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[57] ABSTRACT

Disclosed are methods for accurately determining the total
emission intensity of a single fluorochrome, under imaging
conditions, using a digital imaging fluorescence microscopy
system. Also disclosed are methods for detecting and local-
izing probe-target molecule binding. The detection method
has sufficient resolution and sensitivity to locate and detect
a single target-bound probe.

27 Claims, 3 Drawing Sheets
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SINGLE MOLECULE DETECTION BY IN
SITU HYBRIDIZATION

STATEMENT AS TO FEDERALLY SPONSORED
RESEARCH

Work on this invention was supported, in part, with funds
from the United States Government (NIH grant HD18066).
The government therefore has certain rights in the invention.

FIELD OF THE INVENTION

This invention relates to cell biology, microscopy, and
digital imaging.

BACKGROUND OF THE INVENTION

High resolution localization of single-copy nucleic acid
sequences by fluorescence in situ hybridization has been
described. See, e.g., Lawrence et al., Cell, 52: 51-61 (1988).
Such methodology, however, is based on the use of a
heterogenous population of relatively large probes, i.e.,
typically up to about 1,000 nucleotides. The probes, typi-
cally labeled by nick translation, carry undefined numbers of
fluorochromes. The probes typically are designed to hybrid-
ize end-to-end, along a sequence of several thousand nucle-
otides within or near the target gene. In addition, such probes
can hybridize to one another, forming large random aggre-
gations due to “networking” at the target gene.

Although such methodology can detect the presence of a
single copy of a nucleotide target sequence, the target
sequence must be several thousand nucleotides long.
Moreover, there is no stoichiometric relationship between
the target sequence and fluorescence intensity.

SUMMARY OF THE INVENTION

We have discovered a method for determining the total
fluorescence intensity (“TFI”) of a single fluorochrome,
under imaging conditions, in a digital imaging microscopy
system. Based on our discovery of a method for accurately
determining the total fluorescence intensity of a single
fluorochrome under imaging conditions, the invention fea-
tures a digital imaging fluorescence microscopy detection
method for detecting probe-target molecule binding. The
detection method is sufficiently sensitive to detect a single
bound probe molecule.

In general, the invention features a method for digital
imaging fluorescence microscopy detection of an individual
probe bound to a target molecule in a sample. The method
includes the steps of (a) obtaining a fluorochrome-labeled
probe wherein the number of fluorochromes per probe is
predetermined; (b) contacting the labeled probe with a target
molecule under conditions allowing the labeled probe to
bind to the target molecule; (c) removing unbound labeled
probes from labeled probes bound to target molecules; (d)
detecting, by digital imaging fluorescence microscopy, the
labeled probe bound to the target molecule, wherein the
digital imaging fluorescence microscopy includes digitally
recording a series of optical sections; (¢) determining the
total fluorescence intensity per fluorochrome under imaging
conditions; (f) determining the total fluorescence intensity
per probe from the total fluorescence intensity per fluoro-
chrome; (g) producing a prepared image from the series of
optical sections; (h) producing a restored image; (i) identi-
fying discrete objects in the restored image, the objects
corresponding to target molecules; (j) determining the pres-
ence of one or more probes in an object, thereby detecting
an individual probe bound to a target molecule in a sample.
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The restored image can be produced by subjecting a
prepared image to exhaustive photon reassignment. Further,
a threshold can be applied to the restored image. In this
method, the probe can be an oligonucleotide, e.g., from 20
to 200, and preferably from 40 to 100 nucleotides, linked to
a fluorochrome label, the target molecule can be a nucleic
acid, e.g., a DNA or RNA molecule, and the binding can be
in situ nucleic acid hybridization. The fluorochrome label is
preferably covalently attached to a functional group, e.g., a
primary amino group, on a modified base incorporated into
the oligonucleotide. The oligonucleotide can include a mul-
tiplicity of modified bases with attached fluorochromes, e.g.,
incorporated at intervals of seven to thirteen base positions
in the nucleotide sequence of the oligonucleotide.

In this method, the presence of one or more probes in an
object is determined based on the total fluorescence intensity
of the object and the total fluorescence intensity per probe.

The total fluorescence intensity per fluorochrome under
imaging conditions can be determined by a method includ-
ing the steps of (a) providing a microscope slide and
coverslip; (b) providing on the surface of the microscope
slide a first fluorescence point source; (¢) providing on the
surface of the coverslip a second fluorescence point source;
(d) preparing a standard solution containing a known con-
centration of fluorochrome-labeled probes; (¢) placing a
suitable volume of the standard solution between and in
contact with the microscope slide and the coverslip, the first
fluorescence point source and the second fluorescence point
source being within the field of view of the digital imaging
microscopy system; (f) determining a distance between the
first and second fluorescence point sources, thereby obtain-
ing a z axis distance between the microscope slide and the
coverslip; (g) determining an imaged volume by determin-
ing the product of an x axis distance, a y axis distance, and
the z axis distance; (h) determining the total amount of probe
fluorescence from the imaged volume; (i) calculating the
total number of probes in the imaged volume using (1) the
known concentration of probes in the standard solution, and
(2) the imaged volume; and (j) dividing the total amount of
probe fluorescence from the imaged volume by the number
of fluorochromes in the imaged volume to determine the
total fluorescence intensity of a single fluorochrome under
imaging conditions.

The threshold can be determined and applied by (a)
preparing a restored image of a negative control cell sub-
jected to a mock in situ hybridization protocol wherein no
probe is present; (b) obtaining a frequency distribution of
light in the negative control cell and calculating the mean
and standard deviation of the frequency distribution; (c)
selecting a total fluorescence intensity threshold value based
on the mean and standard deviation; (d) excluding all optical
data other than that originating from within the sample cell,
thereby producing a masked image; and (e) setting to a value
of zero all pixels whose total fluorescence intensity value is
below the total fluorescence intensity threshold value in the
masked image.

The invention further features a method for determining
the total fluorescence intensity of a single fluorochrome in a
digital imaging microscopy system, under imaging condi-
tions. This method includes the steps of (a) providing a
microscope slide and coverslip; (b) providing on the surface
of the microscope slide a first fluorescence point source; (c)
providing on the surface of the coverslip a second fluores-
cence point source; (d) preparing a standard solution con-
taining a known concentration of fluorochrome-labeled
probes; (e) placing a suitable volume of the standard solu-
tion between and in contact with the microscope slide and
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