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Comparative Dynamics of tRNA" and pBluescript II SK(+) Phagemid Studied

with Ethidium Bromide and a Long-lifetime Metal-ligand Complex
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The metal-ligand complex, [Ru(phen),(dppz)]** (phen=1,10-phenanthroline, dppz=dipyrido[3,2-a:2',3"-c]phenazine)
(RuPD), was used as a spectroscopic probe for studying nucleic acid dynamics. The RuPD complex displays a long
lifetime and a molecular light switch property upon DNA binding due to shielding of its dppz ligand from water. To
show the usefulness of this luminophore (RuPD) for probing nucleic acid dynamics, we compared its intensity and
anisotropy decays when intercalated into the tRNA" and pBluescript (pBS) II SK(+) phagemid through a
comparison with ethidium bromide (EB), a conventional nucleic acid probe. We used frequency-domain fluorometry with
a blue light-emitting diode (LED) as the modulated light source. The mean lifetime for the tRNA™ (<7> = 166.5 ns)
was much shorter than that for the pBS II SK(+) phagemid (<7> = 481.3 ns), suggesting a much more efficient
shielding from water by the phagemid. Because of their size difference, the anisotropy decay data showed a much
shorter rotational correlation times for the tRNA" (99.9 and 23.6 ns) than for the pBS I SK(+) phagemid (968.7
and 39.5 ns). These results indicate that RuPD can be useful for studying nucleic acid dynamics.
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INTRODUCTION

Long-lifetime metal-ligand complexes (MLCs), which display
decay times ranging from 100 ns to more than 10 us, have
only recently become available [1-3] and show a number of
characteristics that make them versatile biophysical probes.
Because of the large Stokes’ shift, the MLCs do not display
significant radiative or nonradiative homo energy transfer [2,
3]. In general, the MLCs display good water solubility and
high thermal, chemical and photochemical stability [2, 3]. In
addition, the long lifetimes of the MLCs allow the use of
gated detection, which can be employed to suppress interfering
autofluorescence from biological samples and can thus
provide increased sensitivity [4]. Finally, most MLCs display
polarized emission, making them useful for microsecond
hydrodynamics.

Barton and co-workers [5-7] reported that the dipyrido[3,2-
a:2',3'-c]phenazine (dppz) complexes of ruthenium appear to
be prime candidates for a spectroscopic probe for nucleic
acids because of their “molecular light switch” properties for
DNA. Since the luminescent enhancement upon DNA
binding is 210%, there is essentially no background with the
dppz complexes of ruthenium. There are two common dppz
complexes of ruthenium, the 2,2'-bipyridine (bpy) derivative
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[Ru(bpy),(dppz)]** (RuBD) and the 1,10-phenanthroline (phen)
derivative [Ru(pben),(dppz)]** (RuPD). RuPD has some
advantages over RuBD because of its longer lifetime and
higher quantum yield [6-9]. However, with one exception [9],
all anisotropy decay measurements were performed using the
bpy derivative RuBD [9-12}.

To evaluate further the usefulness of RuPD for probing nucleic
acid dynamics, we compared its intensity and anisotropy decays
intercalated into tRNA™ and pBluescript (PBS) I SK(+)
phagemids from E. coli XL1-Blue MRF’ through a comparison
with ethidium bromide (EB), a conventional nucleic acid probe.
We used frequency-domain (FD) fluorometry with a high-
intensity, blue light-emitting diode (LED) as the modulated light
source. With this LED we were able to directly modulate the
excitation light up to 100 MHz without the need for an external
modulator like a Pockels cell and to obtain very reliable time-
resolved intensity and anisotropy decays with simpler and low
cost instrumentation.

MATERIALS AND METHODS

Materials

LB-medium from Beckton, Dickinson and Company (Franklin
Lakes, USA); tRNA*, agarose and ampicillin from Sigma
(St. Louis, USA); pBS II SK(+) phagemid (2961 bp) and E.
coli XL1-Blue MRF’ from Stratagene (La Jolla, USA); and
plasmid mega kit from Qiagen Inc. (Valencia, USA). (RNA™
was used without further purification, and RuPD was
synthesized by the method described previously [12]. All



134 Jung Sook Kang and Ji Hye Yoon

other chemicals were of the reagent grade, and water was
deionized with a Milli-Q system. All measurements were
carried out in REACT4 buffer.

Absorption and steady-state fluorescence measurements

pBS II SK(+) phagemids were purified with Qiagen plasmid
mega kit from 500 ml overnight cultures of E. coli XL.1-Blue
MRF’ in LB-medium containing ampicillin. About 5-10 mM
stock solution of RuPD was prepared in dimethylformamide.
The tRNA™ concentration was 1 mM nucleotide while that of
phagemid was 300 UM bp. The concentrations of tRNA" and
DNA were determined using molar extinction coefficients of
8,200 M'cm™ (expressed as nucleotide) and 13,000 M~'cm™
(expressed as bp) at 260 nm, respectively. The concentrations
of EB and RuPD were 5 and 15 pM, respectively, and were
determined using molar extinction coefﬁcients of 5,200 M™
cm™ at 518 nm and 21,000 M~'cm™ at 440 nm, respectively.
UV-visible absorption spectra were measured with a Hewlett-
Packard 8453 diode array spectrophotometer. Steady-state
intensity and anisotropy measurements were carried out using
a Cary Eclipse fluorescence spectrophotometer (Varian Inc.,
Palo Alto, USA).

The intensity of the components of the fluorescence that
were parallel (Z,) and perpendicular (Iyy) to the direction of
the vertically polarized excitation light was determined by
measuring the emitted light through polarizers oriented vertically
and horizontally. The steady-state anisotropy is given by:

Ivv_GIVH

= 1,+2Gl, M

where G is a grating correction factor for the monochromator’s
transmission efficiency for vertically and horizontally polarized
light. This value is given by the ratio of the fluorescence
intensities of the vertical (/5,) to horizontal (/) components
when the exciting light is polarized in the horizontal direction.

FD intensity and anisotropy decay measurements

Measurements were performed with an ISS Koala instrument
(ISS Inc., Champaign, USA) using a blue LED IL.NG992CFBW
(Panasonic, Japan) as the excitation source. An LED driver
LDX-3412 (ILX Lightwave, Boseman, USA) provided 30
mA of current at frequencies from 0.07 to 100 MHz. A 480 +
20 nm interference filter and a 630 nm cut-off filter were used
for isolating excitation and emission, respectively. Rhodamine
B in water (7= 1.68 ns) was utilized as a lifetime standard. All
measurements were performed at 25°C.

The intensity decays were recovered from the FD data in
terms of a multiexponential model using nonlinear least
squares analysis [13, 14]:
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where the preexponential factor ¢; is the amplitude of each

component, 2a;=1.0, 7; is the decay time, and # is the number

of exponential components. Mean lifetimes were calculated
by:
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where f; is the fractional steady-state contribution of each

component to the total emission, and Zf, is normalized to
unity. f; is given by:
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The calculated (c) values of the phase ¢, and modulation
m,,, at each modulation frequency @ are given by:

¢., = arctan(N,/D,) &)
= (N, +D})'"” (6)
where
o,0T
N, = / 7
Z1 +© 1‘2 Za b @
D, = / 8
Z1 + wzf Za K ®

The values of «; and 7, were determined by minimizing X,zg
values:
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where v is the number of degrees of freedom, and ¢, and m,,
are the measured phase and modulation, respectively. d¢ and
Om are the experimental uncertainties in the measured phase
and modulation values and were set at (.2° and 0.005,
respectively.

The FD anisotropy decays were also analyzed in terms of
the multiexponential model using nonlinear least squares analysis
[15, 16]:

/8,

r(1) = Y rogie” (10)

where g, is the amplitude of the anisotropy component with a
rotational correlation time 6, Zg; = 1.0, and r, is the
anisotropy in the absence of rotational diffusion. The total
anisotropy ro was a fitted parameter.

The phase shift (A,) at the modulation frequency wis given by

Ay = Ovu— dwy (In

where ¢y, and ¢y are the perpendicular (VH) and parallel
(VV) components of the emission. The modulation ratio A,, is
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Aw = mvv/mVH (12)

where myy and myy are the amplitudes of the parallel (VV) and
the perpendicular (VH) components of the modulated
emission, respectively. The modulated anisotropy r, was
calculated by:

Ay—2
o= A, 72 (13)
The calculated values of A,and A, are given by
DVVNVH - NVVDVH)
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In this expression the subscript k indicates the orientation,
parallel (VV) or perpendicular (VH). The parameters describing
the anisotropy decay are obtained by minimizing x; values:
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where 8A and A are the experimental uncertainties in the

differential phase and modulation ratio values and were set at
0.2° and 0.005, respectively.

RESULTS AND DISCUSSION

Fig. 1 shows the chemical structures of EB and RuPD. The
emission spectra of EB and RuPD intercalated into the
tRNA" and pBS II SK(+) phagemid are shown in Fig. 2. Both
probes showed blue-shifted emission when intercalated into
tRNA™. EB and RuPD showed emission peaks at about 600
and 620 nm, respectively. As expected, we observed much
lower steady-state anisotropy values with RuPD than EB
because of its longer lifetime (Fig. 3). For both probes tRNA™
showed much lower steady-state anisotropy values at all
temperatures due to its small size (Fig. 3). The steady-state
anisotropy values of RuPD when intercalated into the pBS 11
SK(+) phagemid (2961 bp) were lower than in our previous
studies using RuBD intercalated into the pTZ18U plasmid
(2860 bp) [10,11]. Because the size difference between pBS
II SK(+) and pTZ18U is small, this is mainly due to longer
lifetime of RuPD. Importantly, although RuPD showed lower
steady-state anisotropy values, it clearly showed the size
difference between tRNA™ and pBS I1 SK(+) phagemid.

The FD intensity decays of EB and RuPD intercalated into

RuPD

Figure 1. Chemical structures of ethidium bromide (EB) and
[Ru(phen),(dppz)I** (RuPD).
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Figure 2. Emission spectra of EB (top) and RuPD (bottom)
intercalated into tRNA" and pBluescript IT SK(+) phagemid (pBS).

the tRNA* and pBS Il SK(+) phagemid are shown in Fig. 4.
For EB, the best fits of the intensity decays were obtained
using the two exponential model. The intensity decays of
RuPD were best fit by a triple exponential decay. Table 1
shows the intensity decay results for EB and RuPD
intercalated into the tRNA™ and pBS Il SK(+) phagemid. In
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Figure 3. Temperature-dependent steady-state anisotropy of EB
(top) and RuPD (bottom) intercalated into tRNA" and pBluescript II
SK(+) phagemid (pBS). The steady-state anisotropy values were
calculated by Eq. (1).
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Figure 4. Intensity decays of EB (top) and RuPD (bottom)
intercalated into tRNA™ and pBluescript 11 SK(+) phagemid (pBS).
The symbols represent the measured phase and modulation values.
The solid lines show the best multiexponential fits to the data.

Table 1. Multiexponential intensity decay analyses of ethidium bromide
(EB) and {Ru(phen),(dppz)]** (RuPD) intercalated into tRNA"" and
pBluescript I SK(+) phagemid (PBS)

2h)

Probe  Nucleic 7 o f < Lr
acid (ns) (ns)
EB tRNA™ 21.3 0.37 0.89 19.3 1.2
1.5 0.63 0.11
PBS 226 041 0.92 20.9 1.3
1.4 0.59 0.08
RuPD tRNA" 2893 0.11 0.45 166.5 2.0

76.8  0.38 0.44
146 051 0.11
PBS 808.0  0.09 0.54 481.3 28
1212 040 0.35
29.5 0.51 0.11

“Fractional intensities f; and mean lifetimes <7> were calculated using
Eqgs. (4) and (3), respectively.

®The X: values were calculated by Eq. (9), and the standard errors of
phase angle and modulation were set at 0.2° and 0.005, respectively.

the case of EB, the mean lifetime values for the tRNA" and
pBS 1I SK(+) phagemid were 19.3 and 20.9 ns, respectively.
However, we observed much shorter mean lifetime for
tRNA" than that for the pBS I SK(+) phagemid using RuPD.
The mean lifetime values for the tRNA™ and pBS II SK(+)
phagemid measured with RuPD were 166.5 and 481.3 ns,
respectively (Table 1). This result suggests that the RuPD
MLC was much more efficiently shielded from water in the
phagemid than in the tRNA"™, resulting in a longer lifetime.
Thus, it seems that the pBS II SK(+) phagemid adopts much
more favorable conformations for RuPD intercalation than
tRNA". The lifetime value of RuPD intercalated into the pBS
IT SK(+) phagemid (Table 1) is larger than reported previously [6-
9, 17]. The earlier values ranging from 170 ns to 380 ns were
mostly measured by time-correlated single photon counting
[6, 7, 9, 171, which weights the shorter decay times more
heavily than does the FD measurements. In addition, resolution of
a triple exponential decay is difficult [18], and the individual
decay times are subject to significant uncertainty.

In addition to the intensity decay measurements, we also
measured the anisotropy decays of EB and RuPD intercalated
into the tRNA™ and pBS II SK(+) phagemid (Fig. 5 and 6),
and the results are summarized in Table 2. For both probes,
the best fits of the anisotropy decay data were obtained using
the two correlation time model. In the case of EB intercalated
into tRNA", the slow rotational correlation time (25.6 ns)
appears to be consistent with that expected for overall
rotational mobility of tRNA". The value is comparable to the
values reported previously for tRNA™ by fluorescence
anisotropy decays [19] and by electrooptical measurements
[20]. The fast rotational correlation time (9.8 ns) may be due
to independent motion of two helical arms of the L-shaped
structure of tRNA" [21]. For RuPD, the slow and fast
rotational correlation times were 99.9 and 23.6 ns, respectively,
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Fig. 5. Anisotropy decays of EB intercalated into tRNA* and
pBluescript II SK(+) phagemid (pBS). The symbols in the first and
second panels represent the modulated anisotropy and the measured
phase shift values, respectively. The modulated anisotropy values
were calculated from measured A, using Eq. (13). The solid lines
show the best multiexponential fits to the data. The lower two panels
show plots of the residuals between the experimental data and the
fitted curve.

when intercalated into tRNA" (Table 2). The fast rotational
correlation time (23.6 ns) is comparable to the slow rotational
correlation time using EB (25.6 ns). Thus, it seems that the
fast rotational correlation time of RuPD is consistent with the
overall rotational mobility of tRNA". However, at present, we
are not able to interpret the slow rotational correlation time of
RuPD (99.9 ns). It may imply the presence of aggregates of
the tRNA™-RuPD complex. We used somewhat high
concentrations of both tRNA™ (1 mM nucleotide) and RuPD
(15 pM). In addition, the probe to tRNA™ molar ratio, about
1:1, may be high. Further experimentation is required to
clarify this. For the pBS II SK(+) phagemid, the slow and fast
rotational correlation times appear to be consistent with the
bending (flexure of the helix axis) and torsional (twisting of bp)
motions of phagemids, respectively, for both probes. The
torsional motion of DNA occurs in 1-100 ns, while the
bending motion of DNA ranges from about 100 ns to more
than 100 ps (22). Information on the rotational motion is
usually available over a time scale not exceeding three times
the lifetime of the fluorophore, after which there is too little
signal for accurate anisotropy measurements. So, the slow
rotational correlation time (1539 ns) of the phagemid
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Fig. 6. Anisotropy decays of RuPD intercalated into tRNA*" and
pBluescript IT SK(+) phagemid (pBS). All conditions are the same
as in Fig. 5.

measured with EB (<7> = 20.9 ns) does not seem to be very
reliable. Fig. 5 and 6 (first panels) show the modulated
anisotropy values for EB and RuPD intercalated into the
tRNA" and pBS II SK(+) phagemid. We observed much
lower modulated anisotropy values using RuPD than EB,
which is in agreement with the results of our steady-state
anisotropy measurements. For both probes tRNA" showed
lower modulated anisotropy values, which also coincides with
our steady-state anisotropy results (Fig. 5 and 6).

In this study, we demonstrated the usefulness of RuPD, a
long-lifetime MLC for probing the comparative dynamics of
the tRNA™ and pBS II SK(+) phagemid through a comparison
with EB, a conventional DNA probe. The results of both
steady-state anisotropy measurements and time-resolved
anisotropy decay measurements clearly showed that RuPD
can be useful for studying hydrodynamics of DNA and small
nucleic acid such as tRNA™. Importantly, the use of RuPD,
which has a lifetime of about 480 ns (Table 1), enabled us to
extend the measurable time scale of DNA dynamics to
microsecond. We could measure the rotational correlation
time about 1 ps (Table 2). However, as in our previous studies
(10,11), it has to be pointed out that the lifetime of RuPD is
still short to measure the slower bending motions or end-over-
end tumbling motions of the plasmids.

The use of long-lifetime MLCs to measure DNA dynamics
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Table 2. Multiexponential anisotropy decay analyses of ethidium
bromide (EB) and {Ru(phen),(dppz)}** (RuPD) intercalated into
tRNA™ and pBluescript Il SK(+) phagemid (PBS)

Probe Nucleic 0. ro¥g()  Zr*gli)) %
Acid (ns)
EB tRNA™ 25.6 0.105 0.272 1.9
9.8 0.167
PBS 1539 0.211 0.265 42
94 0.054
RuPD tRNA® 99.9 0.022 0.114 3.7
23.6 0.092
PBS 968.7 0.044 0.117 3.3
39.5 0.073

The x, values were calculated by Eq. (18), and the standard errors of
phase angle and modulation were set at 0.2° and 0.003, respectively.

is just beginning {2, 3, 9-12]. Barton and coworkers [6]
showed that RuBD exhibited sensitivity to conformational
differences in DNA because of the incomplete shielding of
the dppz ligand from water in the presence of bpy in contrast
to the other phen derivative RuPD. However, the phen
derivative RuPD has some advantages over the other bpy
derivative RuBD. The lifetimes of RuBD bound to DNA are
about 100-150 ns [6, 7, 9-12, 23]. RuPD showed still longer
lifetimes bound to DNA, with a mean decay time near 480 ns
(Table 1). Besides, the quantum yield of RuPD (Q0=0.017) [8]
is more than twice that of RuBD (Q=0.008) [23]. Because of
longer lifetime and higher quantum yield than the bpy
derivative, RuPD is expected to have numerous applications
in studies of nucleic acid structure and dynamics.

An important point of the present study is our use of a
semiconductor light source for the FD intensity and anisotropy
decay measurements. A variety of LEDs including the high
intensity UV, blue and green LEDs have been developed as an
inexpensive and convenient light source. LEDs are easily
modulated up to hundreds of MHz without the need for a
Pockels cell [24]. We believe that LEDs will become an ideal
light source for measuring microsecond dynamics of biological
macromolecules.
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