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Fig. 1. (A) A smco image
pair is synthe4lzed from a
stack ofsix cross sections (xy
sections) with an axial ( 2 )
incramnt of 3 pm. Blue

(380 nm 5 A 5 4 4 5 nm)
fluomcence e x a t d by twophoton (630 nm) absorption was detected to mord
thcsc images of a duster of
fluorescent beds with an
LSM but with its c o M
pinhole fully opened. The
latex beads are volumestained with the dye Caumarin 138 and have d#ir
meamred absorption and
emission maxima at 365 and
415 nm, mpectively. The
data comprise ten averages
for each section with no
background subartion or
image &cement.
The total time to acquire the data
was less than 2 min. (B) Thc
topmost four ofthe imagcs,
wy sections, used to synthesize the smco pair in (A).
Scak bar, 50 pm.

Lifetime of typically T ~ - ' = lo9 s-'. For
comparison, one-photon fluorescence saturation occurs at incident powers of about 3
mW (4).
To illustrate (Fig. 1) the depth disaimination achieved in these first expehents,
we generated a stereo image pair h m a
stack of images of a duster of fluorescent
latex beads 9 p m in diamaer, which are
normally excited by W light at A = 365 nm
(Fluoresbrite BB; Polysciences). The images
were recorded with a standard LSM (BioRad; MRC 500) with its continuous-wave
argon ion laser illuminator replaced by a 25mW CPM (A = 630 nm) (Clark Instruments, Pittsfbrd, New York). Throughput
mcasumnents (4) indicate that -3 mW
reached the object plane. An emission filter,
passing wavelengths from 380 to 445 nm,
was used, and the detector apermre was
opened to its limit to reduce the optical
sectioning &kt that would result from a
small confocal apemue.
The blue fluorescence power detected
hareas inside individual beads -10 pm
in d h e t e r increased with the square of the
excitation power, which we adjustcd by
changing neutral density filters in the excitation beam. Fluorescence power measurenKXIts over a two-decade range with background corrected only fbr scattering, mea74

sured in an area outside the bead, all fell
within -10% of a logarithmic best-fit
straight line, which has a slope of 2.06 2
0.09. This result dearly indicates two-photon excitation. We estimated the excitation
m4-s per
cross section to be 5 x
photon (within a factor of 3) by taking into
account the dye concentration in the beads,
the optical throughput of the LSM, T, f,
A, and po and using equation 4 of (10). This
value is comparable to previously measured

'

values for similar dyes (8, 11).
A scanned image of chromosomes in dividing cells (LLGPK-1; American Type
Culture Collection) stained by cellular DNA
labeling with a W excitable fluorescent
stain (Hoechst 33258) is shown in Fig. 2.
The image acquisition time, 13 s, was short
as compared to the bleaching time of &era1
minutes. No degradation was apparent in
the micromorphology of these live cells even
after illumination by the scanning laser fbr
several minutes.
Photobleaching during protracted scanning occurred only in a slice about 2 pm
thick around the focal plane, as is evident
hthe horizontal band of reduced brightness bleached out of a fluorescent bead (Fig.
3)thatwasscannedfor6minataoonsmnt
focal plane position. Similar localization of
bleaching was observed in the fluocescently
stained cell nuclei. This localition illustrates a distinct advantage of two-photon
excitation over single-photon excitation,
where the entice specimen is bleached even
when only a single plane is imaged. For onephoton excitation, bleaching in both scanning and broad-field microscopy (at least in
a regime of intensity-independent bleaching
cross section) (12) depends on the timeaveraged excitation intensity, which does
not vary along the axial or z direction. For
two-photon exdtation, on the other hand,
bleachii depends on the time-averaged
square of the intensity, which falls off
strongly above and below the h d plane (as
1/22 for large z).
The quadratic dependence of signal on
excitation intensity is responsible for another advantage of two-photon excitation: it
provides an optical sectioning effect, even
with a detector such as a charge-coupled
device (CCD) array which views the whole
field, without a pinhole as a spatial filter.
This sectioning effect (Fig. 3) is similar to

Fig. 2 A two-photonexcited fl-ce
imagc gcncrates an opncal section

thn%"
dwomosomcs of
live cukurcd pig kidney cells
(LLGPK-I), stained with a
viable DNA stain (Hoechst
33258) by incubation in a
solution (5 mgiliter) for 5
rnin at 37°C. Two cells am
seeninintcrphase,andonc
cell is seen in anaphasc. The
image was recorded with a
filly open detector pinhole
and comptiscs a 13-frame
average (total time, 13 s).
Scale bar, 10 pm.
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Fig. 3. Two-photon photobleachq in a latex
bcad is con6ned to the plane of focus. A d o n
perpendicular to the focal plane (xz d o n ) of a
6-pm Latex bead that was CO~M*
imaged for 6
rnin at full excitation power with a small image
field (26 pm by 17 pm) with the focus slightly
below the center of the bead. The dark zone just
below the center coincides with the locadon of
the focal plane. The oblong shape of the imagc of
a bead, which is in EdCt spherical, is due to
refractive distortion. The total dosc of red laser
light was -2 mJ/pm2.We estimated that at least
several thousand photons were emitted from cach
fluorophore before it bleached. Scale bar, 2 F.

that achieved with one-photon excitation in
conjunction with an optimal confocal pinhole. But two-photon excitation avoids the
serious problems associated with chromatic
aberration in the objective lens (4, 5) and
pinhole throughput losses (4) that plague
confocal LSM.
Two-photon photolysis can be used for
fast and localized release of biologically active chemicals (13) such as caged
H',
nudeotides, and neumamsmimrs (14). For
example, if caged neurotransmitters (15) ace
released by the scanning beam, the wholecell transmembrane current might be used as
the contrast-generating mechanism to map
the distribution of receptor activity for those
transmitters on the cell surface. We demonstrated the hibility of two-photon cage
photolysis by irradiating DMNPE (3-0-11(2-nitrophenyl)ether]ester} caged adenosine
triphosphate (ATP) (33 mM) [Molecular
Probes, Eugene, Oregon) with the CPM
focused to a beam waist diameter of -10
pm. Photolysiis yields of -10-I' mol of
ATP were measured with the use of a lucifecin bioluminescence assay (Calbiochem,
San Diego, California). Typically -10% of

the caged ATP in an aliquot volume of 10'
pm3 was photolyzed in the illumination
volume of -10' pm3 during -600 s. This
result implies potential cage release times
<1 s in the 10'-pm3 illumination volume
and presumably much faster photolysis with
stronger fomsiig in smaller volumes.
Because two-photon excitation provides
access by visible light to excitation energies
comsponding to s q l e W photon excitation, a whole new dass of fluorophoccs and
fluorescent indicators (16) such as Indo-1
fbr &+,
Mag-Indo-1 for Mg2+, SBFI fbr
Na+, and PBFI for K+ becomes accessible
to tfiree-dimensional resolved LSM. Although two-photon cross sections an not
yet known fbr many of these compounds
and different selection rules apply to twophoton absorption (17), molecular asyrnmcay often allows both one-photon and twophoton transitions into the same excited
state (3). Reports of two-photon excitation
aoss sections >lo-% m4-s per photon,
with excitation spectra sh&& however,
h m the one-photon spectra, suggest chromophores suited to two-photon LSM (18).
Visible fluorescence was observed h m 10
mM solutions of Indo-1, fim-1, Hoechst
33258, Hoechst 33342, dahsyl hydrazine
(Molecular Probes) (16), Stilbene 420 (Exciton Chemical Company, Dayton, Ohio),
and several coumacin dyes upon excitation
by a CMP weakly focused to a beam waist
25 pm in diameter, and two-photon excited
LSM fluorescence images of micmaysmls of
dansyl hydrazine and Coumacin 440 were
recorded
Three-dimensional optical memory devices relying on muhiphoton pmceses in

-

~~

e+,
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twointcrseaingbeamshwritingandrcading operations have recently been proposed
(19). Simplicity and maximal infbrmation
packing density may favor a scheme based
on the use of a single beam. Multiphoton
processes would then be localized to the
high-intensity region at the focus. In fact,
we have demonmated two-photon bleaching of microscopic patterns generated with
an LSM inside fluorescent beads (Fig. 4),
which constitutes a highdensity write-once
memory that is readable at least ld times
with present fluorophons.
Pr&ical realization of two-photon laser
scanning fluorescence microscopy for biological and other applications has been demo&ted.
TWO-vhotonexcited fluorescence
LSM provides ainhecent three-dimensional
resolution comparable to that of confocal
LSM. Use of a c o r k a t pinhole in conjunction with two-photon excitation further improves resolution along all three axes. Background that is linear in the excitation inten&y can be eliminated by scaled subtraction
of images recorded at diEecent input powers. The time required to record our images
(about 10 s fbr a laser ~ o w eof
r 3 mW at the
kcal plane) should b; easily reduced by a
factor of at least 10 and the image quality
greatly improved by the increase in the
optical throughput alone.
Photobleaching, and presumably photodynamic damage, are confined to the vicinity of the focal plane ( F i . 3 and 4) in the
two-photon case. This is apected to provide a considerable advantage over both
confocal LSM and a m detector imaging for
the aquisition of data for three-dimensional
reconstruction, because W photodamage
to ceh and fluoro~horeswill be confined to
'the volume fiom &ch information is a m ally collected. This principle also allows
sh&p localization of
photochemical processes, such as photolysis and photoactivation, within the focal volume.
The physiological advantage of two-photon photoexcitation fbr fluorescence studies
of living cells remains to be evaluated. We
can make only qualitative statements about
cell viability oi the basis of morphology
comparisons of our visual observations after
two-photon scanning excitation of the DNA
stain and afrn wide-field excitation with W
h m a conventional mercury arc illuminator. Although a few minutes of e~rposureto
the mercury arc produced severe morphological changes induding central rounding
with extensive retraction fibers, the cxposun
to the two-photon excitation at roughly the
same energy per cell produced no visible
morphological change. It has not been determined whether mitosis was inhibited.
Use of inbred lasers fbr two-photon excitation of duwnophores ordinarily excited

Fig. 4. A two-photon bleached pamm is shown
by an xy d o n through a f l u o r ~ ~ ~ ~stained
1 t l y 6pm latex bead (compare Fig. 3). To bleach a
srngle focal volume by -90%, irradiation for
about 1 s was rcquircd. The fbur overbleached
points were arposcd for approximately 13 s cach.
Scale bar, 2 pm.
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with visible light may avoid the usual photodynamic perturbation entirely and facilitate
protracted fluorescence observations of living cells.
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Association of Human Papillomavirus Types 16 and
18 E6 Proteins with p53
Human papillomavirus type 16 (HPV-16) is a DNA tumor virus that is associatedwith
human anogenital cancers and encodes two transforming proteins, E6 and E7. The E7
protein has been shown to bind to the retinoblastoma tumor suppressor gene product,
pRB. This study shows that the E6 protein of HPV-16 is capable of binding to the
cellular p53 protein. The ability of the E6 proteins from different human papillomaviruses to form complexes with p53 was assayed and found to correlate with the in vivo
clinical behavior and the in vitro transforming activity of these different papillomaviruses. The wild-type p53 protein has tumor suppressor properties and has also been
found in association with large T antigen and the ElB 55-kilodalton protein in cells
transformed by SV40 and by adenovirus type 5, respectively, providing further
evidence that the human papillomaviruses, the adenoviruses, and SV40 may effect
similar cellular pathways in transformation.
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(HPVs) that infect the anogenital
area can be se~aratedon the basis of
their clinical associations into two distinct
groups. The first group, including HPV-6
and HPV- 11, is generally associated with
benign anogenital warts that infrequently
progress to cancer and have been referred to
as "low-risk" viruses. The "high-risk" group,
including HPV-16 and HPV-18, is associated with-lesions that are at high risk for
malignant progression and with almost all
cervical carcinomas (1).The ability of cloned
viral genomes derived from the high-risk but
not the low-risk HPVs to transform cells in
culture suggests that these papillomavirus
u
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types have an etiologic role in these tumors
(2). In cervical carcinomas and in cell lines
derived from cervical carcinomas, the E6
and E7 open reading frames (ORFs) of the
high-risk HPVs are regularly found to be
intact and actively transcribed, implicating
the E6 and E7 genes in the malignant
phenotype (3, 4). Support for this role is
provided by genetic analyses that establish
the requirement for both E6 and E7 for the
efficient transformation of primary human
squamous epithelial cells by HPV-16 ( 5 ) .
DNA tumor viruses appear to exert some
of their proliferative and oncogenic effects
on the host cell through interactions with
cellular proteins. The HPV-16 E7 protein,
like SV40 large T antigen ( 6 ) and adenovirus E1A ( 7 ) ,is capable of binding pRB (8).
The E 7 proteins of both high-risk and lowrisk genital type HPVs have been shown to
bind to pRB (9). The E7 proteins of HPV-6
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and HPV-11 bind with 20-fold and 5-fold
lower afiities, respectively, than the E7
proteins of HPV-16 and HPV-18. Thus,
the ability of E 7 to bind pRB per se does not
alone allow for the qualitative discrimination between the diffirent biologic properties of these viruses. The oncogenic potential of the E6 protein encoded by the highrisk HPVs has been revealed in transformation studies with primary human cells (5,
10). Like the E7 protein, which is 98 amino
acids in size, the E6 protein is small (158
amino acids), and it is likely that its transforming properties may also result from the
ability to form complexes with and potentially modulate the activity of critical cellular
proteins that regulate cellular growth and
differentiation. Since the large T antigen of
SV40 (11, 12) and the E1B 55-kD protein
of adenovirus 5 (13) can form a complex
with the p53 protein, we explored the possibility that HPV-16 E6 also encodes a p53
binding protein. Although formerly classified as a dominantly acting oncogene (1416) wild-type p53 has been shown to have
tumor suppressor properties (17-22).
The possibility that HPV-16 E6 or E 7
bound -to or interacted with ~ 5 was
3 assessed by an in vitro binding assay similar to
that used to show E7 complex formation
with pRB (8). For these experiments, labeled HPV-16 E6 and E7 proteins synthesized in rabbit reticulocyte lysates were
mixed with lysates of unlabeled mouse F9
cells. The F9 cells contain wild-type p53
protein that, unlike mutant p53 protein,
binds efficiently to SV40 large T antigen
(19, 23). The mixture was incubated with
antibodies directed against p53, and the
immunoprecipitate was analyzed for the
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