-labeled system, a trifluorophore-labeled
transfer from both FAM and TMR, with a small fraction of the ~ SYStem can be very sensitive to environmental changee too.
“red tail” emission from both FAM and TMR. With a 560 nm Quantitative Analysis for the Folding of 17ES-FTC in
excitation, the influence of FAM can be ignored. A common the Presence of ZA™. As an example to show the application
TMR—Cy5 pair FRET spectrum is observed (Figure 2, blue ©Of trifluorophore FRET, the Zt-dependent 17ESFTC folding
curve). With a 647 nm excitation, only Cy5 emits at 660 nm IS illustrated below. The equations for spectra fitting and
(Figure 2, green curve). calculations are derived in the Experimental Section, and only
Emission Spectra Fitting Using Trifluorophore (Ratio)a the results are presented here.
Method. To extract quantitative energy transfer information _ 1. Folding of the TMR, Cy5-Labeled Arms (TC Arms).
from the spectra in Figure 2, spectra fitting based on the (gatio) 'he Zr¥"-dependent folding of the TC arms can be displayed
method has been applied. The fitting method has been describedY €ither FRET efficiency) changes (Figure 4a2) or average
in detail in the Experimental Section. In summary, for the TMR-10-Cy5 distanceR) changes (Figure 4a3). The two sets
FAM—TMR pair and the TMR-Cy5 pair, since the acceptor ©f data can be best fit to a Znbinding curve with Hil
receives energy from only one donor, the fitting method is Coefficients of 1.00 and 0.96, respectively, indicating one class
identical to that of the dual-labeled systéffine main difference ~ ©f 2" binding to the DNAzyme. The one Znbinding curve
in the trifluorophore spectra fitting lies in the FAMCy5 pair. ~ fitting also results in apparent dissociation constaig ¢f 266
Since when FAM is excited, Cy5 can receive energy from both #M and 260uM, respectively. This GM difference inKy values
FAM and TMR. An example of spectra fitting for FAMCy5 when two different parameters are used is due to the nonlinear
pair is given here. relation ofE andR (see eq 1)R, for the TMR and Cy5 pair is
When excited at 490 nm, the fluorescence spectra of :7ES "éPorted to be 53 A2 Thus, the calculated TMR-to-Cy5 distance
FTC (Figure 3, red curve) contain three components. They are changed from 48.6 A in the Z#-free state (apo-state) to 45.7
emissions from FAM’ TMR’ and Cy5’ respectively. To vaUire (42) Grunwell, J. R.; Glass, J. L.; Lacoste, T. D.; Deniz, A. A.; Chemla, D. S.;
FRET efficiency from FAM to Cy5, we are interested only in Schultz, P. GJ. Am. Chem. So@001, 123 4295-4303.
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Figure 4. Quantitative results for the folding of 17ESTC in the presence of Zh. The figures are organized into four groups. Group a is related to the
folding of the TMR-Cy5 labeled arms. In part al, TMR is excited at 560 nm and the sensitized Cy5 emission at 660 nm is monitored. Part a2 is the
Zn2t-dependent FRET efficiency changes for the TM®y5 pair. Part a3 is the Zh-dependent average distance change between TMR and Cy5. Group

b is related to the folding of the FAMTMR labeled arms. In part b1, FAM is excited at 490 nm and the sensitized TMR emission at 580 nm is monitored.
Part b2 is the Z&"-dependent FRET efficiency changes for FANIMR pair. Part b3 is the Zf-dependent average distance change between FAM and
TMR. Group c is related to the folding of the FAMCy5 labeled arms. In part c1, FAM is excited at 490 nm and the sensitized Cy5 emission at 660 nm

is monitored. Part c2 is the Zhrdependent FRET efficiency changes for the FMBy5 pair. c3 is the Z#-dependent average distance change between
FAM and Cy5. Group d is related to the folding of a dual-labeled DNAzyme as control experiments. In part d1, FAM is excited at 490 and sensitized TMR
emission at 560 nm is monitored. Part d2 is thé*Zdependent energy transfer efficiency change when the enzyme is#)7nd 17E-c (O). Part d3 is

the Zr**-dependent FAM-to-TMR distance change when the enzyme is @yBr(17E-c (O).

A in the folded state, according to eq 1. For the¢Zimduced directly to the Z@*-dependent folding of FT arms, so the data
folding, a simple two-state folding model is assumed. When in Figure 4b2 are not fitted. To calculate the FAM-to-TMR
the DNAzyme does not bind to 2h, the FRET efficiency is distance (from eq 14), botrr andErc (FRET efficiency for
Eapoand the corresponding distancéRg, Upon Zr# binding, FAM—Cy5 pair) are neededy, for the FAM—TMR pair is
the parameters change Egyg andRyg because of the folding  reported to be 50 A&. The Zr?*-dependent FAM-to-TMR

of the DNAzyme. The average value & or R, which is distance is plotted in Figure 4b3, and the data are best fit with
obtained from experiment, shows the relative population of the a Hill coefficient of 0.68 and an apparent dissociation constant
DNAzyme in the folded state. Kq of 18 uM for one Zrf™-binding. From Figure 4b3, the

2. Folding of the FAM, TMR-Labeled Arms (FT Arms). distances between the two fluorophores are 44.4 A for the apo

For the FAM—TMR pair, the Z@*-dependent average FAM-  state and 36 A when one Znbinds.

to-TMR distance, instead of FRET efficiency, should be used 3. Folding of the FAM, Cy5-Labeled Arms (FC Arms).

to monitor the folding of FT arms (see the Experimental Section The data analysis for the FAMCy5 pair is similar to that in

for explanations). For the sake of comparison, theZ'Zn  the FAM—TMR pair, except that Cy5 is now considered as an
dependent FRET efficienc¥gr) changes for the FAMTMR energy acceptor, while TMR is considered as a quencher to
pair are plotted in Figure 4b2. Physicallirr is not related FAM. By fitting the spectra as illustrated in Figure 3, the (ratio)
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for the FAM—Cy5 pair can be acquired. From eq&¢ can be Y,

calculated. The plot dErc versus ZA" concentration is shown y VA, /A p / 7
in Figure 4c2R, for the FAM—Cy5 pair is calculated to be 39/ %Z—- y‘{z—z‘- / %&z}// /

. o K =19uM/ /K =280uM L
A under the current experimental conditions. The2Zn ) “f ) o1d l; e )

A ; ; o Figure 5. Schematics of the two-step folding of 17EBTC in the presence
dependent average FAM t.o TMR dISta.n(?e is plotted in Figure of Zn?*. Blue arrows indicate the arms that fold in the presence éf Zn
4c3. The best-fitted curvelis a Hill COfoICIGHt of 0.65 anla At low Zn2* concentration, the arm labeled with FAM (green ball) folds
of 19 uM for one Zr#* binding. The distances between FAM toward the other two arms by binding one 2ZZn with an apparent

and Cy5 are 41.8 A in the apo state and 34.2 A in the folded dissociation constant 18M. The relative positions of the other two arms
state, according to the fitting are not changed at low Zh concentration. At higher Zf concentration,

e . a second Z#" binds to the DNAzymeky = 260 M), which induces the
Verification of the Trifluorophore FRET Results by a folding of the TMR (orange) and Cy5 (red) arms closer.

Dual-Labeled DNAzyme. A dual-labeled DNAzyme is used )

to verify the theory and results of trifluorophore FRET described 2dvantageous to study the structure and folding of all the
above. In this case, the substrate isebeled with a FAM and branches at the same time. Using more than two fluorophores
3 labeled with a TMR (Figure 4d1). No fluorophore is attached attached to different parts of the molecules, multiple sites

to the enzyme strand. The Zndependent distance change is Monitoring can be realized. As shown in this study, the
plotted in Figure 4d3 (solid circle), from which a Hill coefficient trifluorophore-labeled system can maintain the high sensitivity

of 0.61+ 0.09 and &g of 13 = 4 uM can be obtained. The of the FRET technique for monitoring structure changes. A
corresponding pair in the trifluorophore system is the FAM comparison of results from dual-labeld and trifluorophore-
Cys5 pair, which has a Hill coefficient of 0.65 0.11, and &g labeled systems indicated that the results for metal-dependent
of 19 4+ 4 uM. Therefore, within the errors of the experiments, f°'d'“9 in the two systems are com.parable. Moreover, the
the result from the trifluorophore-labeled system is consistent experiment results can 'be.rlnore conglstent, and Fhe amount of
with the that of the dual-labeled system. There is, however, aboutwork_ can be r_educed significantly using the multifluorophore
a 10 A discrepancy in the absolute fluorophore-to-fluorophore 2P€ling technique.

distance. This may arise from the fact that, in the dual-labeled  1h€ Presence of an additional fluorophore in the trifluoro-
system, the acceptor (TMR) is on the substrate strand, while, phore-labeled system, however, does complicate data analysis.

for the trifluorophore-labeled system, the acceptor (Cy5) is on /S demonstrated in this study, the (rajiojethod that has been
the enzyme strand. Since the diameter of a B-form DNA29 used _suc_cess_fully in the study of dual-labeled systems is equally
A alone and the long carbon chain linked the fluorophores to effective in tnfluor_ophore-labeled systems, where all the fluo-
DNA, the 10 A difference is not unreasonable. This result "OPhores can be different. To apply the (rafiojethod for FRET

supports the notion that FRET, in most cases, may not be usedefficiency calculations, there should be sufficient separation in
to accurately determine the absolute distance without knowledgeth€ @Psorption bands of the fluorophores, so that the acceptors
of the exact positions of fluorophores on DNA could, can be excited separately without exciting the donors. For

however, be used to accurately measure the relative distancenES—FTQ the Zrii+-depen_dent FRET efficiencyEI _and
changes such as metal-dependent DNAzyme folding. fluorophore-to-fluorophore dls_tan_cR)(changes are similar to

In addition, to verify that the distance changes observed are thgse of a dual-label sy§tgm (I.& ncreases ang decreases)
not due to the nonspecific binding of Znto the phosphate (Figure 4). However, this is not general. From eqs 14 and 15,

T C I

backbone of the DNAzyme, an inactive variant of the “8-17” RlF R Eem, anld Ercare mtt(;:rreollated. F%r(;%am,?tl]e’ ftrdEprT
DNAzyme is used in the study. As shown in the previous alon€, no conclusion can be drawn af without also
study293334when the GT wobble pair (10th base pair from _knowm_gEFc. Thus, when FRET with multiple acqeptors present
the 5’ of the enzyme strand, highlighted by a dot in Figure 1) is consideredR should be used to evaluate folding, and Eot

was replaced by a & Watson-Crick base pair, the “8-17" Finally, whenE drops to very small values, small errorskn
DNAzyme (named 17Ec) lost its activity coml,aletely. The can bring relatively large variations R If the two fluorophores

Zn?t-dependent FAM-to-TMR distance decrease of +¢Hs are s_e_parated by more ‘h‘"?‘R?z(E = ~0.016),E is no longer
plotted as open circles in Figure 4d3. First, for & the sgnsmve toR changes. This is true for t_)qth dugl-labeled_ and
degree of folding is much less than that in 17E. Second, thetnfluorop_hor(_a systems. Small FRET efficiency is more likely
apparenKq is 40M in the case of 17Ec, more than that for to occur in trifluorophore systems, since the overlap integral of

17E (13uM). These differences suggest that the folding of the the flilrs:[rﬂuoropwlore (FIAM.) :;md tTe .third fluoropl)hore (Cy;) Is
DNAzyme is sequence specific and not because of the non-SMall. The small overiap Integral gives a smiadl (see eq 2).

2+_ i
specific interaction of Zf- with the DNA phosphate backbone. Overatlld_Zn . I?_ependertlt It:oldlng tOf 1_7EdStFTC.]f;)he
A similar effect of point mutation induced misfolding has also apparent dissociation constants are determined to péAiigom

: ; A the folding of the FT arms (Figure 4b3) and 4® from the
ﬁgii;\:ﬁgum the_hammerhead ribozffand the hairpin folding of the FC arms (Figure 4c3). The close similarity of

the two dissociation constants reasonably indicates that the
Discussion distance decrease between FAM and the other two fluorophores
happens in the same process. The folding of the TC arms
requires a much higher Zh concentration K4 = 260 uM).
Combining all the data, we propose a two-step folding scheme
(see Figure 5). In the first step of folding, the distance between
FAM and TMR decreases from 44.4 A when 175SIC is
(43) Bassi, G. S; Mollegaard, N. E.: Murchie, A. 1. H.: Liley, D. M. 3. €€ of Zr¢* to 36 A when it binds to one Zni. The same
Biochemistry1999 38, 3345-3354. process reduces the distance between FAM and Cy5 from 41.8

Trifluorophore-Labeled System. Dual-labeled FRET has
been commonly applied to study the folding and structure of
many biomolecule$:* Given the multiple-branched structure
of many macromolecules, such as DNAzymes, we find it is
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to 34.2 A. TheKq for the first Zre* binding is around 1%M. being a better Lewis acid and possessing a low&rgl metal-
However, while the folding of the FT and FC arms are complete, bound water, it is tempting to suggest that the more compact
the relative position of the TC arms has not changed much. structure resulted from the Zhinduced folding may help
The second step of folding is the folding of the TC arms. From eliminate or at least minimize the need for further conforma-
Figure 4c3, the apparent dissociation constant for this processtional changes for catalytic function. Further studies, including
is 260 uM by fitting the data to a one 2 binding model, X-ray crystallography, are needed to support this hypothesis.
which is more than 1 order of magnitude higher than 1€ Could More Than Three Fluorophores Be Used in a

uM for the first Zr** binding. FRET Study? After demonstration of the effectiveness of the
The structure of the “8-17" DNAzyme shares the most triflyorophore system, the next logical question is whether a
similarity with that of the hammerhead ribozyme. For example, system with more than three different fluorophores could work.
both have the bulged three-way junction structure, can act asin principle, as long as there is adequate separation of absorption
transcleaving enzymes, require divalent metal ions for the peaks of fluorophores, the (ratjoinethod can still be applied,
cleavage activity, and show interesting folding in the presence 5 matter how many different fluorophores are labeled. For
of divalent metal ions. By labeling the three branches of gyample, the two by two combination of four different fluoro-
hammerhead ribozyme two at a time, with the FRET donor pqres will give 6 donoracceptor pairs (Figure 6). With four
FAM and acceptor Cy3, Bassi et al. have observed two gycitations, four FRET spectra can be obtained. When the four
sequential Mg'-dependent conformation transitiohshere,  gpectra are combined two at a time, six equations can be
at 500uM Mg=", helices Il folds away from helices Il and at  gqtapjished so that the six FRET efficiencies can be calculated,
10 mM Mg, helices | folds away from helices Ill. just like what has been accomplished in the trifluorophore
By using the trlfluorophore-lab(_aled system, the folding of system. The advantage of the (ragi@)ethod is that the FRET
the three arms of the DNAzyme in the presence o¥'Znas  efficiency can be determined accurately without considering the

been monitored simultaneously in this study. This scheme Share%hange ofR,. With the FRET efficiency between each fluoro-
a similarity with Mg2*-induced hammerhead ribozyme foldfng phore pair, the correcte® can be expressed to calculate

n t_e”“s_ of a two-step folding Process. preverz therg are o istanceR. The equations for distance calculation are listed
major differences, each of which is manifested in their metal- according to the scheme in Figure 6

ion-dependent structures and catalytic mechanisms. The first
difference is the metal-binding affinity. The dissociation con-
stants for the Z#-induced folding of “8-17" DNAzyme (19
uM for the first step and 26@M for the second step) are4d—
5-fold stronger than those for the Kiginduced folding of
hammerhead ribozyme-(L10 uM for the first step and~910
uM for the second step). The higher metal-binding affinity in
the Zr#™-induced folding of “8-17" DNAzyme is consistent with
the higher metal-binding affinity measured in the?Zdepedent
catalytic reactiod***These results strongly suggest that metal-
ion-dependent folding plays a critical role in the catalytic
reaction of DNAzymes, just like in ribozymes.

The second difference between the two systems is that, in
the hammerhead ribozyme, upon binding to AWgcertain
branches (e.g., branch | and Il in the second step) fold closer to
each other, while others (e.g., | and Ill in the second step) move
apart® In contrast, all branches of the “8-17" fold closer upon
binding to Zr#™ and form a more compact structure.

The difference in the metal-ion-dependent folding patterns
between the “8-17" DNAzymes and hammerhead ribozymes
may have functional implications. It is believed that the resting The above equations can be generalized to an even higher
state cqnformation of hammerhead ribozymes is nc_;t neces;arilynumber of fluorophore-labeled systems. A potential problem is
the active form of _the en;yme, and a conformational switch that the increasing number of accumulated errors may decrease
that allows a closer interaction of two branches may be necessary, - )
to form the active form of the hammerhead ribozy#h& This the accuracy of data. Ano'Fher practical problem for a multi-
energy cost may explain the relative low catalytic rate~df fluorophore-labeled systemlls whether the first donor can transfer
min-1 in the hammerhead ribozym&0On the other hand, the energy to the Ias'F agceptor in the system. FRET requires overl_ap
Zr?*-dependent catalytic rate of the “8-17" DNAzyme is,much between the emission spectra of the donor and the absorption

spectra of the acceptor. For four fluorophores with adequate

higher ¢~50 min™1) under similar conditiond* While many o ) . )
factors may contribute to the high catalytic rate, includingzn separation in absorption, the overlap integral petvyeen thg first
and the last fluorophore may be very small, which in turn gives
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(44) Li, J. Ph.D. Dissertation, University of lllinois at Urbana-Champaign,
Urbana, IL, 2000.

(45) Murray, J. B.; Terwey, D. P.; Maloney, L.; Karpeisky, A.; Usman, N.;
Beigelman, L.; Scott, W. GCell 1998 92, 665-673.
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Biochemistry1998 37, 14765-14775.
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small Ry. In the extreme case of zero overlap, no energy is
transferred in this pair and the distance information of this pair
is lost. Despite this problem, FRET efficiency and distance
information can still be obtained from other pairs with observ-
able amounts of energy transfer.
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Figure 6. Schematics of a tetrafluorophore system. Fluorophore 1, 2, 3, Research (BER), U.S. Department of Energy (DEFG02-01-

and 4 have an increasing absorption wavelength maximum. Fluorophore 1
can transfer energy to fluorophore 2, 3, and 4. Fluorophore 2 can transfer

From the study, a ZAi-induced two-step folding process was
observed in the in vitro selected “8-17" DNAzyme and its
substrate duplex. The enzymsubstrate folds into a more
compact structure that may be critical for enzyme catalysis. In
principle, this methodology can be applied to multifluorophore-
labeled systems (i.e., a tetrafluorophore system for four-way
DNA junctions). The multifluorophore-labeled system will find
increasing applications in the FRET study of complex systems,
where structural changes of several branches of the same
molecule need to be observed simultaneously.
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dependent structure and folding of the DNAzyme has been at http://pubs.acs.org.

established. It was also further verified by a comparison of

results between dual-labeled and trifluorophore-labeled systems.JA027647Z
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