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Colocalization of Fluorescent Probes: Accurate and Precise
Registration with Nanometer Resolution
L. Stirling Churchman and James A. Spudich

Colocalization of ﬂuorescent probes is commonly used in cell biology to discern the proximity of two
proteins in the cell. Considering that the resolution limit of optical microscopy is on the order of
250 nm, there has not been a need for high-resolution colocalization techniques. However, with the
advent of higher resolution techniques for cell biology and single-molecule biophysics, colocalization
must also improve. For diffraction-limited applications, a geometric transformation (i.e., translation,
scaling, and rotation) is typically applied to one color channel to align it with the other; however, to
achieve high-resolution colocalization, this is not sufﬁcient. Single-molecule high-resolution colocalization (SHREC) of single probes uses the local weighted mean transformation to achieve a colocalization resolution of at least 10 nm. This article describes the process of collecting a calibration data set of
ﬁducials and the appropriate analysis to determine the transformation for colocalization.

INTRODUCTION

How disparate parts of biological systems (e.g., single proteins and whole cells) relate to one another is
often inferred by their physical proximity, as observed by microscopy. The distances between proteins,
whether in vivo or in vitro, are used to determine whether they interact. As new technologies increase
the positional resolution of each individual protein (Gustafsson 1999, 2005; Betzig et al. 2006; Donnert
et al. 2006; Hess et al. 2006; Rust et al. 2006), their colocalization resolution will also need to improve.
In the ﬁeld of single-molecule biophysics, the study of enzymatic mechanisms can also beneﬁt from
precise colocalization of separate protein domains. Visualizing the structural dynamics of an individual enzyme sheds light on the conformational changes involved in its mechanics. Both cellular biology
and enzymatic biology have beneﬁted from the use of Förster resonance energy transfer (FRET), a
technique to detect proximity. However, FRET does not easily measure absolute distances or distances
greater than 10 nm. Accurate and precise colocalization of chromatically differing ﬂuorescent probes
is a technique that can be tremendously useful in the study of biological problems. It picks up approximately where FRET drops off and results in dynamic distance measurements of the absolute distance
between probes.
A variety of strategies, which differ in the resolution obtained and ease of implementation, have
been used for colocalization of ﬂuorescent probes in the 10–100 nm range (van Oijen et al. 1998;
Lacoste et al. 2000; Schmidt et al. 2000; Michalet et al. 2001; Koyama-Honda et al. 2005). This
article describes one such technique: single-molecule high-resolution colocalization (SHREC) of
single probes (Churchman et al. 2005). Of all the colocalization techniques, SHREC has the highest
reported colocalization resolution and is among the easiest to apply. This article describes the instrumentation needed and the analysis required to obtain a high-resolution mapping between imaging
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channels. A protocol for acquiring the registration data can be found in Single-Molecule High-Resolution Colocalization of Single Probes (Churchman and Spudich 2012).

THEORY

Typically, a sample is labeled differentially with probes of distinct emission frequencies. For dual-color
far-ﬁeld microscopy, an image produced in the sample plane is split into two images by wavelength
and recorded separately. The different channels will not map directly onto each other because of their
separate imaging paths. Aberrations arise because of the different lenses and mirrors used in the two
optical paths and because of chromatic effects. In theory, one channel’s image would simply need to be
transformed with respect to the other in a linear conformal manner including only a rotation, scaling,
and translation. However, the imperfect nature of the optical elements induces aberrations that must
be mapped in a local nonlinear manner if colocalization resolution in the nanometer range is desired.
In this article, we describe mapping that can correct for these aberrations using the local weighted
mean (LWM) method described by Goshtasby (1988). Although this may not be the only mapping
method that can produce such high-resolution results, an advantage to implementing the LWM
method is that it is simple to do so using the software program MATLAB (The MathWorks,
Natick, MA) and its image processing toolbox.
A mapping is best calculated from a large data set of control points that consists of pairs of positions that correspond to each other. In practice, this is done with what is called a ﬁducial marker: an
object that, when put in the sample plane, can be seen in each of the imaging channels. Fluorescent
beads are an excellent choice because they are bright and relatively photostable. Additionally, if the
ﬂuorescent bead is diffraction limited, then the image it produces in each imaging channel is the
point-spread function of the microscope, and the position of the bead can be found to high precision
by a ﬁt with a two-dimensional Gaussian function. By imaging the ﬁducial bead over the entire ﬁeld of
view, a group of control points can be determined and a mapping can be calculated. This mapping can
be applied to future data sets to perform transformations from one space to another. A position
measured in one imaging channel can be placed accurately in the context of the other imaging
channel.
An important point to note is that there is an error associated with the measurement of the control
points. A successful mapping can be performed only when the control point error is smaller than that
sought for a colocalization error. Many ﬂuorescent beads are bright enough to be localized with high
resolution. However, it is necessary to verify that such is the case in each channel.

INSTRUMENTATION

To observe single ﬂuorophores, it is helpful to illuminate the sample using a total internal reﬂection
ﬂuorescence microscope (TIRFM), as it eliminates most of the ﬂuorescent background (Axelrod et al.
1984). The following are two ways that TIRFM is implemented in single-molecule experiments:
(1) Using a quartz prism coupled to a quartz slide with the sample attached on the opposite side,
and then collecting the signal through a glass coverslip placed after an 100-µm layer of imaging
buffer and (2) using an objective with a numerical aperture (NA) >1.4, which bends the excitation
light to the critical angle. The objective also serves to collect the emitted light. Both TIRFM
methods are compatible with the SHREC technique, although the through-the-objective approach
of TIRFM was used in development. The microscope details provided here can be altered to suit individual purposes, but they are described here to give an idea of one way to build the instrument. It
should be noted that SHREC does not rely on TIRFM. For applications with probes brighter than
single ﬂuorophores, other illumination techniques can be used with the SHREC analysis.
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Excitation Path

The excitation illumination uses laser lines displaced from the excitation peak of the ﬂuorescent
probes so that the probes’ emission can be fully ﬁltered from the incident laser light. For a system
designed to excite and image the ﬂuorescent probes Cy3 and Cy5 (Fig. 1), an Nd:Yag laser
(Compass 215 M, 15 mW, 532 nm; Coherent Inc., Santa Clara, CA) is combined with a Helium
Neon laser (25 mW, 633 nm; JDS Uniphase, San Jose, CA) using a dichroic mirror (595 LP beam splitter; Chroma Technology Corp., Rockingham, VT). It is useful to be able to control the excitation
intensity of each laser separately, and thus an OD ﬁlter wheel in front of each laser is encouraged
or, alternatively, an OD ﬁlter wheel can be placed after the dichroic mirror along with a ﬁlter
wheel between the dichroic mirror and the brighter of the two lasers. A quarter wave plate (quartz
multiorder λ/4 plate; Newport Corporation, Irvine, CA) placed after the dichroic circularizes the
polarization of the excitation light to ensure that all orientations of the ﬂuorescent probes are
equally excited. To ﬁll the ﬁeld of view and to make the illumination intensity as uniform as possible,
two lenses make a telescope to increase the diameter of the combined beams from 2 to 10 mm. In the
setup shown in Figure 1, the telescope is made from L1 (f = 2.5 mm) and L2 (f = 95 mm) lenses. An
adjustable iris following the telescope cuts out regions of the beam that are not needed. A third lens
(L3; f = 500 mm) placed following the telescope focuses the beams onto the back aperture of the
objective (Olympus 1.65 NA 100× TIRFM). Because the light leaving the telescope is collimated,
the third lens should have a focal length equal to the distance of this lens to the objective’s back aperture. A mirror placed on a translation stage reﬂects the beam toward a dichroic mirror that reﬂects
both 532 and 633-nm light but not the Cy3 and Cy5 emitted light (beam splitter 532–632 nm;
Chroma Technology Corp.). The translation stage allows the incident beam to be targeted to the
center or to the edge of the objective. When it is sent through the center of the objective, the microscope is operating in an epiﬂuorescent manner and when it is sent through the side of the objective, it
is bent so that at the glass/water interface of the sample, it is totally internally reﬂected. Placed above
the TIRFM objective is a closed-loop, two-axis, piezo nano-translation stage equipped with capacitive

FIGURE 1. Schematic of the microscope used for SHREC. Light leaving the two lasers is combined by a dichroic mirror,
circularized by a λ/4 wave plate, attenuated by a neutral density (ND) filter and expanded by the telescope formed by
L1 and L2. L3 focuses the light onto the back aperture of the objective so that the light rays are parallel leaving the top of
the objective. All of the light is then totally internally reflected off the coverslip/water interface and a thin layer of the
sample is exposed to the resulting evanescent wave. The emitted light from the sample is collected by the same objective and transmitted into the emission path. Notch filters (NF1 and NF2) block any laser light reaching the emission
path. The emitted light is focused by L4 to an image plane where it is then separated by wavelength via a dichroic
mirror. Each path is positioned by a mirror and sent through a lens (L5, L6) before another identical dichroic mirror
combines them. The separated image from the emitted light is then sent to the EMCCD camera (see main text for
the technical specifications of the individual components).
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sensors for position measurement (Physik Instrumente, Auburn, MA). The piezo stage is used in our
implementation of the SHREC technique to ease the recording of ﬁducial data. However, it is not
necessary. In Single-Molecule High-Resolution Colocalization of Single Probes (Churchman and
Spudich 2012), we also describe methods for applying the SHREC technique without the use of a
piezo nanostage.
Emission Path

The probes’ emitted light is collected by the objective and transmitted through the dichroic mirror.
A mirror below the dichroic mirror sends the light through two notch ﬁlters (NF1 and NF2) (StopLine
U-grade [OD 6] 532/17 and 633/25 nm, respectively; Semrock Corp., Rochester, NY) to block any
transmitted laser light. A tube lens (L4 = 120 mm in Figs. 1 and 2) focuses the emitted light onto
two razor blades separated by about a 1-mm slit, thus blocking any light that is not to be imaged
by the camera. This ensures that light from the two channels does not mix on the camera’s CCD
chip. A dichroic mirror (625 LP beam splitter; Chroma Technology Corp.) separates the emission
from the two probes and sends them down different paths. Each path has a lens (L5 and L6, f = 50
mm) focusing the light onto the electron-multiplying charge-coupled device (EMCCD) camera
(iXon DV 887 EMCCD; Andor Technology, Belfast, Ireland), allowing the focus of each path to be
adjusted separately. An emission ﬁlter is placed following the lens in each path that transmits as
much of the probe’s emission peak as possible. In the case of Cy3 and Cy5, 585/70 and 690/40
ﬁlters were used, respectively. A second dichroic mirror (625 LP beam splitter; Chroma Technology
Corp.) combines the emission light from each path such that they are placed side by side when shone
onto the EMCCD camera. An EMCCD camera is very powerful for single-molecule imaging because
of its low readout noise and its high quantum efﬁciency.

FIGURE 2. Photo of emission path used for SHREC. The notch filters along with lens 4 (NF1/NF2/L4) are all mounted in
a single tube. The razor blades are each mounted on a very small translation stage, which is mounted just before the
first dichroic mirror. Lens 6 and the emission filter for Cy5 (L6, 690/80) are mounted in the same tube following the
transmission side of the dichroic mirror. Lens 5 (L5) is mounted on a translation stage, which can be adjusted
outside the box for the emission path. This allows separate focusing of each channel, which is occasionally necessary
because of drift. An emission filter for Cy3 (585/70) is mounted directly following L5. Regular optical mirrors redirect
each path to a second identical dichroic mirror, which combines the paths. A final mirror directs the split image onto
an EMCCD camera. The dichroic mirrors and the regular mirrors are mounted using magnetic mounts, allowing for
easy rearrangement of the optical path when imaging one color over a larger field of view or when using different dyes.
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An emission path equipped with the lenses displayed in Figures 1 and 2 results in a pixel size of
27.7 nm. Localization of diffraction-limited spots gives better resolution when the pixel size is
much larger than 27.7 nm (Thompson et al. 2002). In practice, the camera was run in a 4 × 4
binning mode so that the effective pixel size was 110.7 nm and the ﬁeld of view was 14 × 7 µm. A
different choice for lenses in the emission path could provide a smaller magniﬁcation. This would
render the binning mode unnecessary, and a larger ﬁeld of view could be imaged. However, when
using a larger area for imaging, more registration data and analysis are needed. We found it simplest
to register the smallest area possible. Regardless, because the mapping is local, the registration of a
larger area should result in a similar colocalization resolution.

OBTAINING FIDUCIAL DATA

A ﬁducial marker should be chosen so that it can be localized to high enough precision that its own
localization error can be disregarded. A good choice is a ﬂuorescent bead that emits brightly in each
color channel and does not photobleach substantially within the time it takes to acquire the registration data. A large bead will emit more brightly than a smaller one. However, if the bead is not diffraction limited, it will then be localized with greater error due to the slight asymmetry of ﬂuorescent
beads. A diffraction-limited bead will be better localized because a two-dimensional Gaussian function can be ﬁt well to its image. In the development of the SHREC technique for Cy3 and Cy5,
100-nm TransFluoSphere beads (543/620; Molecular Probes/Invitrogen) were used.
Fiducial data are taken by moving and imaging an individual bead stuck to a coverslip through the
ﬁeld of view in a grid pattern using a piezo nanostage. The smaller the spacing of the grid, the better the
resolution of the colocalization. However, the trade-off is a larger registration data set and more computer cycles needed to analyze them. In theory, the limit of the grid spacing depends on the localization resolution of the ﬁducials, the resolution of the piezo nanostage, and the photostability of the
ﬁducial marker. A grid spacing of 0.5 µm over a 14 × 7 µm ﬁeld of view yielded a colocalization resolution of 3.3 nm using 30 Mb of registration data and a few minutes of computer analysis done on a
standard laptop computer.
The ﬁducial distribution criterion for a high-resolution mapping is simply that there is even
sampling of the ﬁeld of view. The pattern in which the ﬁducial markers (beads) lie is irrelevant,
but making a grid pattern with a piezo nanostage is a simple way to ensure that the criterion is
met. However, a ﬁeld of nonoverlapping beads can be imaged and then moved with a traditional
microscope stage to adequately sample the entire ﬁeld of view. The piezo nanostage simply allows
for the automation of the collection of ﬁducial data and ensures that all parts of the ﬁeld of view
are represented. It is a costly addition, however, especially if it is not used for another application.

ANALYZING FIDUCIAL DATA

The ﬁducial data set consists of a stack of N images, each with an image of a ﬂuorescent bead in each
channel at a particular position on the stage (Fig. 3). To calculate the mapping from one channel to the
next, the position of the bead in each channel must ﬁrst be determined. If the ﬁducial data have been
taken without a piezo nanostage, there may be fewer than N images, with each image containing many
bead images. In this case, the position of every bead in both imaging channels will need to be determined. For diffraction-limited beads, this is done most accurately by a least-squares ﬁt with a twodimensional Gaussian function:


1
f (x,y) = z0 + A exp −
2
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FIGURE 3. Explanation of the data collected and analysis that determines
the transformation from one channel to the other. A bead that emits
broadly so that it can be seen in each imaging channel is moved in a gridlike manner through the field of view. (Top panels) Resulting grid. Each
bead is localized in both channels, which produces a pair of control
points, {(x1, y1), (x2, y2)} (center). All of the pairs of control points contribute to the calculation of an LWM transformation from one imaging
channel to the other (bottom).

In the shot-noise limited case, the error afﬁliated with this localization is:

sm =


s2x + s2y
√
Ng −1

where Nγ is the number of photons. This error is also the ﬁducial localization error. For more details
on this type of localization, see Cheezum et al. (2001), Thompson et al. (2002), and Yildiz et al. (2003).
Again, the ﬁducial localization error should be equal to, or less than, the desired ﬁnal registration
error.2
Once ﬁts have been performed for each image, a pair of locations is known for each of the N positions the bead had in the ﬁeld of view. These pairs of locations are called control points. The set of
control points can be used to calculate an LWM mapping that can be applied to any future data point.
First, for each control point, at least six (or more, if desired) of the control points closest to the selected
control point in channel 1 are chosen. Using these control points from channel 1 along with their
counterparts in channel 2, an afﬁliated second-order polynomial can be found by the least squares
method for each coordinate.
By measuring the distance from the selected control point to the furthest of the six surrounding
control points in channel 1, one can determine the radius of inﬂuence that this polynomial will have in
the ﬁnal transformation. Finally, all the polynomials are combined in a weighted sum to create the
ﬁnal transformation (Goshtasby 1988):
f (x,y) =
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where
Wi = 1 − 3R2 + 2R3
Wi (R) = 0

0≤R≤1
R.1

and
R=

[(x − xi )2 + (y − yi )2 ]1/2
R0

This is performed for each coordinate.
The “cp2tform” command of MATLAB does all of this at once and yields a transformation structure that can be used in other MATLAB functions to perform additional transformations.
There are two metrics to estimate the error associated with this transformation (Fitzpatrick et al.
2000). The easiest to calculate is the ﬁducial registration error (FRE). Using the found an LWM
mapping function, fLWM (x), one transforms the control points from channel 2, {xi,2}, onto channel
1’s space. FRE is then calculated as follows:


1
FRE =
N

1/2

N

[xi,1 −fLWM {x i,2 }]

2

i=1

A more accurate metric is the target registration error (TRE). This is found by sequentially leaving
out a pair of control points and calculating an LWM mapping with the remaining pairs of control
points. The mapping is then applied to the pair that was left out, and the distance between the registered control points is the error. This is done for each control point, and the TRE is calculated using
the following function:


1
TRE =
N

1/2

N

[xi,1 − fi,LWM {xi,2 }]2
i=1

Once the transformation has been determined, it can be applied to a variety of analyses. For
example, for single-molecule data, it can be applied to locations found from single diffractionlimited
probes in channel 2. These locations can then be appropriately compared to probes localized in
channel 1. In addition, when colocalizing images of objects larger then single probes (such as
cells), the investigator may wish to transform the entire image in channel 2 and overlap it with the
image in channel 1 to see colocalization by eye. We have not explored this image registration application of SHREC, but MATLAB makes this procedure straightforward with the function,
“imtransform.”
A major goal of data registration and calibration is to look at enzymatic conformational changes or
intra/intermolecular distances. In such studies, a distance is often measured after data have been registered. The noise due to the probes’ localization and the channel registration will make the distance
probability distribution asymmetric (i.e., non-Gaussian) as follows (Fig. 4):
 2

x
m + x2
xm
p(x) = 2 exp −
I0 2
2
s
s
2s
where I0 is the modiﬁed Bessel function of integer order zero, x is the distance measured, σ is the localization error of the points between which the distance was measured, and µ is the true distance
between the probes (Churchman et al. 2006).
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FIGURE 4. Asymmetric distribution for distance measurements in two dimensions. The distance measurement distributions for a 10-nm separation (dotted line) with four signal-to-noise ratios show how the skewness increases with
signal to noise. The signal-to-noise ratios µ/σ in (A–D) are 3.33, 2, 1.25, and 0.667, respectively. A Gaussian analysis
of these distributions would result in values that differ from the simulated value, µ, by 5% (A), 13% (B), 32% (C ), and
112% (D).

Fitting the above equation to a data set of measured distances yields an estimate for the true distance (µ), with higher accuracy than calculating the mean value of the data set. The true distance (µ),
deviates from the distribution’s maximum, kxl, as a function of measurement error, σ:
kxl = m(1 + s2 /[2m2 ])
For any amount of error, the distribution is asymmetric, and the mean value of the distribution
will be systematically biased toward larger numbers.

FUTURE DIRECTIONS

Improving the colocalization resolution using SHREC beyond what has already been shown is certainly possible. A signiﬁcant improvement would come from decreasing the localization error of
the ﬁducial markers by increasing the signal-to-noise ratio when imaging them. Scattering light off
a gold, silver, or plastic bead would provide many more photons than the photons resulting from a
ﬂuorescent bead without any photostability problems. Techniques for scattering and imaging light
off gold beads are described in Single-Molecule Gold-Nanoparticle Tracking (Dunn and Spudich
2011). Additionally, the technology involved in making CCD cameras will continue to decrease the
noise associated with taking the ﬁducial data. As the signal-to-noise ratio increases, it will be important to move beyond localizing by a least-squares ﬁt with a two-dimensional Gaussian function, as
eventually the two-dimensional Gaussian will no longer serve as the best approximation for the
point spread function. With higher resolution of ﬁducial locations, ﬁducial markers can sample
more points in the ﬁeld of view.
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