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Evidence for Non-Two-State Kinetics in the Nucleocapsid Protein Chaperoned Opening of
DNA Hairpins
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In HIV-1 reverse transcription, the nucleocapsid protein, NC, induces secondary structure fluctuations in
specific DNA and RNA hairpins. Time-resolved single-molecule fluorescence resonance energy transfer was
used to study NC chaperoned opening of DNA hairpins over a broader range of conditions and in more depth
than in previous studies. The experiments reveal a complex mechanism for secondary structure fluctuations
with dynamic processes occurring over a wide time range,+&to >250 ms and with the involvement of
long-lived intermediates. The dynamic role of DNA loop regions and NC binding/dissociation events are
discussed.

Introduction helicase?®2” Such complex processes would be difficult to
characterize accurately by traditional ensemble methods alone.
RNA folding/unfolding represents a further example of
dynamic complexity that can be revealed by SMS. SMFRET

was used to examine heterogeneous structural dynamis in
subtilis RNase P RNAS8 Other single molecule RNA folding
studies demonstrated that conformational transformations exhibit
dynamic heterogeneif}?;?® and can occur on time scales that
vary by several orders of magnituéf3! Single molecule force
measurements have been used to quantify the free energy
landscape for nucleic acid folding, and similar complexity has
been observetf-3It has been postulated that a strong correla-
tion between structural dynamics and heterogeneous reaction
pathways is ubiquitou®. Thus, it remains important to char-
acterize the nucleic acid structural dynamics induced by NC.
Recently, we used SMFRET to study biotin-immobilized NC/
TAR DNA complexes® TAR DNA is a hairpin structure with
complementarity to the transactivation response element, TAR
of HIV-1 reverse transcription. RNA, and is also a component of minus-strand strong-stop

Time-resolved single molecule spectroscopy, SMS, has beenDNA'ZO. "? the minus-strand transfer step of HIV-1 reverse
applied to study nucleic acid conformational dynamfe¥.SMS transcription, .TAR DNA must ar’meal to the c_ompleme_ntary
can be used to unravel the dynamics of bimolecular processesTAR RNA ha_urpln located at the _33nd of the_ viral RNA in
that involve the interconversion of multiple structures. These order for minus-strand synthesis to contitBeSMFRET

studies have shown that the secondary and tertiary structure Aegs;rNe;n'enEE of ghé/ 3 enfd'-\}%endldészﬁn;:?r ;I;cltjus't&qn; of
of protein/nucleic acid complexes can be highly dynamic, In the absence o vealed tha _ IS in

involving a complex distribution of nucleic acid structures that Its _clofsed focrfrglwnh atmaﬁlg&nggé_rpb?r dc_>f_ V\{[ﬁtse@nck base f
interconvert over a broad distribution of time scales. For Palrslormea.=in contrast, studies e presence o

example, the complex of reverse transcriptase with DNA was NC demonstrated that NC destabilizes the secondary structure

observed to adopt three distinct structu#eSingle-molecule of the terminal two loop regions of the initially closed TAR

fluorescence resonance energy transfer, SMFRET, revealed eP NA. )
distribution of rates for the unwinding of DNA b§. coli Cosa et al. proposétithat the NC/TAR DNA complex is an
equilibrium mixture of closed and partially open TAR DNA/

NC forms, denoted in Scheme 1 as tAeand Y forms,

Nucleic acid binding proteins play a central role in many
critical processes in genetit¢s® Specific examples include
replication of DNA? transcription of DNA to RNA3® and
reverse transcription of RNA to DNAA well-known example
is theE. colisingle-stranded DNA binding protein, SSB, which
has been observed to support replication by forming a complex
with DNA in which double-stranded DNA is unwouridlhe
present paper is focused on another important nucleic acid
binding protein, namely the nucleocapsid protein, NC, of the
retrovirus HIV-18 In addition to stabilizing the enveloped
virion,%19 NC also chaperones the formation of stable nucleic
acid duplexes (both RNA and DNA) in several distinct steps in
the reverse transcription mechanism of the retrovitus’ NC
destabilizes the secondary structure of the bound nucleic acid
to promote subsequent annealing st&p#? Investigating the
structure and dynamics of NC/nucleic acid complexes is a
critical first step for building a molecular level understanding
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SCHEME 1: Primary and Secondary Structures of TAR
DNA?2
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aleft: The primary and secondary structure of TAR DNA is shown
in its closedC, form with the four loop regions labeled. Right: In the
presence of NC, the secondary structure in the-L2 regions is
disrupted, termed th¥ form.

SCHEME 2: The Primary and Secondary Structures of
TAR DNA and TAR DNA Mutants Used in the Current
Experiments®
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aThe DNAs were immobilized on the surface via a biotin linker
(noted above as “B”) attached to a dT in the hairpin loop region.

single-stranded regions and the likelihood of a broad distribution

of NC binding sites, it seems likely that theform should in

fact be structurally and perhaps dynamically heterogeneous.
Previous SMFRET experiments on TAR DNA mutants (see

Cosa et al.

region of TAR DNA in the presence of NC. NC-induced
dynamics in the L1-L2 region were measured over a larger range
of NC, Mg?", and N& concentrations than in previous studies.
These studies reveal multiple time scales f@b'3end-to-end
distance fluctuations, ranging from single milliseconds 2560

ms. The current SMFRET results suggest that @€ inter-
conversion is more dynamically complex than previously
thought, and in fact involves multiple intermediate states and
potentially multiple pathways. This is the first report of dynamic
complexity for the NC/TAR DNA system, and may have
implications for the multiple annealing pathways that have been
observed in separate TAR DNA/oligonucleotide binding stud-
ies3®

Experimental Section

The HIV-1 NC protein used for these experiments was
prepared as previously describ®dé Purified Cy3 (donor) and
Cy5 (acceptor) labeled biotinylated DNA sequences were
acquired from TriLink Biotechnologies (San Diego, CA). The
MFOLD?7-38 predicted secondary structures are illustrated in
Scheme 2. Dye-labeled DNA was immobilized by using either
biotinylated bovine serum albumen (BSA) or biotinylated poly-
ethylene glycol (PEG}%3®> The BSA method involves as-
sembling predrilled polycarbonate films with an adhesive gasket
(Grace Bio-Labs, Bend, OR) on top of clean coverslips. Inlet
and outlet ports (Nanoport, Upchurch Scientific, Oak Harbor,
WA) were glued on top of the chambers. The chambers were
incubated sequentially for 10 min with solutions of biotinylated
BSA (Pierce Biotechnology, Inc., Rockport, IL; 2 mg/mL in
distilled deionized water) and streptavidin (Molecular Probes,
Eugene, OR), 0.2 mg/mL in HEPES buffer (25 mM HEPES,
pH 7.3). The chambers were rinsed with distilled deionized
water (50uL) following each incubation step.

For the PEG immobilization, clean coverslips were treated
with Vectabond/acetone 1% wi/v solutions (Vector Laboratories,
Burlingame, CA) for 5 min. Coverslips were then rinsed with
H,O and dried under a Nstream. The Vectabond coated
coverslips were covered with templated silicone gaskets. The
exposed areas were incubated with 25% m-PEG-SPA-2000 and
0.25% biotin-PEG-NHS-5000 (Nektar Therapeutics, San Carlos,
CA) in 0.1 M sodium bicarbonate (Hyclone) for 3 h. The
silicone gaskets were removed, the excess PEG rinsed away,
and the cover slips dried withZNThe chamber was then treated
with streptavidin and doubly labeled oligomer solution in the
same manner as in the BSA method described above. Reactant
solutions, which were delivered by syringe pump& contained
HEPES buffer (25 mM HEPES, pH 7.3), various concentrations
of MgCl, and NaCl, and an oxygen scavenger system (2-
mercaptoethanol 1% v/v (Sigma-Aldrich, St. Louis, M@)p-
(+)-glucose 3% w/v (Sigma-Aldrich, St. Louis, MO), glucose

Scheme 2) helped assign the observed NC-induced secondargxidase 0.1 mg/mL (Roche Applied Science, Hague Road, IN),
structure fluctuations to the L1-L2 region of TAR. The and catalase 0.02 mg/mL (Roche Applied Scieng&).

experiments were made at sufficiently high NC concentration
to ensure saturated NC binding, i.e., 1 NC molecule/7 nucle-

The scanning confocal optical/data collection system used
the 514 nm line from an argon ion laser (model Reliant 150m,

otides (see ref 8 for review). Under these conditions the observedLaser Physics, Inc., West Jordan, U#§>The high numerical

SMFRET dynamics were qualitatively consistent with a simple
kinetically homogeneou8/Y interconversion on the-310 ms
time scale depending on Mgconcentratior?* However, Cosa

aperture oil immersion microscope objective (Zeiss Fluar, 100X,
NA 1.3) was used to focus both the excitation and emission.
Donor and acceptor fluorescence was collected with two

et al. also observed that a small fraction of the NC/DNA avalanche photodiodes (APD) (Perkin-Elmer Optoelectronics
complexes exhibited much slower dynamics, which were SPCM-AQR-15, Vaudreuil, Quebec, Canada). The intensity time
ascribed tentatively to NC/DNA complexes that were perturbed trajectories were acquired with 1 ms time resolution. The
by the immobilization proces¥. collected donor and acceptor signals were corrected for back-
The current report is a more extensive and in-depth charac-ground emission/noise and donor/acceptor crosstalk due to
terization of the secondary structure fluctuations of the L1-L2 overlapping emission as previously descriBédlso, ~1 ms
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Figure 1. SMFRET of -L3-L4 TAR DNA. (A) A representative single molecul trajectory, with a bin timezg, of 25 ms. (B) Experimental
Ea values presented in the form of ensemBJehistograms with the data binned into differemt(left panels). Monte Carlo simulated ensemble
Ea histograms, based on a single-state system, are included for comparison (right panels). (C) The 1-ms experimentaEgrisejatiery is
presented in the form of an autocorrelation (left panel). The simulated curve is shown for comparison (right panel).

blinking events (acceptor reversible photobleaching) were For the simulations reported here, the donor and acceptor
filtered from the data. Analysis of unfiltered data verified that signals,Ip(t) and Ia(t), were simulated by using the kinetic
the filtering process did not significantly distort the FRET Monte Carlo (KMC) method (for applications of KMC to FRET
dynamics on the time scales discussed in this paper. Thesystems see, e.g., ref 41). If, for example, the system switches

corrected donor and acceptor intensitigét) andla(t), respec- between states 1 and 2 with the FRET efficiendtgand E,
tively, can be used to calculate directly the time trajectory of respectively, then the simulation proceeds as follows. First KMC
the apparent FRET efficienc¥a(t) as in: is used to generate a stochastic “trajectory” switching between
1 and 2 according to the prescribed rate constants for the 1
1A(t) 2 and 2— 1 transitions. While the molecule remains in one of
EO =T+ O+ 1.0 (1) the states, say state 1, the donor and acceptor signals are Poisson
A D

processes, with the probability of photon arrival per unit time
. . equal tolo(1 — E;) andloE,, respectively. Her& is the observed
Ea(t) is related to the actual FRET efficiendgzrex(t), by the intensity (the number of photons per unit time) from the donor

inclusion of the dye quantum efficienciegi, and detector e ahsence of FRET. The above formula assumes the same

quantum efficienciesy;, according to: photodetection efficiency for both channels, which is the case
for the current system. Again, a KMC procedure was used to
Epper(l) = 1a(0) @) generate random lists of photon arrival times obeying the above

FRE Palla Poison processes. To account for the crosstalk between the donor

1a(H) + ID(t)¢D77D and the acceptor channels, whenever the algorithm generated a

donor photon arrival event, it was recorded as an acceptor
photon with a specified probability (of 20%). Finally, back-
ground signal was generated for each channel as a Poisson
process with the experimentally determined intensity.

In the case of the current experimental setup, it was
determined thaEa(t) ~ Erre(t). Ea(t) autocorrelation curves,
Ea, Autocorrelation, were obtained by using the single molecule
cross correlation curves, as detailed in a previous sttidy, R . .

esults and Discussion
Oy TAR DNA Hairpins in the Absence of NC. To study the
oL (3) effects of NC on the secondary structure and dynamics of the
A donor/acceptor labeled TAR DNA mutants, we begin with a
simple, well-defined case: SMFRET of the -L3-L4 TAR DNA
Blo(®olat+ T)Dz IOt + 1) () mutant in the absence of NC. Previously, we have shown that
i 0, [ it [ this mutant is well described by a fully closed hairpin structure
with a mean FRET value df,[= 0.96 and with undetectable
The data were fit in most cases to a single-exponential decay,Ex fluctuations?* A typical Ea(t) trajectory for -L3-L4 mutants
with autocorrelation lag time, amplitude, relaxation rate, and is shown in Figure 1A. The durations of these trajectories are
relaxation lifetime represented byAac, 4, andt’, respectively. limited by photobleaching of Cy5.

E, Autocorrelationf) = C(‘L’)(—

Cr) =
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One of the simplest ways to represent SMFRET data is in an

ensemble single molecul& histogram, where ensemble refers Lt
to the combination of single molecu histograms from many 0.2 mM Mg®* 1.0 mM Mg® | 2.5 mM Mg**
hairpins under the same conditions. To construct enseBEle , . - _ -

. P . . . Experiment Simulation Experiment Experiment
histograms, the individuga(t) trajectories were boxcar time <€ >=0.87 | <E>=088 | <E >=0.92 <E >=0.93
averaged, or “smoothed” with alternative bin timeg, of 3, —— TB=3,:5 - = —

25, and 250 ms. In boxcar averaging a groupNo&djacent c=008 =00 || F=0008 F=0007
Ea(t) points are averaged together whre= 7g/7p. Hererp is ’; I
the time spacing in the original non-time-averaged data (i.e., 1 g
ms). Astg is increased the signal-to-noise ratio of the data ‘m’ jﬁﬂ h‘L J
increases due to time averaging. FRET fluctuations are, however, & Z%ns 5 | =25 =Bm m
also smoothed, or averaged, out of the data by this process, if 5 =00 [l =001 | =000 F=00®
they occur on a faster time scale thaxn The boxcar time- = I I
averaged single molecule trajectories were combined to yield 3 I
ensembleEs histograms as shown in Figure 1B. The = 3 81 Jlk ] ]L J[{ ]L Al
ms Ea histogram for this hairpin shows a single peak due to %5 {=Zoms =250 || =20 20
the C form (see Scheme 1). The width of the peak is primarily 3 {o=001 o =00001 =00007 =00007
due to photon shot noise rather thag fluctuations, which is I I
verified by Ea simulations (see below). l
Simulated histograms, based on a single-state system with Jf L illl Pl Jl
photon shot noise, are shown in Figure 1B (right panels) at each ¢6 08 10 06 08 10 EOG o 1006 08 10
respectiverg, for comparisonThe small differences in variance A
between the single state model and experimental values: _5 0.2mM Mg* 1.0 mM Mg* | 2.5 mM Mg*
E Experiment Simulation Experiment Experiment
A" = 10 exy” ~ Ouneary | ®) B T |
o)
&)
reflect experimental error rather than actialfluctuations. A -g oo |
careful comparison of individual trajectories suggests that small < | % i

errors in establishing the background level in the donor and |, <
. 00 01 02 Q0 01 02 00 01 02 00 01 02
acceptor channels are the source of this error. Thus, for the 250 7 (sec)

ms 7g histogram in Figure 1B the small residual error we _. . . .
b do? will be denoted b 2 to reflect the source of Figure 2. (Top) Experimentally o_btamed ensemlidg histograms for
observedos, Whack the -L2-L3-L4 TAR DNA mutant in the presence of 445 nM NC and

the error. three different Mg" concentrations. A simulated distribution is shown
EnsembleEa autocorrelation is another way to characterize for the 0.2 mM Mg@* data. (Bottom)Ea autocorrelation curves are

Ea dynamics, where ensemble refers to the averaging of single Shown for the same conditions.

moleculeEa autocorrelation curves from many hairpins under

the same conditions. For TAR DNA hairpins in the presence elsewheré! The small differences in varianeg between the

of NC, theE, autocorrelation exhibits exponential decays (see Simulation and experimental values in Figure 2 reflect experi-

below) due to secondary structure fluctuations. For -L3-L4 in mental errolopac? rather than actudta fluctuations. As in the

the absence of NC, no detectable component is observed withincase of the NC free results (see Figure 1) the variartder

the experimental detection limit, i.eAac < 0.0005 (Figure 1C, all of the experimentatg = 250 msEa histograms in Figure 2

left panels). A system that exhibis,c below this detection is not significantly larger than that expected from background

limit can be considered a relatively “static” single state error opacl.

secondary structure. A simulated single molecule autocorrelation  Thig implies that the opening and closing dynamics are both
is also shown in Figure 1C (right panel). The undetectably small omogeneous and simple first-order within experimental error.
Anc indicates that the -L3-L4 TAR DNA molecules in the  p5 the data do not indicate the presence of either long-lived

absence of NC do not fluctuate in their structure. This S@IC  jytermediates or multiple opening/closing pathways for the -L2-
form was observed for each TAR DNA mutant studied in the | 3 | 4 TAR DNA/NC complex.

absence of NC at each concentration of2¥g

SMFRET of the -L2-L3-L4 TAR DNA/NC Complex.
Figure 2 shows NC-induced structural fluctuations for the -L2-
L3-L4 TAR DNA mutant that only retains a single loop near
the top of the stem (see Scheme 2). The shifiirCifrom the
NC-free value of 0.96 (data not shown) to a value of 0.87 in
the presence of 445 nM NC and 0.2 mM Rig(Figure 2, EA(DEAM + 7)O 1 (Eaopen— EA,cIosa)Zkoperkcloseﬂ—h

The required parameters for the simulation (Table 1) were
determined by the following procedure. First, the experimental
normalizedEp autocorrelation decay was fit by analytical results
for a two-state interconversion as follows:

column 1) is due to the presence of the open form at 2°
equilibrium?2° Previous studies have suggested that a two-state [EA(t)ﬁ (KoperfFa,open T KetosdEa ciosd
equilibrium model can describe the fluctuations in short DNA (Eaopen™ EA’C,OSQ)ZKeq;M
hairpins?243In the current work, the experimentg) histogram K TE £ (6)
and autocorrelation data (Figure 2, column 1) are in near ecEA,open A closd

guantitative agreement with a two-state kinetic simulation
(Figure 2, column 2), using a kinetic Monte Carlo (KMC) where4, the rate constant, is simply = Koperit Kciose Eciose
algorithm that is described in the Experimental Section and was determined to be 0.96 from the experiment in the absence
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TABLE 1: Experimental SMFRET Parameters for the TAR DNA Mutants in the Presence of NC, and Associated Parameters
Determined by Fitting the SMFRET Data, Using the Two-State Interconversion Model

-L3-L4 -L2-L3-L4/NC -L3-L4/NC
0.2mMMg@t  02mMMg@"  1.0mMMg" 25mMMg*  02mMMg¢t  2.5mMMg@" 5.0 mM Mg*
Ea close 0.96 0.96 0.96 0.96 0.96 0.96 0.96
[E D 0.96 0.88 0.92 0.93 0.77 0.89 0.92
Aac 0.0026 0.0070 0.0032 0.0012
rate (ms?) 0.24 0.18 0.084 0.13
eq 5.23 0.69 0.46 11.9 2.34 1.63
En open 0.86 0.86 0.86 0.75 0.85 0.90
Koper(Ms™) 0.20 0.17 0.059 0.078
Keosdms 1) 0.039 0.014 0.025 0.048

aThe Aac for these measurements was too small to fit, thus the -L2-L3-L4/NC/0.2 mKt Mgjues were used to determikg, The inability
to measuredac for these cases may be due to opening/closing rates that are too rapid to resolve by the experimental methods.

of NC. In the presence of NQEasUsatisfies eq 7 for a two- Lo,
state system: 02 mM Mg™ 25mMMg”| 5.0 mM Mg™
E o KeFaopent 1-Encose @) otors | el | Eetose | <t ecoor
" 1+ Keq g Th <=3ms =38 |33 =38
S f o=001 o=0006 {5=001 o=0008
Equations 6 and 7 were used to calculkitg and Eqpen based &
on the experimentally obtainekhc andEAL The rate constants, 8 ]-hk }‘
Kopen and keiose Can thus be determined from fitting thex P
autocorrelation with a single decay constahtandKeq value. o gEm | w2 ’sfzs " 1{5“
. . . = F=0004 F=00@ {o=0005( =000
Experimental data were also acquired for 1.0 (Figure 2, 3 I
column 3) and 2.5 mM Mg (Figure 2, column 4), showing a 8
shift in the equilibrium (see Table 1) toward the closed s h’L ]7}._ ]L —Jrn' -L
secondary structure as the Rgconcentration is increased. vy 1l . .
SMFRET of -L3-L4 TAR DNA/NC Complex. Ex data for EDIE ) e | o
NC induced dynamics of the -L3-L4 TAR DNA hairpin are ] e~ cmadz 17 |
shown in Figure 3. By analogy to the -L2-L3-L4 TAR DNA
data, higher concentrations of Kfg shift the equilibrium i hL J LL mﬂ
distribution toward theC form. However,[Eafor this mutant S 018 g e
is significantly smaller than that observed for the -L2-L3-L4 E
mutant under similar conditions. This is consistent with opening = A n —
through the L1-L2 regions. The experimertal histograms for 5 0.2 mM Mg 25mMMg | 5.0 mM Mg
different [Mc?*] and g are considerably broader than the best- & Experiment | Simulation | Experiment | Experiment
fit two-state simulation of the data. The excess broadening in 2 e Amp=0.007" Amp=00053 Amp=0.0032 Amp-0.0012
the experimentdE, data is even present at relatively long times § 0.004 i .
as evidenced by the larg® in the 7g = 250 ms histogram. E 0.002 ‘ .
The presence in Figure 3 of broadening that significantly < omo \N.w.m Nt
exceeds experimental error for the TAR DNA -L3-L4 mutant w R R R R °M R R TR TR )
in the 250 msrg histogram indicates that the opening/closing 7 (sec)

process has a sigrllifipant.probability of occqrring at _time§ longer Figure 3. (Top) EnsembleEx histograms for the -L3-L4 TAR DNA
than 250 ms. This implies that the opening/closing is not a mutant in the presence of 445 nM NC are presented for three different
simple first-order process because the dominant relaxation timeMg?+ concentrations. The simulated values at 0.2 mM2?Mgre

for the Ea fluctuations is on the 310 ms time scale. included for comparison. (BottomlEs autocorrelation decays are
Qualitatively, the excess broadening indicates non-single- compared for the three reaction conditions.

exponential end-to-end distance dynamics and, correspondingly,

an underlying complexity in the secondary structure dynamics.  The trend inAac Vs Keq also demonstrates clear deviation
For example, one or more long-lived intermediates along the from a simple two-state equilibrium model (Table 1). As shown
reaction coordinate for the -L3-L4 mutant may exist, leading Previously for other TAR DNA construct, the effect of

to two or more additional rate constants. Alternately, the increasing [Mg*] is to shift the equilibrium toward an equal
complex secondary structure dynamics may be a reflection of distribution of C and Y forms, as demonstrated by the
parallel pathways for opening and closing kinetics, i.e., hetero- dependence dfeqon [Mg?] shown in Table 1. A simple two-
geneous opening/closing kinetics. Hypothetical assignments for state equilibrium model predicts thakc reaches a maximum
the nonexponential dynamics will be presented below. Further- value at an equal distribution @ andY forms, which clearly
more, heterogeneity due to surface immobilization or chemical deviates from the experimental results. In fact, the data shown
damage is assumed to be negligible in this system, consistentin Table 1 and Figure 3 reveal thahc decreased when the
with the observations that analogous heterogeneity is observedequilibrium was shifted toward an equal distribution@fand
regardless of the immobilization strategy and for various mutants Y forms. The experimental deviation from a simple two-state
and NC preparations. This is analogous to the heterogeneityequilibrium model prediction for the dependence K, on

that has been observed for several other nucleic acid/protein[Mg?*] trends is suggestive of more than one intermediate along
systemg>27 the reaction coordinate. However, other explanations might be
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Figure 4. (Top) EnsembleEa histograms for the -L3-L4 mutant at @ 01 02 03 00 31(39%2) 03 00 01 02 03
various NC concentrations are compared. (Bottom) Ehautocorre-

lations for each ensemble are shown. All experiments were performed Figure 6. (Top) The 250 mgg ensembleE histogram is shown for
in the presence of 0.2 mM Mg and 40 mM NacCl. -L3-L4 TAR DNA, with 44 nM NC and 0.2 mM Mg". The molecules

have been sorted into primarily closed (black), primarily open (blue),
able to account for the observed deviation from a simple two- and intermediate (red) structures, based on their single mol&gule
state model, such as a salt effect on the chain stiffness, whichvalues. (Bottom) The corresponding subensenthleutocorrelation
could alter the end-to-end distance and FRET values. AnotherCurves are shown, with the respective equnential curves and fitting
indication that a simple two-state model does not adequately para.medteés f%rl each set, Th’fcf.cwvesgorrt]h.e ('jr.‘te.’(;meld'ate molecules g
describe the opening/closing process of -L3-L4 TAR DNA in  a rec €ou e-exponential fitting. Each Individual component, an

p g_ g_p o ’ | . the weighted time constant,,, are indicated in the plot.

the presence of NC is the significant increase in the best-fit
En,openvalues in Table 1 as a function of increasingVigThe of (Eallon the concentration of NC and Mlgis compared in
apparentl d_ecdr_ease Er}:'o"e“ as ahfuncnon of decreas:jng Mg Figure 5. The overall effects of NC and Kfgon the relative
a?tp;]arint.y n _|catest ?t f[nore_f_ba_n ongrﬁpefn stﬁcon ary Smlj.cwr?)opulation of the¥ form are in opposition to each other. Further
orthe hairpin IS present at equilibrium. This furthermore Implies experiments as a function of [Np(data not shown) exhibited
that the experimental values obtained from the two-state analys'ssimilar effects as that of Mg, although higher [N&] were
for -L3-L4 TAR DNA are qualitative at best since a three-state . ' gh g

necessary to achieve comparaBlevalues.

or even more complex treatment would be necessary to ] } ] o
accurately describe this system. Further evidence that the opening/closing dynamics in the

Further studies of the NC's effects on -L3-L4 TAR DNA -L3-L4 mutant are heterogeneous is presented in Figure 6. Here
structural dynamics were performed as a function of NC the ensemblé&a histograms for the -L3-L4 mutant hairpins in
concentration (Figure 4). In all cases, the -L3-L4 mutant exhibits the presence of 44 nM NC and 0.2 mM Richave been sorted
heterogeneity on both short (5 ms) and lorg260 ms) time and summed with respect to the single moledtje/alues. The
scales. resultant “subensembleéE, histograms are plotted in color in

As shown in Figures 3 and 4, the heterogeneous opening/the top panel in Figure 6. The corresponding subensemble
closing dynamics in the -L3-L4 mutant were observed over a autocorrelation curves are shown at the bottom of Figure 6. The
large range of NC and Mg concentrations. The dependence black “subensemble” is a fully closed population wifs 0=
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0.98, while the red and blue subensembles are partially openstate for opening might involve thermally activated breaking

structures withTEaCvalues of 0.87 and 0.83, respectively. of the Watson-Crick base pairs in the L1-L2 region, with only
The subensemble of hairpins with the highest average a partial lowering of the barrier for opening by the bound NC.

values (coded black in Figure 6) has FRET values that Interestingly, the model implied by eq 8 is in contrast with

correspond to a fully closed structure, apparently Ghéorm. the two-stateC/Y interconversion analysis of the -L2-L3-L4
The autocorrelation curve for this subensemble shows no TAR DNA data described above, since the latter analysis
measurable structural dynamics (i&c < 5 x 107%) indicating suggests a simplé/Y interconversion on the millisecond time

a relatively static hairpin structure with very littte DNA end- scale. It is conceivable, however, that the model in eq 8 could
to-end distance fluctuations. It is unlikely that this subensemble also apply to the -L2-L3-L4 TAR DNA hairpin if both of the

is due to hairpins with no bound NC, since at an NC two states were assigned to differeYitforms. This would
concentration of 44 nM, approximately 2.5 NC molecules are require that very littleC form be present at equilibrium for this
estimated to be bound per hairpin assunmg~ 100 nM and hairpin in the presence of NC.

8 independent binding sites per hairpin. Furthermore, NC/hairpin ~ An alternative, equally plausible class of models that could
collisions should occur on a shorter time scale than=t2&0 account for the heterogeneous SMFRET dynamics is described
ms lifetime of the subensemble of hairpins with the highest by the following scheme:

averageEa values, ensuring multiple NC binding/disassociation
events per second.

In contrast, theEx autocorrelation curves for the partially
open “red” and “blue” subensembles show clear evidence of
large-amplitude end-to-end distance fluctuation on a range of in which there are twe forms that differ by secondary structure
time scales from 2 to 17 ms. The “blue” subensemble exhibits and/or NC binding number and configuration, leading to very
the most rapid dynamics, on the2 ms time scale near our  different open rates. This model allows for both a long-lived
instrumental resolution. ThEs autocorrelation times for the  C' form and short-livedC" form. For exampleC'" might be
“red” subensemble are much longer and the decay is clearly “activated” by an NC bound in a location, e.g., a bulge, that
nonsingle exponential. promotes the opening process. Thus, this model preserves the

It is important to emphasize that the basic assumption of this basic assignment of the SMFRET dynamics to the opening/
analysis is that the different subensembles are a consequencelosing process but still allows a subpopulation of statiorms.
of kinetic heterogeneity on 2250 ms time scale due to long- At this point the data do not offer a means for distinguishing
lived secondary structures and/or NC binding states. As petween the alternate kinetic models. Clearly more research will
described above, analogous heterogeneity has been observege necessary to determine whether either of these models
for a broad range of NC and Mg concentrations, e.g., the 250  captures the salient features of the NC induced opening/closing
ms histograms in Figure 4. dynamics of TAR DNA hairpins, or whether even more

Mechanistic Implications of the SMFRET DATA. The elaborate kinetic treatments will be necessary.
observed SMFRET data suggest that the NC-induced destabi-
lization in the L1-L2 regions of TAR DNA is in equilibrium  Conclusions and Summary
between a relatively static structure with very little end-to-end
distance fluctuations and a much more dynamic structure.
Further, the structural fluctuations occur on multiple time scales,
indicating a complex, multidimensional relationship between

bound NC and the secondary structure in the L1-L2 regions of R .
. . . such as the hairpin ribozynté secondary structure dynamics
TAR DNA. Despite the extensive new observations, the S .
over a broad distribution of time scales are observed.

available experimental data of various types on this process are dependent histograms B and autocorrelation analysis reveal
still not sufficient to unequivocally determine the minimum P 9 Y

number of kinetic species that are required to adequately complex dynamics that occur on two distinct time scales when

. . . S both L1-L2 are present in the hairpin. In contrast, when L2 is
describe this process. Perhaps, even more importantly, itis notabsent the fluctuations are constrained te-&a ms lifetime
possible for a given kinetic intermediate to specify the secondary The e>,< eriments herein reveal a complex mechanisn.w for
structures, numbers of bound NC molecules, or the location of P . . plex:

. .~ _secondary structure fluctuations, with dynamic processes oc-
the bound NC molecules. Nevertheless, it is useful to consider . S i )
. S - . - curring over a wide time range, i.ex5 to >250 ms, and with
simple kinetic models for the opening/closing process in an the involvement of lonaJlived intermediates
attempt to begin to identify possible physical origins of the 9 ’

observed effects. .
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SMFRET was used to study NC-induced fluctuations of
various DNA hairpins over a broader range of conditions and
in more depth than in previous studies. As observed in other
single molecule studies of nucleic acid structural fluctuations

follows: (P.B. and D.E.M.).
k, K
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