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The ultrastructural localization of various anti-
gens in a cell using antibodies conjugated to gold
particles is a powerful instrument in biological re-
search. However, statistical or stereological tools
for testing the observed patterns for significant
clustering or colocalization are missing. The paper
presents a method for the quantitative analysis of
single or multiple immunogold labeling patterns us-
ing interpoint distances and tests the method using
experimental data. The clustering or colocalization
of gold particles was detected using various char-
acteristics of the distribution of distances between
them. Pair correlation and cross-correlation func-
tions were used for exploratory analysis; second
order reduced K (or cross-K) functions were used
for testing the statistical significance of observed
events. Confidence intervals of function values
were estimated by Monte Carlo simulations of the
Poisson process for independent particles, and re-
sults were visualized in histograms. Furthermore, a
suitability of K functions modified by censoring or
weighting was tested. The reliability of the method
was assessed by evaluating the labeling patterns of
nascent DNA and several nuclear proteins with
known functions in replication foci of HeLa cells.
The results demonstrate that the method is a pow-
erful tool in biological investigations for testing the
statistical significance of observed clustering or co-
localization patterns in immunogold labeling
experiments. © 2000 Academic Press
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INTRODUCTION

Immunogold labeling is a specific and sensitive
tool for detection of various antigens in biological
samples. Usually, the immunogold detection is per-
formed on ultrathin sections less than 100 nm thick.
When a given cell structure contains a marker pro-
tein, immunogold labeling can be used for delineat-
ing this structure by observing spatial variations in
labeling density. In a more complicated system, dou-
ble immunogold labeling using gold particles of two
sizes can be used for an assessment of spatial rela-
tionships, colocalization, or mutual inhibition (ex-
clusion) of two kinds of structures. Unfortunately,
appropriate statistical or stereological tools that
would allow a biologist to test the significance of the
observed patterns (clustering or colocalization, in
particular) are missing. The aim of this paper there-
fore was to develop a suitable method for quantita-
tive analysis of single or multiple immunogold label-
ing patterns using interpoint distances and to test
the method using experimental data.

Methods using the distribution of interpoint dis-
tances (Ripley, 1980) can be used for testing the
randomness of spatial patterns of one kind of label
and the deviations of the spatial distribution of
points from randomness: local increase (clustering)
or local decrease (inhibition) in density of the label
(e.g., in single immunogold labeling experiments).
These methods can also be used for testing the in-
dependence of two types of labels and their deviation
from independence: colocalization or mutual inhibi-
tion of the labels (e.g., in double immunogold label-
ing experiments). A clustering then causes a relative
increase, while inhibition causes a relative decrease
in the number of shorter interpoint distances when
compared with a totally random process. Similarly,
colocalization causes a relative increase, while inhi-
bition causes a relative decrease in the number of
shorter interpoint distances with respect to mutu-
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ally independent processes. In other words, a clus-
tering causes an increase in the density of labels of
one type in the vicinity of a typical label of the same
type. Colocalization of two types of labels causes an
increase of the density of labels of one type in the
vicinity of a typical label of the other type. In order
to analyze such spatial relationships of events, spa-
tial statistics uses functions characterizing the den-
sity of events (i.e., particles) as a function of the
distance from a typical event (Ripley, 1980; Stoyan
et al., 1995). For the analysis of clusters of particles
of the same type, the pair correlation function (PCF)
and the second reduced moment function (K func-
tion) were evaluated. In order to analyze the colo-
calization of particles, the pair cross-correlation
function (PCCF) and the second reduced moment (or
cross-K) function are used. In order to prove that the
observed deviations from total randomness are sig-
nificant, values of confidence intervals of the two
functions were calculated by a method based on the
Monte Carlo simulations.

Sometimes, depending on the type of immunogold
technique used, there is more than one gold particle
per labeled site, which may be erroneously detected
as the clustering of particles. On the other hand, in
some cases the size of immunoglobulin molecules
prevents simultaneous detection of extremely close
labeling sites that can result in short-range regular-
ity or inhibition of particles (Glasbey and Roberts,
1997). Such specific properties of immunogold label-
ing require modifications of methods using inter-
point distances. We modified them by an artificial
censoring of short distances at which the effects
mentioned above prevail.

As a biological model we have used DNA replica-
tion that takes place in cell nuclei in foci scattered
throughout the nucleoplasm (Nakamura et al., 1986;
Nakayasu and Berezney, 1989; Hozák et al., 1993).
mmunogold labeling patterns of nascent DNA and
f several nuclear proteins with known functions
ere investigated in replicating foci of synchronized
id-S-phase HeLa cells. The results proved that the
ethod described can generally be used as a power-

ul tool in biological investigations requiring statis-
ical analysis of immunogold clustering or colocal-
zation patterns.

MATERIALS AND METHODS

Cell Culture and Synchronization

A suspension of HeLa cells was grown in Eagle’s medium
(S-MEM) (Sigma, St. Louis, MO) supplemented with 5% fetal calf
serum (Sigma) at 37°C on rotamix. They were then synchronized
using thymidine block in S-phase (2.5 mM thymidine, 22 h; Jack-
son and Cook, 1986), followed by a nocodazole block in mitosis
using 20 ng/ml nocodazole (Sigma) for 8 h. Cells were then
washed carefully and regrown in fresh medium. Samples were
taken (about 5 3 106 cells per sample) 14 h after release from
itosis; this corresponds to mid-S-phase, as shown previously

Hozák et al., 1994).

NA Replication in Permeabilized Cells

Synchronized cells were spun down, washed twice in phos-
hate-buffered saline (PBS), permeabilized with saponin (0.1 mg/
l; Sigma) in “physiological” buffer (PB; Jackson et al., 1988) for
min at 0°C, and washed in two changes of PB. PB (pH 7.4)

ontains 22 mM Na1, 130 mM K1, 1 mM Mg21, ,0.3 mM free
Ca21, 67 mM Cl2, 65 mM CH3COO2, 11 mM phosphate, 1 mM
ATP, 1 mM dithiothreitol, and 0.1 mM phenylmethylsulphonyl
fluoride (PMSF). A prewarmed replication mix (103 concentrate)
was added to permeabilized cells to give final concentrations of
100 mM CTP, UTP, and GTP, 250 mM dCTP, dATP, and dGTP,
plus 100 mM biotin-16–dUTP (Boehringer Mannheim, Mann-
heim, Germany) and 2.15 mM MgCl2. After 15 min at 33°C the
reaction was stopped with 10 vol of ice-cold PB.

Antibodies

Monoclonal mouse antibodies to DNA polymerase a (SJK
287(1); Bensch et al., 1982) and to hnRNP C1/C2 (clone 4F4; Choi
and Dreyfuss, 1984) and polyclonal rabbit antibodies to nucleolar
phosphoprotein Nopp 140 (Meier and Blobel, 1992) were used.

Electron Microscopy and Evaluation of Images

Following DNA replication in permeabilized HeLa cells, the
cells were fixed for 30 min at 0°C in 3% paraformaldehyde and
0.1% glutaraldehyde in Sörensen buffer (0.1 M sodium/potassium
phosphate buffer, pH 7.3; SB), washed in two changes of SB (10
min each), and resuspended in 1% low-melting-point agarose
(Sigma) in SB at 37°C. Cells were then spun down and the pellet
was cut into small pieces. The pieces were dehydrated in a series
of ethanol solutions with increasing concentration of ethanol. The
ethanol was then replaced in two steps by LR White resin (Poly-
sciences Inc., Warrington, PA), and the resin was polymerized for
5 days at 220°C under UV light. After cutting 80-nm sections,
nonspecific labeling was blocked by preincubation with 10% nor-
mal goat serum (British BioCell Int., Ltd., Cardiff, UK), 1% BSA,
and 0.1% Tween 20 in PBS for 30 min at room temperature. For
double immunogold labeling experiments the sections were incu-
bated with primary antibodies against appropriate antigens
(2–10 mg/ml), washed three times in PBT (0.005% Tween 20 in
PBS), incubated with 5-nm-gold-conjugated goat antibodies to
mouse or rabbit IgG and with 10-nm-gold-conjugated goat anti-
bodies to biotin (British BioCell Int., Ltd.), washed again twice in
PBT, then twice in bidistilled water, and air-dried. Finally, sec-
tions were contrasted with a saturated solution of uranyl acetate
in water (4 min) and observed in a Philips CM100 electron mi-
croscope (Philips, Einthoven, Holland) equipped with a CCD cam-
era (Model 673, GATAN, U.S.A.). Control incubations without a
primary antibody proved that the signal was highly specific. For
further statistical analysis of colocalization patterns, about 50
random digital electron microscope images of nuclear sections per
each experimental group were taken. Each experimental group
corresponded to one experiment in which biotin-labeled nascent
DNA was colocalized with one of the proteins of interest. XY
coordinates of all gold particles were recorded using a macro
developed for LUCIA image-processing software (Laboratory
Imaging Ltd., Prague, Czech Republic).

Identification of Colocalization Patterns

In order to analyze the clustering of particles, the second re-
duced moment K function and the PCF were used (Stoyan et al.,
1995). The K function is the number of gold particles (or points) at
distances shorter than a given distance from a typical particle
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203STATISTICAL ANALYSIS OF COLOCALIZATION PATTERNS
divided by the average density of these particles (see Fig. 1). PCF
is a ratio of the density of gold particles at a given distance from
a typical particle to the average density of these particles. Thus it
is in principle possible to obtain PCF from the K function by
differentiation using the formula (Stoyan et al., 1995)

PCF~r! 5
1

2pr
dK~r!

dr . (1)

The clustering causes an increase in the density of particles in
the neighborhood of a typical particle and, therefore, an increase
of the values of both the PCF and the K function. In order to
analyze the colocalization, we used the cross-K function, i.e., the
number of gold particles of the first type at distances shorter than
a given distance from a typical particle of the second type divided
by the average density of the particles of the first type (see Fig. 1).
Similarly, we evaluated the PCCF as the ratio of the density of
particles of the first type at the given distance from a typical
particle of the second type to the average density of the particles
of the first type. For the PCCF and the cross-K function the same
relationship holds as that for the PCF and the K function (see
formula above). The pair (cross)correlation functions are useful
for exploratory analysis, while the K functions for statistical
testing (Stoyan et al., 1995). The exploratory analysis provides
one with information if the clustering or colocalization is present
and, if so, at what distances. This information can then be used in
more detailed confirmatory analysis, especially for setting the
appropriate ranges of distances that are to be tested. An inappro-
priately low range might cause an omission of significant cluster-

FIG. 1. A graphical representation of the evaluation of K and
ross-K functions. The K function allows one to evaluate the

clustering of the particles of one type. The K function is the ratio
of the number of gold particles (points) at distances shorter than
a given distance r (i.e., the points which are inside the circle with
the radius r) from a typical particle of the same type (large point
in the center of the circle) to the average density of these particles
(here—the total number of particles in the frame divided by the
area of this frame). In the case of the cross-K function, the large
point in the center of the circle is a typical particle of the second
type, while the remaining points are the particles of the first type.
The cross-K function allows one to evaluate the colocalization of
two types of particles, and it equals the number of gold particles
of the first type at distances shorter than a given distance from a
typical particle of the second type divided by the average density
of the particles of the first type.
ing/colocalization at distances longer than set. In contrast, too
high a range much larger than the typical size of clusters would
cause a low spatial resolution of the test.

The above functions were calculated from pooled data from all
images of nucleoplasm in each experimental group. Let N be the
number of images of size a 3 b. Let n1,i be the number of 10-nm
particles in the image number i; similarly, let n2,i be the number
of 5-nm particles in image number i; i 5 1 . . . N. Then density of
jth labeling lj ( j 5 1 or j 5 2 in the case of 10- or 5-nm gold

articles, respectively) can be estimated as

l
X

j 5
1

NA O
i51

N

nj,i, (2)

where A 5 ab is the area of one image. The functions were then
estimated by sampling distances d( x, y) between points x and y
which correspond to pairs of particles in each window (one win-
dow corresponds to one image). However, the sampling of long
distances is negatively biased, because the probability that one
particle from the pair is situated outside of the window (image)
increases with an increase of the distance between gold particles
(Fig. 2A). This negative bias, called boundary effect, may be
corrected using the geometric covariogram g of the window (Rip-
ey, 1988). In order to obtain this parameter, a rectangle with
ides a and b (which corresponds to an image) was shifted by

FIG. 2. Correction of the boundary effect using geometric
window covariogram. (A) The probability that one gold particle
from the pair is situated outside of the window (image) increases
with an increase of the distance r at which the colocalization/
clustering is evaluated. (B) This negative influence, called the
boundary effect, may be corrected using the geometric covario-
gram g of the window (see Eqs. 3 and 4 under Materials and
Methods; Ripley, 1988). To obtain this parameter, a rectangle
with sides a and b is shifted by distance r in all directions (a angle
ranges from 0 to 2p), and the areas of intersections between the
original rectangle and the shifted ones (gray-colored area) were
measured. The geometric window covariogram g(r) equals the
average area of the intersections; a and b equal the length of the
ides of the window.
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204 PHILIMONENKO, JANÁČEK, AND HOZÁK
distance r in all directions from 0 to 2p, and the area of intersec-
tions between the original rectangle and the shifted ones was
evaluated (see Fig. 2B). The average area of intersections which
corresponds to the geometric window covariogram g(r) can be
then calculated for r , min(a, b) accordingly:

g~r! 5 a z b 2
2
p

z ~a 1 b! z r 1
1
p

z r2. (3)

Let Xj,i be a set of labels of type j in ith image and let r0 . r9 $
0. Then the bottom-censored K function for points x and y will be
estimated similarly to the classical K function (in the case of r9 5
0, Ripley, 1980):

K
X

j~r9, r0! 5
1

N l
X

j
2
O
i51

N O
x,y[Xj,i

xÞy

1@r9 # d~ x, y! , r0#

g~d~ x, y!!
. (4)

A graphical representation of the bottom-censored K function
evaluation is given in Fig. 3. Also, the bottom-censored cross-K
function for 10-nm particles ( j 5 1) and 5-nm particles ( j 5 2)
will be estimated as

K
X

1,2~r9, r0! 5
1

N l
X

1l
X

2

O
i51

N O
x[X1,i
y[X2,i

1@r9 # d~ x, y! , r0#

g~d~ x, y!!
. (5)

Condition r9 # d( x, y) , r0 means that point y is lying inside the
sector created with circles of the radii r9 and r0 which have
centers in the point x (see Fig. 3). Thus the expression “1[condi-
tion]” is for indicator function; it has value 1 if the condition is
fulfilled and 0 otherwise. Similarly, we estimate Kj

21 and K1,2
21,

which are the integrals (from r9 to r0) of pair correlation and pair
cross-correlation functions (PCF and PCCF, Stoyan et al., 1995),
respectively, as

K
X

j
21~r9, r0! 5

1

2pN l
X

j
2
O
i51

N O
x,y[Xj,i

xÞy

1@r9 # d~ x, y! , r0#

d~ x, y! z g~d~ x, y!!
(6)

K
X

1,2
21~r9, r0! 5

1

2pN l
X

1l
X

2

O
i51

N O
x[X1,i
y[X2,i

1@r9 # d~ x, y! , r0#

d~ x, y! z g~d~ x, y!!
. (7)

Histograms of PCFs and of PCCFs with delimiting points r0, r1,
r2

. . . defined as 0, dr, 2dr . . . were constructed using esti-
ates of mean values of PCF and PCCF (which correspond to the
eights of histogram bars). These mean values were estimated on
he intervals (ri, ri11) and defined as

K
X

j
21~ri, ri11!/~ri11 2 ri! and K

X
1,2
21~ri, ri11!/~ri11 2 ri!, (8)

espectively. The width of histogram bars was calculated from the
umber of images and particle density for PCF histograms as

dr 5
0.1Î3

Î4 Nl2 (9)

j

and also for PCCF histograms as

dr 5
0.1Î3

Î4 2Nl1l2
. (10)

Monte Carlo estimates (Barnard, 1963) of two-sided 95% con-
dence intervals for histogram bar heights and one-sided 1 and
% tests for clustering or colocalization were carried out using
99 simulations of N realizations (N is equal to the number of

evaluated images) of the binomial process with number of simu-
lated points equal to the observed points numbers nj,i. The char-
acteristics of the tests (values of K(r, r9) functions which were
defined above) were calculated. For the estimation of histogram
confidence intervals the calculated 25th extreme value of the bar
height was used as critical value for two-sided 5% tests. Simi-
larly, calculated critical values were used for verifying the clus-
tering and/or colocalization of the particles: for the one-sided tests
the 50th value from the maximum was used at the 5% confidence
level, and the 10th value from the maximum at the 1% confidence
level.

RESULTS

Examples of electron micrographs of HeLa cells
nucleoplasm labeled with gold-conjugated antibod-
ies for DNA polymerase a, hnRNP C1/C2, Nopp 140,
and nascent DNA are presented in Figs. 4A–4C,
respectively. The results were more predictable for
DNA polymerase a (strong colocalization with nas-
cent DNA) and Nopp 140 (absence of colocalization
with nascent DNA), while for hnRNP C1/C2 they

FIG. 3. Illustration for the estimation of the bottom-censored
K and cross-K functions for particles of one or two types, respec-
ively (see also Eqs. 3–5 under Materials and Methods). Let x, y1,
nd y2 be the particles of the same type. In both cases d( x, y1)

and d( x, y2) (distances between points x and y1 and x and y2)
fulfil the condition r9 # d( x, y) , r0. Any point yn will be taken
nto account for the evaluation of the bottom-censored K function
nly if it is lying inside the sector, delimited by the circles of the
adii r9 and r0 with a common center in the point x. In the case of
he evaluation of the bottom-censored cross-K function, the point
will be a gold particle of one type, while points yn will be the gold

particles of the other type. Thus the colocalization/clustering at a
specified range of distances can be evaluated by comparing the
densities of particles yn inside the sector to the average density of
these particles.
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were not so obvious. In order to evaluate the mutual
localization of gold particles we calculated the total
number and XY coordinates of all gold particles in
ach image (for more details see Materials and
ethods). Densities of both types of labeling are

iven in Table I. The labeling density of 5-nm gold
articles was similar in DNA polymerase a and

Nopp 140 experimental groups, while for the hnRNP
C1/C2 it was higher. The density of 10-nm gold
particles was similar in all three groups. This was

FIG. 4. Electron micrographs of HeLa cells. (A) Double im
iotin-labeled nascent DNA (10-nm gold particles). Clusters of DN
lusters of labeled nascent DNA (arrowhead). (B) Double immun
10-nm gold particles). Colocalization of hnRNP C1/C2 and nasc
abeling of Nopp 140 (5-nm gold particles) and nascent DNA (10
ometimes close to labeled nascent DNA (arrowhead). Bars, 200
expected, as the same anti-biotin antibodies and
experimental conditions were used.

In order to evaluate clustering patterns of gold
particles of each type, we used the PCF. Clustering
is clearly visible in all types of samples (peaks of
histograms in Figs. 5A and 5B for DNA polymerase
a and nascent DNA, Figs. 6A and 6B for hnRNP
C1/C2 and nascent DNA, and Figs. 7A and 7B for
Nopp 140 and nascent DNA, respectively). The size
of clusters is larger in the case of DNA polymerase a

gold labeling of DNA polymerase a (5-nm gold particles) and
merase a are detectable separately (arrow) or intermingled with

abeling of hnRNP C1/C2 (5-nm gold particles) and nascent DNA
A is not obvious by visual inspection. (C) Double immunogold

ld particles). Nopp 140 is detected throughout the nucleoplasm,
muno
A poly

ogold l
ent DN
-nm go
nm.
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206 PHILIMONENKO, JANÁČEK, AND HOZÁK
than in the case of hnRNP C1/C2 and Nopp 140
(compare Fig. 5A and Figs. 6A and 7A). For the
evaluation of colocalization the PCCF was calcu-
lated. Colocalization with nascent DNA is highly
significant in case of DNA polymerase a (Figs. 5C
nd 4A, arrowhead) and absent in the case of Nopp
40 (Fig. 7C). Colocalization of hnRNP C1/C2 with
ascent DNA was detected (Fig. 6C); however, it was
ot so strong as that for DNA polymerase a and the
istances at which colocalization occurs were
horter than those for DNA polymerase a (compare
ith Fig. 5C). Some comment is necessary here: the
ethod allows detection of weak and not visually

bvious colocalizations. For example, when we com-
are the electron microscopic micrographs showing
he distribution of gold particles marking hnRNP
1/C2 and Nopp 140 relative to nascent DNA (see
igs. 4B and 4C), the observed patterns are very
imilar. Nevertheless, the K function clearly re-
ealed a colocalization.
The finite size of immunoglobulin molecules is

bout 8–10 nm in the most extended state. Thus in
ases when two antigens lie on the surface of a
ection closer than 20 nm one to another, the gold
articles bound to antibodies can repulse. This inhi-
ition at short distances (,20 nm) sometimes causes
n obvious decrease in PCF and PCCF values in the
nterval 0–20 nm (see, e.g., Figs. 5C, 6C, and 7C).

Colocalization of two types of labels was also
ested for different intervals of distances between
old particles using the K and K21 functions de-

scribed above. The intervals of distances between
particles were 0–30, 30–100, 100–250, 0–100, and
30–250 nm. The method using the integral of cross-
correlation function (K21, Table II) gave the same
results (at 5 and 1% significance levels) for distances
longer than 30 nm as the method using the bottom-
censored cross-K function (Table III). This approach
allows one to evaluate precisely the intervals of dis-
tances at which the colocalization/clustering occurs

TABLE I
Numerical Densities of 10-nm and 5-nm Gold Particles

Antigen l1 l2

DNA polymerase a 15.1 32.5
hnRNP C1/C2 13.6 139.4
Nopp 140 18.7 38.0

Note. Double immunogold labeling was performed on ultrathin
sections of cells in three independent experiments. The 10-nm
gold particles conjugated to anti-biotin antibodies were used to
detect nascent DNA (biotin) in all three experiments. Simulta-
neously, 5-nm gold particles were used for the detection of anti-
bodies recognizing DNA polymerase a, hnRNP C1/C2, or Nopp
40 in each experiment, respectively. Numerical densities (num-
er of particles/mm2) of 10-nm (l1) and 5-nm (l2) gold particles

were then estimated.
and then to make a conclusion about the size of
clusters or underlying structures. For example, in
our case the distances at which colocalization of the
nascent DNA with DNA polymerase a occurs are
larger than those of hnRNP C1/C2 (compare Figs.
5C and 6C). The accuracy of the determination of the
size of structures/clusters depends on the length of
each interval. However, a limitation exists: in ex-
tremely short intervals the number of gold particles
inside of a particular interval will be insufficient for
statistical analysis. Optimization of the intervals is
therefore suggested.

DISCUSSION

We have developed an apparently powerful
method for ultrastructural studies that allows one to
FIG. 5. Clustering and colocalization patterns of DNA poly-
merase a and nascent DNA. (A) Clustering of DNA polymerase a
(5-nm gold particles) is clearly visible in the interval of distances
between particles of 20–150 nm (note that the PCF in this inter-
val is significantly higher than 1). (B) Clustering of nascent DNA
(10-nm gold particles) occurs in the interval of 20–150 nm. (C)
Colocalization of DNA polymerase a and nascent DNA. The 5%
onfidence intervals were obtained by Monte Carlo simulations of
ndependent random processes. Both antigens strongly colocalize
n the interval of 20–175 nm; the PCCF function reaches values
ell above 1.
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207STATISTICAL ANALYSIS OF COLOCALIZATION PATTERNS
evaluate the colocalization and clustering of differ-
ent antigens in biological samples. The method al-
lows us to confirm or disregard a hypothesis on
colocalization/clustering of antigens using rigorous
statistical means.

Immunogold labeling, which is widely used for the
detection of antigens in ultrastructural studies, is
an example of the dense packing of points (gold
particles). For this process, a decrease in the number
of short interpoint distances (,20 nm) and a small
ncrease in the number of distances about 30 nm
so-called short-range effects) are typical. This de-
rease in the number of short interpoint distances is
aused by the physical size of antibodies (7–10 nm)
o which the particles are attached. In opposition, a
mall increase in the number of distances around
0–30 nm can be caused by the accumulation of

FIG. 6. Colocalization and clustering patterns of hnRNP
C1/C2 and nascent DNA. (A) Clustering of hnRNP C1/C2 (5-nm
gold particles) is clearly visible in the interval of distances be-
tween particles of 20–75 nm (note that the PCF in this interval is
significantly higher than 1). (B) Clustering of nascent DNA
(10-nm gold particles) occurs in the interval of 20–50 nm. (C)
Colocalization of hnRNP C1/C2 and nascent DNA. The 5% confi-
dence intervals were obtained by Monte Carlo simulations of
independent random processes. Both antigens colocalize in the
interval of 20–75 nm.
articles, which were “pushed” by the molecules of
ntibodies outward (Glasbey and Roberts, 1997).
hese short-range effects may complicate the statis-
ical analysis of distances between gold particles. To
vercome these problems, statistical analysis of in-
erpoint distances was performed using a few mod-
fications of classical second-order reduced K func-
ion (Ripley, 1980). Previously described K(r)
unction (number of particles within a distance r
rom a typical particle divided by the average den-
ity of the particles; Ripley, 1980) was calculated
rom distances shorter than the specified distance r.

e have developed a bottom-censored K function
(r1, r2) calculated only from distances in the in-

erval (r1, r2), which enables us to exclude the
short-range effects caused by dense packing of anti-

FIG. 7. Colocalization and clustering patterns of Nopp 140
and nascent DNA. (A) Clustering of Nopp 140 (5-nm gold parti-
cles) occurs in the interval of distances between particles of
20–50 nm (note that the PCF in this interval is significantly
higher than 1). (B) Clustering of nascent DNA (10-nm gold par-
ticles) occurs in the interval of 20–50 nm. (C) Colocalization of
Nopp 140 and nascent DNA. The 5% confidence intervals were
obtained by Monte Carlo simulations of independent random
processes. Antigens do not colocalize: the PCCF has no peak in
any interval and is fluctuating around 1.
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bodies and to test for clustering or colocalization in
the range of distances specified by the investigator.
This can be achieved by setting r1 and r2 (r1 , r2) to
ny number within the range that is of interest in
he particular experiment (in our case, 30–200 nm—
he range of typical sizes of replication foci in cell
uclei; see Tables II and III). These results demon-
trate again the strongest feature of the method: it
llows us to evaluate the precise intervals at which
he colocalization/clustering occurs and thus to form
conclusion about the size of clusters in relation to
nderlying structures.
We also calculated PCF and PCCF that can be

erived from the K function (see Materials and
ethods). They are equal to the ratios of the densi-

ies of gold particles at a given distance from a
ypical particle to the average densities of these
articles. The PCF describes the clustering of single
ype particles, while the PCCF describes the colocal-
zation of particles of two types.

Another modification of the standard Ripley’s K

TA
Experimental Values of the Integral of the Pair Cross-C

between 5- and 10-nm Gold Particles Are Compared w

Antigens

0–30 30–100

K21 5% 1% K21 5% 1%

DNA polymerase a
and nascent
DNA 0.110** 0.049 0.056 0.333** 0.095 0.097

hnRNP C1/C2 and
nascent DNA 0.038 0.040 0.047 0.100** 0.081 0.082

Nopp 140 and
nascent DNA 0.013 0.039 0.048 0.073 0.077 0.078

Note. The K21 function was calculated in three independent dou
and one of the antibodies raised against DNA polymerase a, hnR

TA
Experimental Values of the Bottom-Censored K Functio

Gold Particles Are Compared with K Fun

Antigens

0–30 30–100

K 5% 1% K 5% 1%

DNA polymerase a
and nascent
DNA 0.013** 0.004 0.004 0.132** 0.039 0.04

hnRNP C1/C2 and
nascent DNA 0.005** 0.004 0.004 0.039** 0.033 0.03

Nopp 140 and
nascent DNA 0.002 0.003 0.004 0.030 0.031 0.03

Note. The K function was calculated in three independent dou
unctions was the transformation to K21 functions,
which are the integrals of PCF and PCCF. K21

functions are calculated similarly to K functions, but
weighting the sampled distances by the 21st power
of these distances. The value of K21(r1, r2) has an
easy interpretation: we can detect deviations from
randomness by comparing it directly to the differ-
ence of the diameters r2 and r1 (r2 2 r1) because the
mean value of K21(r1, r2) for completely random
point pattern is equal to r2 2 r1. It is also used for
graphical representation of the (cross)correlation
functions. The integral of PCF or PCCF from r1 to r2
represents an area of the histogram bar for each
interval of distances r2 2 r1. This area can be easily
calculated as the height of histogram bars repre-
senting the value of PCF or PCCF in the interval (r1,
r2), while the width of the bars equals r2 2 r1. In
the case of single or multiple immunogold labeling,
we recommend the use of the histogram representa-
tion as it demonstrates the characteristics of clus-
tering and/or colocalization (characteristic distance

II
tion Function (K21) for Different Intervals of Distances
21 Function Critical Values (*P , 0.05; **P , 0.01)

Interval (nm)

100–250 0–100 30–250

1 5% 1% K21 5% 1% K21 5% 1%

4** 0.200 0.203 0.443** 0.139 0.146 0.697** 0.293 0.295

9 0.170 0.171 0.138** 0.118 0.125 0.269** 0.248 0.251

8 0.161 0.162 0.086 0.112 0.121 0.230 0.235 0.238

eling experiments using antibodies against biotin (nascent DNA)
1/C2 or Nopp 140.

III
Different Intervals of Distances between 5- and 10-nm
Critical Values (*P , 0.05; **P , 0.01)

Interval (nm)

100–250 0–100 30–250

K 5% 1% K 5% 1% K 5% 1%

0** 0.219 0.223 0.145** 0.043 0.043 0.501** 0.257 0.260

5 0.187 0.189 0.044** 0.036 0.037 0.224** 0.218 0.221

2 0.177 0.178 0.031 0.034 0.035 0.202 0.207 0.209

eling experiments, as described in the Table II legend.
BLE
orrela
ith K

K2

0.36

0.16

0.15

ble lab
NP C
BLE
n for
ction

0 0.37

3 0.18

2 0.17

ble lab
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209STATISTICAL ANALYSIS OF COLOCALIZATION PATTERNS
and degree of clustering or colocalization) of gold
particles in a clear and comprehensive manner. The
confidence intervals of heights of the histogram bars
allow the investigator to judge whether the devia-
tions from randomness are statistically significant.

We also compared the ability of K(r1, r2) and
K21(r1, r2) functions to assess the significance of
differences between the observed and random dis-
tributions of gold particles. The numerical tests of
significance based on bottom-censored K(r1, r2) and
K21(r1, r2) functions gave nearly identical results;
the differences between the two functions were
present only for r1 5 0, where the K21(r1, r2)
function may have large variance. Therefore, in
agreement with Stoyan (1995), we recommend the
use of the K21 function, i.e., the integrals of (cross)
correlation functions, to construct histograms for
exploratory analysis, and K(r1, r2) functions for
testing the significance of colocalization/clustering.

The exclusion of the short-range effects by setting
r1 to 30 nm (the approximate distance up to which
interactions between antibodies carrying gold parti-
cles take place) had no effect on colocalization/clus-
tering significance testing by original Ripley’s
(cross) K(r) 5 K(0, r) function performed on data
presented in this article (compare corresponding col-
umns in Table III). However, in other cases (data not
shown) this influence was present and it was neces-
sary to exclude this 0- to 30-nm interval (as we
cannot be sure about the nature of interactions be-
tween antibodies at this interval). On the other
hand, this interval can be reduced by using a single-
step immunogold labeling procedure when gold par-
ticles are conjugated directly with a primary anti-
body.

When random images of any area (in our case the
nucleoplasm) are used, it is necessary to pay atten-
tion to the boundary effect, as the sampling of long
distances is negatively biased due to the limited size
of the window. The correction for the boundary effect
applied to the calculations of both K and K21 func-
tions (which is described under Materials and Meth-
ods) is correct only for a random position of the
observation window. However, the error caused by
the violation of randomness is assumed to be negli-
gible for the distances of interest we have used, as
they are much shorter than the window size.

The K and K21 functions give us the opportunity
to evaluate the clustering of different antigens in
biological samples. In our case, these functions were
used in order to obtain new data about clustering
characteristics of different antigens in the volume of
the nucleus. For instance, the comparison of DNA
polymerase a clustering with the clustering pattern
of hnRNP C1/C2 or Nopp 140 demonstrated varia-
tions in the sizes of the clusters. The distances at
which clustering occurs are longer in the case of
DNA polymerase a than those of hnRNP C1/C2 and
Nopp 140. Apparently, this shows that the mole-
cules of DNA polymerase a occupy structures with
larger volumes in the space of the nucleus than the
other two antigens.

The method has very good reliability for the de-
tection of colocalization, as we have shown in our
testing system. For example, the results of experi-
ments obtained for DNA polymerase a and Nopp 140
fit very well to the expected patterns. DNA polymer-
ase a, the principal replicative DNA polymerase in
actively multiplying eucaryotic cells (Salas et al.,
1999), demonstrates a strong colocalization with
nascent DNA over the range of distances that corre-
sponds to the known size of replication foci (for a
review, see Hughes et al., 1995). In contrast, the
nucleolar protein Nopp 140 (Meier and Blobel,
1992), which is not expected to be involved in DNA
replication, did not colocalize with nascent DNA.

On the other side, the results of the statistical
evaluation of colocalization patterns proved that the
method presented is capable of providing new and
even unexpected information of biological signifi-
cance. Significant colocalization of hnRNP C1/C2,
which is known to be involved in mRNA processing
(for a review see, e.g., Dreyfuss et al., 1993), with

ascent DNA detected in our experiments serves as
n example. Although there are some hints in the
iterature on colocalization of transcription and rep-
ication processes in the cell nucleus (Hassan and
ook, 1994), the discussion of the possible involve-
ent of this hnRNP in the process of DNA replica-

ion is beyond the scope of this paper. Nevertheless,
uch colocalization of proteins with known functions
ith other (unexpected) processes or structures can
emonstrate certain higher levels of “colocalization”
f those processes in the 3-D organization of the cell
ucleus. However, some caution is necessary: a co-

ocalization of two structures does not have to mean
functional connection. It can be caused for example
y simultaneous exclusion from a part of the refer-
nce space, e.g., from chromosomal zones.
What should be the practical recommendations for

esearchers? First, the limit of the distance r should
be less than the shorter side of the window. Second,
the pair correlation and cross-correlation functions
should be used for exploratory analysis; in other
words, these functions presented in histograms in-
form the user if there is any clustering or colocaliza-
tion and at what distances. As a consequence, the
user can estimate the upper limit of r for the K and

21 functions (respectively, d in histograms). This
should prevent one from an omission of clustering or
colocalization at shorter distances. Third, the inter-
actions of gold particles, antibodies, and the antigen
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can vary at very short distances depending on anti-
body type, gold particle size, direct or indirect im-
munogold labeling, etc. The user should therefore
consider very carefully the interpretation of results
at distances shorter than 30 nm. Furthermore, the
method is not appropriate for the detection of clus-
tering or colocalization for distances shorter than
the maximal size of the immunogold, i.e., about 15
nm for 5-nm gold particles and 25 nm for 10-nm gold
particles. Fourth, the densities of gold labeling used
for testing the method in this article appear to be
entirely sufficient for the efficient detection of clus-
tering or colocalization patterns. Much lower densi-
ties can be also used; however, this needs to be
compensated by a higher number of evaluated win-
dows.

In conclusion, the experiments presented con-
firmed the ability of the novel approach to provide
new data of biological significance. The K21 function
gives an easy visual impression about the presence
of clustering/colocalization, while the K function
provides more detailed statistical evaluation of the
data. The method described can widen biological
applications of ultrastructural immunogold labeling
techniques especially in investigations dealing with
biological functions of different cell structures. A
computer program named “Gold” was written. The
program evaluates the described statistical features
and also produces graphical output in the form of
histograms identical to those presented in the paper.
It runs under Windows 95/98/NT/2000 and can be
obtained from the authors without charge upon re-
quest or downloaded directly from http://uemweb.
biomed.cas.cz/hozak/gold.htm.
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