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1 Introduction

Abstract. Multiphoton excitation was used to investigate properties of
the fluorescent DNA base analogs, 2-aminopurine (2AP) and
6-methylisoxanthopterin (6Ml). 2-aminopurine, a fluorescent analog
of adenine, was excited by three-photon absorption. Fluorescence
correlation measurements were attempted to evaluate the feasibility of
using three-photon excitation of 2AP for DNA-protein interaction
studies. However, high excitation power and long integration times
needed to acquire high signal-to-noise fluorescence correlation
curves render three-photon excitation FCS of 2AP not very useful for
studying DNA base dynamics. The fluorescence properties of
6-methylisoxanthopterin, a guanine analog, were investigated using
two-photon excitation. The two-photon absorption cross-section of
6MI was estimated to be about 2.5X107°% cm?*s (2.5 GM units) at
700 nm. The two-photon excitation spectrum was measured in the
spectral region from 700 to 780 nm; in this region the shape of the
two-photon excitation spectrum is very similar to the shape of single-
photon excitation spectrum in the near-UV spectral region. Two-
photon excitation of 6Ml is suitable for fluorescence correlation mea-
surements. Such measurements can be used to study DNA base
dynamics and DNA-protein interactions over a broad range of time
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time frame.*™® However, most of the FCS or single molecule
studies have been performed using external fluorophores that

Understanding conformational dynamics of nucleic acids has
long been a major interest in biochemistry and biophysics,
and a great deal of progress have been achieved using various
spectroscopic techniques. In particular, fluorescence or lumi-
nescence measurements using externally labeled DNA mol-
ecules or DNA with fluorescent nucleotide analogs, like
2-aminopurine, have provided considerable insight into the
dynamics of DNA and DNA-protein interactions. Fluores-
cence detection allows assessment of dynamic information
over a broad range of time scales. For example, fluorescence
anisotropy decay measurements provide dynamic information
on the picosecond to nanosecond time scale." On the other
hand, rapid-mixing stopped-flow measurements of fluores-
cence anisotropy or of conformation-dependent fluorescence
signals can be performed on the millisecond and second time
scales, reporting about dynamics of protein-DNA in-
teractions.” New advances in fluorescence correlation spec-
troscopy (FCS) and single molecule fluorescence microscopy
have also provided an additional means for studying DNA
dynamic properties on the millisecond and submillisecond
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have been attached to the DNA backbone or bases. Coupling
rather bulky dye molecules in this way can substantially affect
the properties of the DNA, such as binding and interaction
dynamics. This becomes particularly important when the con-
formational dynamics of particular DNA bases is considered.
In this case, detection of fluorescence from inherently fluores-
cent nucleic acid base analogs can provide a significant ad-
vantage for dynamic studies. Unfortunately, the available
fluorescent nucleic acid base analogs require UV or near-UV
excitation. FCS studies of two fluorescent nucleotide analogs,
2-aminopurine (2AP),” and 3-methylisoxanthopterin (3MI),3
have been performed to evaluate the feasibility of using FCS
to study DNA dynamics. However, UV excitation resulted in
a decrease in the signal-to-noise in FCS measurements due to
higher light scattering and significant photobleaching of
fluorophores.”® An alternative approach is to use multiphoton
excitation.

Multiphoton excitation is achieved when a molecule simul-
taneously absorbs two or three low-energy photons, providing
a total energy sufficient to cause the transition into the excited
singlet state. Multiphoton excitation has gained particular
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popularity in microscopy, where excitation light from mode-
locked infrared lasers (usually Titanium:sapphire) can be
tightly focused to achieve effective excitation of fluorophores
via two- or three-photon absorption. Multiphoton excitation is
achieved only above a certain power threshold because of the
requirement for simultaneous absorbance of multiple photons.
Therefore, the excitation volume is intrinsically confined, a
significant advantage for both microscopy and FCS measure-
ments. Additionally, scattered excitation light, in particular
Raman scattering, can be easily filtered, and fluorophore pho-
tobleaching is also limited to the excitation volume rather
than occurring throughout the focal cone. Two- and three-
photon excitation has already been demonstrated for a variety
of molecules (intrinsic fluorophores) absorbing in the
near-UV or UV region.g’_]1 Comparison of the one- and two-
photon excitation of coumarin showed that two-photon exci-
tation might be effectively used to detect single molecules of
relatively bright UV ﬂuorophores.12 A recent study, which
characterized properties of the fluorescent DNA base analog
4-amino-6-methyl-isoxanthopterin (6MAP) using two-photon
excitation,” showed that two-photon absorption cross-section
of this fluorophore is quite similar to the two-photon cross-
sections of coumarin (although this nucleotide analog does
not have as high fluorescence quantum yield). Therefore, it is
reasonable to expect that two-photon excitation of fluorescent
nucleotides can be effective used in FCS or even single-
molecule studies.

We have investigated the multiphoton excitation properties
of two other fluorescent nucleotide analogs: 2-aminopurine
and 6-methylisoxanthopterin. 2-aminopurine (2AP), a fluores-
cent analog of adenine, has been widely used for DNA base
dynamics and DNA-protein interaction studies. Absorbance
and fluorescence spectra of 2AP are red-shifted relative to the
absorption spectra of DNA and proteins, with an absorbance
maximum at 305 nm and a fluorescence maximum near
370 nm. This allows selective excitation of 2AP in the pres-
ence of proteins in the sample. 2AP has a high fluorescence
quantum yield, 0.68, and a long excited state lifetime,
~12 ns, when it is free in the solution.** Incorporation of
2AP into single-stranded or double-stranded DNA leads to
quenching of its fluorescence, mostly due to base stacking
interactions. However, when the 2AP base is removed from
base stacking in the DNA helix, it becomes highly fluorescent
again. This property makes 2AP useful for studying DNA
base dynamics during DNA hybridization,ls’16 RNA folding,17
or for investigating DNA base flipping, which occurs when
DNA modifying enzymes (like methyltransferases or poly-
merases) flip the base out of the helix to perform chemical
reactions on it or for proofreading purposes.z‘18

Another fluorescent nucleotide analog considered in this
work is 6-methyl-isoxanthopterin (6MI), an analog of
guanine.'’ Like 2AP, the spectral properties of 6MI are also
appropriate for studying DNA or RNA base dynamics. 6MI,
when incorporated into DNA, has an absorption spectrum
with a maximum at 350 nm and a fluorescence spectrum with
a maximum at 430 nm. The fluorescence yield of the free
molecule in aqueous solution is 0.7 (relative to quinine sul-
fate), and the lifetime of the fluorescence decay is about
6.4 ns. As is the case for 2AP, fluorescence from 6MI is
quenched when the molecule is incorporated into single-or
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double-stranded DNA due to base stacking interactions, while
removal of the base from the base-stacked configuration (ei-
ther by excision of the base or base bulge formation) restores
the fluorescence yield to the free base level. Even though the
structure of 6MI consists of a more bulky pteridine, the pres-
ence of the amino group in the position 2 allows this molecule
to participate in base pairing with cytosine in double-stranded
DNA."” We should note that 6MI is very similar in its prop-
erties to 3MI, which previously has been characterized using
one-photon (UV) excitation FCS.® It has been shown that
single-molecule detection for 3MI is complicated due to low
signal-to-background ratio when using 350-nm excitation.
This problem might be overcome using two-photon excita-
tion.

Here, the fluorescence properties of 6MI and 2AP are in-
vestigated using two- or three-photon excitation, respectively,
rather than single-photon excitation in the UV. Fluorescence
correlation spectroscopy is used to study the diffusion dynam-
ics of the base analogs and to evaluate the possibility of using
multiphoton excitation FCS for studying DNA base dynamics.

2 Materials and Methods

2AP, 6MI, and 7-amino-4-methylcoumarin (coumarin 120)
were purchased from Sigma and used without further purifi-
cation. Solutions of 2AP and 6MI of varying concentrations
(100*M to 107 M) were prepared in nanopure water.
Coumarin was dissolved in ethanol at about 10 mM concen-
tration and subsequently diluted in ethanol and/or water to
obtain sample concentrations of 10~® M. Concentrations of
samples were checked by measuring the absorption spectra of
the samples and calculating the concentrations using
literature-reported  extinction  coefficients  &(coumarin)
=17000 Lmol'cm™1* &(2AP)=7000 Lmol™!cm™,"
e(6MI)=11,000 Lmol~! cm™.?" A 6MI-labeled DNA oligo-
nucleotides (5’ 6MI-TGTGGAGCATCTCGAGCAGT 3’
and 5" TTTTGGTAGCTAG(6-MI)AATTACCGATGACG
TGCTTCCC 3’) and corresponding reverse complementary
unlabeled oligonucleotides were purchased from Trilink Bio-
technologies (San Diego, CA). 24-nm-diameter blue-
fluorescent polystyrene beads were purchased from Invitrogen
(Carlsbad, CA). Absorption spectra were measured using a
Cary-500 spectrophotometer (Varian). Fluorescence spectra
were measured using a home-built fluorimeter based on Spec-
traPro 150 monochromators (Acton Research) and an air-
cooled CCD camera (Princeton Instruments). Multiphoton ex-
citation of 2AP and 6MI fluorescence was achieved using the
fundamental output of a Ti-sapphire laser (broadband Tsunami
pumped by 10W Millennia Xs, Spectra Physics). Power of the
laser beam was attenuated using neutral density filters (New-
port) and also circular variable optical density filter (Edmund
Scientific, OD range from 0.04 to 1). Power was adjusted
before the beam was expanded to minimize the distortion of
the beam profile (beam profile was checked using Spiricon
beam profiler LBA-700PC using Coherent’s LaserCamIl CCD
camera). Then, the laser beam was expanded using a 5X Gal-
ilean beam expander (BE05-B, IR antireflective coating,
Thorlabs), raised to the proper height using a precision beam
steerer (Newport) and directed into Nikon TE2000 micro-
scope using two gimbal-mounted mirrors (10D20ER.2, New-
port). A 790dcspt dichroic filter (Chroma) was used for three-
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photon excitation of 2AP (Chroma filter was used for three-
photon excitation because of its superior transmission in
350-400 nm region) and 675DCSP-EX dichroic filter
(Omega Filters) was used for two-photon excitation of 6MI.
The sample was excited by focusing the laser light to a
diffraction-limited spot achieved by overfilling the back aper-
ture of an SFluor 100X objective (Nikon, CFi-60, 1.3 NA, oil
immersion). Fluorescence was collected using the same ob-
jective and passed through a dichroic mirror that was used to
bring the laser light to the objective. 2AP fluorescence was
filtered using a D380/50 emission filter (center wavelength
380 nm, 50 nm bandwidth, Chroma) and photons were re-
corded using a cooled multichannel-plate photomultiplier tube
(R3809U-50, Hamamatsu). The signal from the detector was
amplified using a fast amplifier C5594 (Hamamatsu) and re-
corded using a SPC-830 single-photon counting board
(Becker & Hickl). Fluorescence of 6MI was filtered using a
D430/100 filter (Chroma) and detected using an avalanche
photo diode detector (SPCM-AQR12, Perkin Elmer). Multi-
photon fluorescence excitation spectra and power dependence
were recorded by measuring the fluorescence intensity as an
average number of counts (photons) per second, results were
corrected for background intensities, which were measured
from nanopure water under the same excitation conditions.
Background values were minimal, indicating that combina-
tions of dichroic and emission filters used for measurements
were adequate (identical results were obtained if additional IR
laser blocking filters, like BG-39, were used). All fluorescence
intensity and correlation measurements were performed by
exciting samples with laser pulses at the standard Ti-sapphire
mode-locking frequency of 80 MHz. Multiphoton excitation
spectra were measured by tuning the fundamental output of
the Ti-sapphire laser between 840 and 945 nm for 2AP or
between 700 and 780 nm for 6MI, while maintaining the
same average power (measured at the objective focal point at
each excitation wavelength using a power meter, 818-UV
from Newport) and the same (as much as possible) spectral
bandwidth (monitored by laser spectrum analyzer (IST) at the
laser output). We were not equipped to measure the laser
pulse duration at the sample, however, using previously pub-
lished results of group delay dispersion (GDD) in microscope
objectives,zz’23 we can estimate that laser pulses of about
60—-80 fs at the Tsunami output broaden to about
100 to 200 fs at the sample plane. Because of the long 2AP
and 6MI lifetimes, lifetime measurements were performed us-
ing a fourfold reduced Ti-sapphire laser output repetition rate
(20 MHz). The repetition rate was reduced using an electro-
optical light modulator 350-160 (ConOptics), which was in-
serted into the beam path right at the output of the Tsunami
laser (note that the modulator has been used only for lifetimes
measurements). Fluorescence decay kinetics were measured
using a 20-ns delay window with 4096 channels (4.9 ps per
channel resolution). A typical instrument response function
using the MCS-PMT detector had a full-width at half maxi-
mum of about 35 ps. 6MI fluorescence autocorrelation mea-
surements were performed using a digital correlator card
Flex2K-12 X 2 (Correlator.com). In the case of 2AP, the fluo-
rescence time traces were measured using the FIFO (first in,
first out) mode of the SPC-830 card, and then the autocorre-
lation curves were calculated digitally.

Journal of Biomedical Optics

044004-3

2.1 Determination of Two-Photon Cross-Section
for 6M|

The two-photon cross-section of 6MI was determined in com-
parison to a reference sample (7-amino-4-methylcoumarin)
based on the equation

BrON)erlI(1))(P(N))g
Bs(Nes{I(1)(P(N)§

where Sg(\) and 8g(\) are the two-photon cross-sections of
the reference and sample compounds, ¢g(\) and ¢g(N) are
the wavelength-dependent fluorescence quantum yields of the
reference and sample, cz and cg are the concentrations of the
reference and sample, (/(¢))g and (I(f))g are the integrated
fluorescence intensities of the reference and sample, and
(P()x))fe and <P()\)>§ are the integrated average laser powers
for the reference and sample.24 Absolute two-photon
absorption cross-sections are measured in cm*-s-photons™!
or  Goeppert-Mayer  (GM)  units (1 GM=10"
cm*-s-photons™). From Eq. (1), it follows that the two-
photon absorption cross-section of the sample can be easily
determined if the sample and reference materials are investi-
gated at the same concentration and using the same excitation
conditions.

8s(\) = 6x(\) (1)

2.2 Calibration of Two-Photon Excitation Volume

To analyze the two-photon excitation FCS results for 6MI, the
excitation volume was calibrated using 24-nm-diameter blue-
fluorescent beads. The diffusion coefficient D for the spheri-
cal particles can be calculated based on the Stokes—Einstein
formula:

kT
D=—— (2)
67T7YR

where k is the Boltzmann’s constant, 7 is the temperature, 7
is the viscosity of the solvent, and R is the Stokes (hydrody-
namic) radius of the particle. Using Eq. (2), the diffusion co-
efficient of the 24-nm-diameter beads dissolved in water at

room temperature is 1.6 X 107 cm?/s.
Assuming a Gaussian profile for the excitation volume,
fluorescence autocorrelation curves can be described using the

equation
1 -1 w2\ 12
G(r)=1+ﬁ<1+l> <1+l—20) (3)

D p 2o

where N is the number of molecules in the excitation volume,

7p is the characteristic diffusion time through the probe vol-

ume, and w, and z, are the radial and axial dimensions of the

excitation volume, respectively. In the case of two-photon ex-

citation, the characteristic diffusion time is defined a2
@

8D )

)
Fluorescence autocorrelation of the fluorescent beads mea-
sured using two-photon excitation can be fitted to obtain ex-

citation volume parameters using the equation
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Fig. 1 Fluorescence intensity dependence on excitation power mea-
sured for two-photon excitation of 6MI (squares) and three-photon
excitation of 2AP (triangles). The lines represent linear fits of the data.
The slope of the 6MI data is 1.98+0.03, and the slope of the 2AP data
is 3.0+0.1. 6MI was excited at 700 nm, 2AP at 900 nm.

-1 -112
G(r)=1+]%]<1+8£27> (1+8£2T) (5)

wg 20

where N is the average number of the beads in the probe
volume, D is the diffusion coefficient, w, is the excitation
volume diameter, and z is the excitation volume axial dimen-
sion. Using the calculated diffusion coefficient, the excitation
volume diameter w, was estimated to be 350 nm, and z, was
estimated to be about 2 wm, corresponding to an excitation
volume of approximately 0.7 femtoliters.

3  Results

Fluorescence of 2AP and 6MI was readily detectable upon
excitation of the samples with the fundamental output of the
Ti-sapphire laser using an average power of several milliwatts
for 6MI and about 10 mW for 2AP. The dependence of the
fluorescence intensity on the average excitation power was
measured to verify that 6MI and 2AP fluorescence was gen-
erated by two-and three-photon excitation, respectively (see
Fig. 1). Excitation of 6MI with 700 nm laser pulses leads to a
quadratic dependence of the fluorescence intensity on the ex-
citation power (the slope of the log(Fluorescence Intensity)
versus log(Excitation Power) dependence is 2, see Fig. 1).
Three-photon excitation of the 2AP, on the other hand, re-
quires more intense, longer wavelength pulses; 2AP fluores-
cence intensity depends on the cube of the excitation power
(the slope of the line is 3; see Fig. 1).

Two-and three-photon excitation spectra of 6MI and 2AP,
respectively, were measured and the multiphoton excitation
spectra were compared with the single-photon 1-T spectra
(see Fig. 2). The spectra in both cases were obtained by
changing the fundamental wavelength of the Ti-sapphire laser,
while keeping the excitation power and pulse duration (as
much as possible) constant. The two-photon excitation
spectrum of O6MI was measured in the range of
700 nm to 780 nm; in general, it matches the long-
wavelength edge of the regular absorption spectrum (Fig.
2(a)). Due to limitations of the Ti:sapphire laser tuning range
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Fig. 2 Comparison of 6MlI (a) and 2AP (b) 1-T spectra (solid lines,
top-right axis) with two- and three-photon fluorescence excitation
spectra (circles, bottom-left axis), respectively. Excitation spectra were
measured by changing the fundamental Ti-sapphire wavelength while
maintaining the constant excitation power.

(700—1000 nm using broadband optics set), it was impossible
to measure an excitation spectrum over the whole absorption
band. On the other hand, a more complete three-photon exci-
tation spectrum of 2AP was collected, and it is quite distinct
from the one-photon excitation spectrum. Its maximum is sig-
nificantly blue-shifted (880 nm versus 3 X 305=915 nm) and
the width is significantly narrower compared to the one-
photon excitation spectrum (see Fig. 2(b)).

The absolute two-photon absorption cross section for 6MI
was estimated in comparison with the published two-photon
absorption cross-section of 7-amino-4-methylcoumarin (cou-
marin 120). Previously, the two-photon absorption cross-
section for coumarin was estimated to be 19.3 GM units
(19.3 % 107 ¢cm*s) at 754.5 nm in ethanol solution,”® while
it becomes about 6 times smaller in the aqueous solution."?
The spectral properties of coumarin 120 dissolved in water
are nearly identical to 6MI: its absorption maximum is at
343 nm and its fluorescence maximum is near 430 nm, and
their fluorescence quantum yields are nearly the same. Thus,
under the same excitation and emission detection conditions,
the relative excitation cross-section for 6MI can be obtained
directly from the average fluorescence intensities. We have
measured two-photon induced fluorescence intensities of
107 M solutions of 6MI and coumarin in water. The fluores-
cence intensity of 6MI is 4 times smaller than that of cou-

July/August 2006 < Vol. 11(4)



Katilius and Woodbury: Multiphoton excitation of fluorescent DNA base analogs

10 100
T
L
T

ROlriGo)
. el
10 100

Fig. 3 Fluorescence autocorrelation curves for 6Ml (a) and 2AP (b).
Circles show the experimental data, the solid lines are fits of the data
using Eq. (1). The results of the fits are summarized in Table 1. Top
panels in each figure show the residuals.

marin (results not shown). Therefore, taking into account the
fact that the fluorescence quantum yield is about the same for
6MI and coumarin in water, we estimate that 6MI has a two-
photon absorption cross-section of about 0.8 GM units at
750 nm and about 2.5 GM units at 700 nm.

The fluorescence decay kinetics of 6MI and 2AP were
measured to probe for changes in the excited state lifetime
due to the excitation with two- or three-photons, respectively
(results not shown). For 6MI, the measured lifetime using
two-photon excitation was 6.5 ns, while for 2AP the deter-
mined lifetime was 11.2 ns using three-photon excitation. In
both cases, the lifetimes matched the lifetimes obtained from
single-photon excitation measurements,' '’ suggesting that
after multiphoton excitation, these molecules fluoresce from
their lowest excited singlet states.

3.1 Fluorescence Correlation Measurements

Multiphoton excitation fluorescence correlation measurements
were performed to evaluate the applicability of this technique
for studying base analog fluorescence dynamics and to com-
pare with published results obtained using one-photon excita-
tion in UV. The autocorrelation curves showing the fluores-
cence intensity dynamics due to diffusion of 2AP and 6MI are
shown in Fig. 3. 6MI (100 nM concentration) was excited
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Table 1 Fluorescence Autocorrelation Fitting Parameters for 6MI and

2AP.
Sample N D, MS wy/ 2o D, cm?/s
6MI 29=x1 261 — 5.9%x10°°
6MI labeled 54+1 64+1 — 2.4x10°¢

oligonucleotide

2AP 12+2 10+3 0.9 —

with two-photons at 730 nm, and 2AP (1 uM concentration)
was excited with three photons at 870 nm. Curves were fitted
using Eq. (2), residuals of the fits are shown in the top panels.
All the parameters were allowed to vary freely during the fit
of the autocorrelation curves, except the wy/z ratio in the
case of 6MI, which is known from calibration measurements
(described in methods). The results of the fits are presented in
Table 1. Using the determined diffusion time constant and
excitation volume diameter w,, the diffusion coefficient for
6MI was also calculated using Eq. (3).

To evaluate the feasibility of using 6MI as a fluorophore
for studying DNA base dynamics, two-photon excitation FCS
measurements were performed on a 20 base-long single-
stranded DNA oligonucleotide containing 6MI at the 5’ end
(see Fig. 4). The results obtained from the fitting of the DNA
oligomer fluorescence autocorrelation trace are presented in
Table 1. The increase in the diffusion time and decrease in the
calculated diffusion coefficient support the fact that 6MI is
attached to a 20-base DNA oligonucleotide. As mentioned
above, incorporation of 6MI into single-or double-stranded
DNA results in significant quenching of its fluorescence."”
Incorporation of 6MI at the 5" end of DNA oligonucleotide
results in about 60% quenching of 6MI fluorescence (results
not shown). This obviously results in a lower signal-to-noise
ratio for the FCS measurements of the oligonucleotide com-
pared to 6MI in solution, but autocorrelation traces are still
possible to obtain. Attempts to measure 6MI fluorescence cor-
relation when 6MI was incorporated internally in single- or

0.004 T T T T T

¢ 0.000
@

T 0004t

T
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G(r)
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Fig. 4 Fluorescence autocorrelation curve of 6MI labeled single-
stranded oligonucleotide. Circles are the experimental data, the solid
line is the fit of the data using Eq. (1). Results of the fit are summarized
in Table 1. Top panel shows the residuals.
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double-stranded DNA were not successful due to the small
fluorescence quantum yield under these conditions (quenching
approaches 95% in this case). However, FCS results might be
obtained when 6MI is flipped out from the DNA helix due to
base-pair mismatch, base bulging, or the action of an enzyme
such as DNA polymerase.

4 Discussion

Fluorescence properties of two fluorescent DNA base analogs,
2-aminopurine and 6-methylisoxanthopterin, were investi-
gated using multiphoton excitation. One of the goals of this
study was to investigate the feasibility of using three-photon
excitation of 2AP as an alternative to UV excitation. We have
shown that three-photon excitation of 2AP can be achieved
using Ti-sapphire laser pulses of 840—920-nm wavelengths.
The shape of the measured three-photon excitation spectrum
of the 2AP is quite different from the absorbance spectrum in
the UV. The maximum of the measured three-photon excita-
tion spectrum is blue-shifted relative to three times the wave-
length of the one-photon absorbance spectrum, and the width
of the spectrum is significantly narrower. The reason for this
observation is unclear, as we cannot rule out the experimental
artifact due to temporal dispersion of the laser pulses. Since
three-photon excited fluorescence is inversely proportional to
the square of the laser pulse duration,”’ even a relatively small
increase in GDD of the microscope objective at longer wave-
lengths might translate into a significant decrease in fluores-
cence intensity (since the measurement was done at constant
average excitation power).

It was not possible with available equipment to measure
the fluorescence spectrum of 2AP using three-photon excita-
tion; however the majority of the previous studies using mul-
tiphoton excitation have shown that the fluorescence spectra
do not differ significantly from the single-photon excited fluo-
rescence spectra.””'' Taking into account that the measured
fluorescence lifetime using three-photon excitation matches
the lifetime measured using single-photon excitation, there is
no reason to expect that three-photon excited fluorescence oc-
curs from other than the lowest excited singlet state.

Fluorescence correlation measurements were attempted to
evaluate if three-photon excitation of 2AP can be used for
performing FCS measurements to study DNA base dynamics
or DNA-protein interactions. Previously, UV excitation was
used to measure 2AP fluorescence correlation.” It was con-
cluded that UV excitation of 2AP results in a high triplet
yield, limiting signal intensity. This required quite long mea-
surement times (20 min and longer) to obtain reasonable au-
tocorrelation traces.” In the case of three-photon excitation of
2AP, the fluorescence signal was detectable at about 1 uM
concentration and fluorescence autocorrelation could be ob-
tained under these conditions. The characteristic diffusion
time of 2AP obtained from the three-photon excitation FCS
measurement is very similar to the diffusion time determined
from one-photon (UV) excitation FCS measurements.” This
indicates that the actual excitation volume in the case of three-
photon excitation is similar in diameter to the excitation vol-
ume using UV excitation, i.e., smaller than the diameter of the
870-nm light focused to a diffraction-limited spot, as would
be expected for multiphoton excitation. It is interesting to note
that the ratio of the excitation volume axial and radial dimen-

Journal of Biomedical Optics

044004-6

sions is fitted to 0.9, indicating that in the case of three-photon
excitation the z-dimension of the excitation volume is much
more confined compared to two-photon excitation conditions.
This effect allows detection of fluorescence correlation even
at a relatively high concentration (1 uM) of 2AP. However,
to obtain acceptable signal-to-noise in the autocorrelation
curve, very long measurements were needed in the present
experimental configuration (the curve shown in Fig. 4(b) rep-
resents 20 min of data collection), limiting the applicability of
this approach. Also, to achieve three-photon excitation, quite
high excitation intensities were required with the present ex-
perimental system. More elaborate study using shorter femto-
second pulses with dispersion pre-compensation to avoid
problems with temporal pulse dispersion is required to more
completely evaluate feasibility of using three-photon excita-
tion of 2AP to study DNA dynamics. However, the very few
examples of three-photon excitation of molecules absorbing
in the UV that exist in the literature suggest that the effective
cross-sections of biologically relevant molecules are quite
small (on the order of 107%* cm® s?), rendering three-photon
microscopy not very applicable.28 It can be expected that
more optimal 2AP fluorescence detection conditions can be
achieved using two-photon excitation. Two-photon excitation
of 2AP should be easily achieved using laser pulses at around
600-630 nm; however, this is outside the tuning range of
Ti-sapphire lasers.

6MI fluorescence properties are more attractive for DNA
dynamic studies when compared to 2AP. 6MI has a more
red-shifted absorbance spectrum (maximum at 350 nm in
DNA) and fluorescence spectrum (maximum at 430 nm)
compared to 2AP. At the same time, like 2AP, its fluorescence
is largely quenched in single-or double-stranded DNA, per-
mitting use of this molecule for DNA base flipping and other
studies. 6MI can also form regular Watson—Crick base pairing
with cytosine, not causing excessive structural perturbation to
the DNA as evidenced by essentially the same DNA melting
temperatures for 6MI substituted DNA molecules.”” In gen-
eral, the properties of 6MI discussed above as well as the
properties of other pteridine base analogs that have been in-
vestigated, such as 3MI or 6MAP, suggest that they could find
broad applicability in biochemical or biophysical studies.

As mentioned above, the base analog 6MAP has already
been characterized in terms of two-photon excitation as an
alternative for single-photon near-UV excitation. The two-
photon excitation cross-section of 6MAP was determined to
be about 3.4 G.M. units at 659 nm,13 which is comparable to
the cross-sections of other endogenous ﬂuorophores.lo’ll We
have determined that the two-photon excitation cross-section
of 6MI is about 2.5 G.M. units at 700 nm, which is similar to
the value for 6MAP." Because we used a standard Ti:sapphire
laser for excitation, we were not able to scan wavelengths
below 700 nm. In general, the shape of the two-photon exci-
tation spectrum of the 6MI matches that of the absorbance
spectrum in the UV over the region measured (Fig. 2(a)).
However, since we were unable to scan the whole band, it is
not clear from these measurements if the spectra coincide on
the blue side. The decrease of the excitation spectrum below
720 nm relative to the absorbance spectrum could be due to
an increase in the pulse duration of the Ti-sapphire laser,
which would lead to lower peak pulse energy. However, in
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general, the spectral shape of 6MI two-photon excitation
spectrum looks different from both 6MAP and 2AP, which
show a much narrower spectral bandwidth for multiphoton
excitation compared to their excitation spectra using
1-photon, UV excitation.

Results of two-photon excitation FCS measurements sug-
gest that 6MI is much more promising for FCS based dynam-
ics studies. The characteristic diffusion time of 6MI and its
diffusion coefficient are very similar to the parameters of 2AP
or another pteridine analog, 3ML"* While the FCS measure-
ments of 2AP using UV excitation were far from optimal
because of low signal-to-noise and fast molecule
photobleaching,” a study of 3MI indicated that this nucleotide
analog can be quite effectively used for FCS studies and per-
haps even for single-molecule fluorescence detection. How-
ever, the main shortcoming of using UV (350 nm) excitation
for 3MI FCS studies was the rapid photobleaching of these
molecules. We have not performed a detailed study of FCS
signal dependence on excitation power to determine the rates
of photobleaching or triplet state formation using two-photon
excitation, although our results show that we do not observe
any significant photobleaching effect in the autocorrelation
traces using excitation powers up to 40 mW (about
40 MW/cm?) (data not shown). However, the maximum pho-
ton count rate, as calculated per molecule, is at least 10 times
lower than the results obtained using 3MI excitation at
350 nm. This low photon count rate does not permit detection
of single 6MI molecules using two-photon excitation in con-
trast to the results obtained for coumarin-120 molecules."
Nevertheless, a low-photon count rate does not prohibit mea-
surement of fluorescence autocorrelation traces when 6MI is
used as a label on the DNA molecule, even though under
these conditions 6MI’s fluorescence quantum yield is about
60% less than the quantum yield of free molecule in the so-
Iution. These results suggest that 6MI could be used for
studying millisecond and microsecond dynamics of DNA
bases by using two-photon excitation fluorescence correlation
spectroscopy.
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