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Whether the cell nucleus is organized by an underlying architecture analagous to the
cytoskeleton has been a highly contentious issue since the original isolation of a nuclease
and salt-resistant nuclear matrix. Despite electron microscopy studies that show that a
nuclear architecture can be visualized after fractionation, the necessity to elute chromatin
to visualize this structure has hindered general acceptance of a karyoskeleton. Using an
analytical electron microscopy method capable of quantitative elemental analysis, elec-
tron spectroscopic imaging, we show that the majority of the fine structure within
interchromatin regions of the cell nucleus in fixed whole cells is not nucleoprotein.
Rather, this fine structure is compositionally similar to known protein-based cellular
structures of the cytoplasm. This study is the first demonstration of a protein network in
unfractionated and uninfected cells and provides a method for the ultrastructural char-
acterization of the interaction of this protein architecture with chromatin and ribonucle-

oprotein elements of the cell nucleus.

INTRODUCTION

The presence of an organizing principal within the cell
nucleus that is analagous to the cytoskeleton has been
hotly contested over the years. Recently, it has become
practical to study directly the dynamics and motion of
chromatin and nonchromatin elements of the cell nu-
cleus. Consequently, in the absence of a convincing
demonstration of a nuclear skeleton within unfraction-
ated nuclei, it is possible to determine whether bio-
molecules behave as if they are embedded in an orga-
nizing supramolecular structure or whether they are
subject to substantial Brownian motion. The results of
such studies are compelling. Chromatin (Abney et al.,
1997; Marshall et al., 1997; Kanda et al., 1998; Zink et al.,
1998; Sullivan et al., 1999) and nonchromatin struc-
tures such as nuclear speckles (Misteli et al., 1997) and
foci enriched in transcription factors (Hendzel, Bis-
grove, and Godbout, unpublished observations) are
constrained from substantial Brownian motion,
strongly supporting the view that there is a compo-
nent or components of the cell nucleus that function to
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restrict the mobility of macromolecular complexes
within the cell nucleus.

The cell nucleus has a number of compositionally
distinct domains (for review, see Schul et al., 1998).
This implies a mechanism for organizing biochemical
components into discrete supramolecular structures.
An example is the nonchromatin extranucleolar struc-
ture of the cell nucleus called the interchromatin gran-
ule cluster (IGC). This structure is more widely known
by the nuclear speckles that are observed by indirect
immunofluorescence when cells are stained with an-
tibodies recognizing small nuclear ribonuclear pro-
teins (RNPs) or SC-35 (for review, see Spector, 1993).
The well-defined boundaries of nuclear speckles,
when imaged by indirect immunofluorescence, indi-
cates that they are discrete nuclear structures. Their
large dimensions indicate that a physical continuity is
maintained over relatively long distances. However,
when these structures are imaged by standard elec-
tron microscopy, they appear as clusters of discrete 20-
to 25-nm ribonucleoprotein particles. The question
arises of what the basis is for the cluster integrity. In
another example, transcriptional regulators exist in
many hundred smaller nuclear foci that occur both in
association and away from chromatin (van Steensel et
al., 1995; Grande et al., 1997, Hendzel et al., 1998;
Noordmans et al., 1998). It is compelling to invoke the
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presence of a protein architecture to organize these
factors into the domains observed in both fixed (van
Steensel et al., 1995; Grande et al., 1997) and unfixed
cells (Htun et al., 1996; Misteli et al., 1997; Fejes-Toth et
al., 1998; Sleeman et al., 1998; Hendzel, Bisgrove, and
Godbout, unpublished observations).

A nucleus that spatially organizes biomolecules
through specialization on an underlying architecture
may be fundamentally different in the mechanisms
that serve to transcribe, replicate, and repair DNA,
process and export RNA, and transduce signals from
that of a nucleus that is not ordered beyond the fold-
ing of chromatin. Consequently, it is essential to de-
fine and characterize such an architecture if one exists.
The prospect that a definable protein architecture ex-
ists in the cell nucleus was first brought to light by
biochemical fractionation experiments pioneered by
Berezney and Coffey (1974, 1977). The original prepa-
ration used 2 M NaCl and nuclease digestion to extract
a DNA-based structure. Berezney and Coffey intro-
duced the term “nuclear matrix” to refer to this high-
salt, DNase-resistant fraction of the cell nucleus. De-
spite the absence of direct evidence that these
procedures generate nuclear structure through a pre-
cipitation of soluble nuclear components, experiments
involving the isolation of nuclear structures have often
been dismissed on this basis. In the face of mounting
skepticism, methods involving radically different iso-
lation procedures were developed (for review, see
Martelli et al., 1996) and, perhaps surprisingly, were
found to generate nuclear remnants with similar mor-
phological properties to the original preparation of
Berezney and Coffey (1974, 1977). The most elegant
procedure involves encapsulating cells in agarose and
digesting the chromatin with restriction endonucle-
ases, followed by electroeluting the chromatin in
“physiological buffers” (Jackson and Cook, 1985). This
isolation procedure enables the visualization within
the interchromatin space of an intermediate filament-
like protein network, which closely resembles prepa-
rations by more harsh salt extraction procedures (Jack-
son and Cook, 1988; He et al., 1990).

If a network of protein and/or RNA is present in the
cell nucleus, as supported by the extensive nuclear
matrix literature, it is essential to develop an approach
that is capable of ultrastructural analysis without dis-
rupting individual components of the cell nucleus.
This is particularly true for chromatin, which is the
principal basis for the existence of the cell nucleus as a
separate cellular compartment. To this end, we have
been applying and optimizing an analytical micro-
scopic technique for the study of nuclear components.
Electron spectroscopic imaging (ESI) couples a con-
ventional transmission electron microscope with an
analytical imaging spectrometer. The technique is
analogous to the resolution of different energies of
light to extract compositional information (e.g., fluo-
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rescence microscopy) in light microscopy. The separa-
tion of electrons that vary in energy after interacting
with a specimen can be exploited to extract composi-
tional information from the electron microscope. De-
tailed descriptions of the applications of this method
to the study of the structure and composition of the
cell nucleus have been presented previously (Hendzel
and Bazett-Jones, 1996; Bazett-Jones and Hendzel,
1999; Bazett-Jones et al., 1999). Using ESI, we have
established that it is possible to resolve nucleic acids in
nucleoprotein complexes and to quantify their mass
and nucleic acid contents. This is achieved by imaging
with electrons that have lost characteristic amounts of
energy through interactions with phosphorus and ni-
trogen atoms of the specimen.

In this study, we apply phosphorus and nitrogen
mapping to characterize the imaging properties of
known protein-based components of the cell. Mito-
chondria, nuclear pores, the nuclear lamina, and cy-
toskeletal remnants are all shown to be characteristi-
cally rich in nitrogen but deficient in phosphorus.
These components can be distinguished from the
phosphorus-rich nucleic acid-containing structures of
the cell nucleus. Having established the imaging prop-
erties of cellular components of known protein com-
position, we then addressed whether paraformalde-
hyde-fixed nuclei show evidence of a nuclear protein
component. Our fixation methods are identical to the
preparations most commonly used for indirect immu-
nofluorescent analysis of nuclear organization. We
provide evidence that the interchromatin space, in-
cluding IGCs, is rich in complexes that are composed
predominantly of protein. A structural role for this
protein component is most strongly indicated within
IGCs, where the granules are embedded and linked
together by a protein-based architecture. This study
provides the first evidence of a structural component
of the cell nucleus in standard cytological preparations
and in the absence of viral infection or nuclear frac-
tionation.

MATERIALS AND METHODS

Tissue Culture and Fixation

Indian muntjac fibroblast, SK-N-SH neuroblastoma, and 10T"% cells
were plated onto the polypropylene caps of sterile 50-ml conical
centrifuge tubes and cultured under conditons recommended by the
American Type Culture Collection (Vienna, VA). After 2 d in cul-
ture, when cells were at a cell density of 40-80% coverage of the
growth surface, the cell cultures were fixed with 1% paraformalde-
hyde in PBS, pH 7.2, for 5 min at 22°C. After fixation, cells were
rinsed with PBS and dehydrated through a graded ethanol series
beginning at 35%. Incubations were 30—60 min per step; the final
dehydration step used Quetol 651 and was performed overnight.
The cells were then infiltrated with complete embedding medium
through two changes of embedding medium over the course of 24 h.
Finally, blocks were polymerized at 65°C for 2 d.
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Electron Microscopy

Detailed descriptions of the electron microscopy procedure are pre-
sented elsewhere (Bazett-Jones and Hendzel, 1999; Bazett-Jones et
al., 1999). Briefly, polymerized blocks were sectioned at ~30 nm
thickness using a diamond knife (Drukker, Cuijk, The Netherlands).
The sections were placed directly on 1000-mesh uncoated copper
grids. Electron micrographs were obtained using a Gatan (Pleasan-
ton, CA) 14-bit slow-scan cooled charge-coupled device coupled to
a Zeiss (Thornwood, NY) EM 902 transmission electron microscope
containing a prism-mirror-prism spectrometer.

Quantification and Image Analysis

To quantify phosphorus and nitrogen concentrations, regions de-
void of mass density were used to normalize 14-bit digital images
such that the reference image and the element-enhanced image had
equivalent backgrounds. After normalization, masks were drawn
around individual structures or regions, and the net phosphorus
and net nitrogen values were determined by subtracting the mass-
dependent pre-edge image from the element-enhanced image. This
yields values, in arbitrary units, for element densities within the
regions sampled.

RESULTS

ESI of Thin Sections

ESI has been used to image and quantitatively analyze
thin sections of cells prepared by aldehyde fixation.
Previously, we have examined the organization of
proteins and nucleic acids in nuclei of Triton X-100-
extracted cell nuclei (Hendzel and Bazett-Jones, 1996).
In these and subsequent studies (Hendzel et al., 1998,
Bazett-Jones and Hendzel, 1999, Bazett-Jones et al.,
1999), we have optimized methods for distinguishing
protein- from nucleic acid-containing structures. The
collection of an energy loss series enables a quantita-
tive evaluation of the distribution of the elements
phosphorus and nitrogen within structures of the
specimen. The phosphorus-rich DNA and RNA struc-
tures are imaged well at energy losses above the phos-
phorus L, ; ionization edge, which occurs at 132 elec-
tron volts (eV). In this region of the energy loss
spectrum, it is more difficult to adequately image
structures that are deficient in phosphorus, such as
protein-based structures. They, however, can be im-
aged clearly by taking advantage of their nitrogen
content. Because both protein and nucleic acid are
nitrogen rich, the nitrogen signal quantitatively re-
flects the distribution of both of these cellular compo-
nents. Because the nitrogen signal is present at a po-
sition in the spectra where a strong background is
generated by the embedding medium because of a
background carbon-specific signal, these structures
are typically not well contrasted in the original image
sets collected near the nitrogen energy loss peak. Nev-
ertheless, this background can be minimized by select-
ing the appropriate embedding medium and by col-
lecting images on sections less than 30 nm in
thickness. The background that is present in the orig-
inal images is virtually eliminated once net nitrogen
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images are generated. The net nitrogen images pro-
vide a relatively high contrast and quantitative mor-
phological representation of the protein-rich struc-
tures that are difficult to image elsewhere in the
energy loss spectrum.

Figure 1 shows an energy loss series collected to
obtain phosphorus- and nitrogen-specific maps. The
image collected at 155 eV is enhanced in phosphorus,
whereas the 120-eV image contains predominantly
mass information only. Subtracting this 120-eV image
from the 155-eV image produces a net phosphorus
image. (Structures are represented as gray on a black
background.) At this resolution, there are three prom-
inent cellular structures that generate strong phospho-
rus signals. These are the granular component of the
nucleolus (GC; Figure 1, lower left panel), chromatin
organized into structures of =30 nm (Fig. 1, Chr), and
ribosomes (Fig. 1, Rib). The interchromatin space (Fig-
ure 1, IS) appears open, with only occasional RNA-
containing particles dispersed within this space. Fig-
ure 1, middle row, shows a 385-eV mass-dependent
image that is used to extract the nitrogen-specific sig-
nal (Net N) from a nitrogen enhanced 415-eV energy
loss image. In the net nitrogen image, the most prom-
inent structure is the nucleolus. In the region shown,
only the granular component of the nucleolus is seen.
Although the granular component of the nucleolus is
rich in pre-rRNA-containing granules, which are re-
sponsible for the generation of a strong phosphorus
signal (Figure 1, Net P), it is apparent that there is a
much greater mass component provided by protein
than, for example, in regions of compact chromatin.
Consequently, the nucleolus has a lower nucleic acid
density but a similar mass density than comparable
regions of condensed chromatin. The most striking
difference between the net phosphorus image (Net P),
which reflects the density of nucleic acids, and the net
nitrogen image (Net N), which reflects the density of
protein and nucleic acid, is in the extranucleolar re-
gions of the nucleus. In the net nitrogen image, the
interchromatin space does not appear open, as it does
in the net phosphorus image. Instead, the interchro-
matin space is filled with structure, and the regions of
chromatin only produce a marginally greater signal
than the surrounding interchromatin structure. These
results demonstrate that there is an abundance of pro-
tein-rich, nucleic acid-depleted structure in the inter-
chromatin space of these paraformaldehyde-fixed
cells.

Quantitative Validation of Net Nitrogen and
Phosphorus Maps for Identification of Protein- and
Nucleic Acid-based Structures

In principle, nucleic acids and proteins can be discrim-
inated through analysis of phosphorus and nitrogen
contents in a quantitatively sensitive manner. This
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Figure 1. ESI of cellular structures. The principles of ESI of chromatin, ribonucleoprotein, and protein structures are illustrated. An energy
loss series was recorded from an ultrathin section of an Indian muntjac fibroblast cell. The top series shows a reference 120-eV energy loss
image, a phosphorus-enhanced 155-eV energy loss image, and a phosphorus distribution map (Net P) calculated from these two images. The
bottom panels show analagous pre-edge and element-enriched images used to generate a nitrogen distribution map (Net N). The images in
the top two panels show structure as bright on a dark background. Bar, 2.3 um.

principle is qualitatively validated by visual compar-
isons of structures such as those in Figure 1. We
sought to validate this approach further through
quantification of phosphorus and nitrogen contents in
cellular components of well-characterized composi-
tion. The data are presented in Figure 2 and Table 1.
Figure 2 shows a 10Tz cell nucleus prepared by para-

2054

formaldehyde fixation. Part of the cell nucleus has
been cut along its surface, evident by the cross-sec-
tioning of several nuclear pores (3). Cytoskeletal ele-
ments (Figure 2, 2) and mitochondria (Figure 2, 1,
arrow in 415 eV image) are also represented. These
structures serve as references for structures that are
predominantly protein in composition. Chromatin
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Figure 2. Relative phosphorus and nitrogen contents of compositionally defined and compositionally undefined cellular structures. An
energy loss series was collected on a mouse 10T%% cell. The 155-eV phosphorus-enhanced, 415-eV nitrogen-enhanced, net nitrogen (Net N),
and net phosphorus (Net P) images are shown. The regions numbered 1-7 were analyzed quantitatively for both phosphorus and nitrogen
content. The arrow in the 415-eV image indicates the position of a mitochondrion (region 1). The results of these measurements are presented
in Table 1. Bar, 1 um.

Vol. 10, June 1999 2055



M.J. Hendzel et al.

Table 1. Relative nitrogen-to-phosphorus ratios of representative
cellular structures

No. Structure type N/P ratio
1 Mitochondrion 5.38
2 Ribosome-depleted cytoplasm 4.44
3 Nuclear pores 3.23 + 0.30
4 RNP-depleted nuclear matrix 3.37
5 Interchromatin granule cluster 3.04
6 Nucleolus (granular component) 1.42
7 Chromatin 0.97

The numbers indicate regions identified in Figure 3. Integrated
density for regions containing, with the exception of nuclear pores,
at least 1000 pixels were calculated in both the net nitrogen and net
phosphorus images. The resulting nitrogen and phosphorus values
were then used to determine the net nitrogen-to-phosphorus ratio
(N/P ratio).

(Figure 2, 7) and the granular component of the nu-
cleolus (Figure 2, 6) serve as references for structures
that have a high compositional representation of nu-
cleic acid. The IGC (Figure 2, 5) and the interchromatin
region (Figure 2, 4) were evaluated for their composi-
tional characteristics relative to these reference struc-
tures.

A quantitative analysis of the relative nitrogen and
phosphorus composition is presented in Table 1. It can
be seen that an interchromatin region, specifically cho-
sen to avoid nuclear RNP granules (4), and the IGC
(5), which contains several small ribonucleoprotein
granules within a proportionately larger nonnucleo-
protein mass, have a very high nitrogen-to-phospho-
rus ratio. This reflects the predominance of protein
structures within these regions. The granular compo-
nent of the nucleolus also has a much greater protein
contribution to its total mass than the condensed chro-
matin region. These results indicate that the combined
net phosphorus and net nitrogen information can be
used to determine the biochemical composition of the
individual structures represented in energy filtered
electron micrographs.

Visualization of Interchromatin Protein Structure in
the Cell Nucleus

The results of Table 1 validate the comparison of net
nitrogen and net phosphorus images for the morpho-
logical identification and elemental characterization of
cellular complexes. We next addressed whether a pro-
tein component could be visualized that had the basic
morphological characteristics of a protein matrix. Fig-
ure 3 shows a 155-eV energy loss image and net phos-
phorus and nitrogen images of a subregion of an
interphase Indian muntjac fibroblast cell nucleus. In
the bottom right panel, the net phosphorus image has
been false colored (green) and superimposed on the
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net nitrogen image (red). As expected, the nucleic acid
components of the cell nucleus contain high amounts
of both nitrogen and phosphorus, and, consequently,
appear yellow in the merged image. Small particles of
<5 nm are apparent as small yellow points within the
image (Figure 3, small arrowheads in bottom right
panel). These are likely RNP particles. Similarly, de-
condensed chromatin fibers are also observed and
appear yellow in the merged image (Figure 3, large
arrowheads in bottom right panel; also see corre-
sponding regions of Net P image). Despite the pres-
ence of very small structures that contain nucleic acid,
most of the nitrogen-containing material outside of the
compact regions of chromatin is derived from protein
structures, highly depleted in nucleic acid. This ap-
pears red in the merged image. There are two nuclear
pores that appear as red insertions between the blocks
of condensed chromatin on the periphery of this cell
nucleus (Figure 3, NP in bottom right panel). These
serve as references for structures that are protein
based in composition. Additionally, close examination
will reveal a narrow band of protein on the cytoplas-
mic side of the peripheral chromatin (Figure 3, NL in
bottom right panel). This reflects the presence of the
nuclear lamina. The intervening protein elements
within the nucleoplasm have a general filamentous
appearance and can be seen to connect adjacent nu-
cleic acid-rich structures. Moreover, the smallest nu-
cleic acid-containing complexes observed in this nu-
clear section (Figure 3, small arrows in bottom right
panel) are associated with this more massive protein
architecture.

Visualization of Protein Architecture
within the IGC

The IGC represents an excellent example of compart-
mentalization within the cell nucleus. The best de-
scribed component of the IGC is a 20- to 25-nm ribo-
nucleoprotein granule (Monneron and Bernhard,
1969; Wassef, 1979). The nature of this granule was
recently revealed quantitatively by both ESI (Hendzel
et al., 1998) and qualitatively using RNA-specific

Figure 3 (Facing page). Direct visualization of protein architecture
within the cell nucleus. An energy loss series of a region of an Indian
muntjac fibroblast cell nucleus was collected at high magnification.
The 155-eV energy loss, net phosphorus (Net P), and net nitrogen
(Net N) images are shown. The bottom right panel shows a super-
imposition of the net phosphorus image (false-colored green) onto
the net nitrogen image (false-colored red). Nucleoproteins, which
contain high amounts of both phosphorus and nitrogen, appear
yellow in the merged image. Protein structures, which are low in
phosphorus, appear red and orange. The positions of nuclear pores
(NP) and the nuclear lamina (NL) are indicated. The small arrow-
heads indicate the positions of small RNP granules, and the large
arrowheads indicate the positions of decondensed nucleic acid-
containing fibrils that are continuous with more condensed chro-
matin fibers. Bar, 250 nm.
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Figure 3.
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Figure 4. Phosphorus and Nitrogen distributions within IGCs. An energy loss series was collected for a region of an Indian muntjac
fibroblast cell nucleus containing a prominent IGC. The top two panels show the 155 eV phosphorus-enhanced and the 415 eV nitrogen-
enhanced images. The bottom two panels show, at higher magnification, the net phosphorus (Net P) and net nitrogen (Net N) maps within
and around the IGC. Cy, cytoplasm; Chr, examples of chromatin. Bar, 250 and 200 nm in the top and bottom panels, respectively.

staining methods (Thiry, 1993; Biggiogera and Fakan,
1998). We have shown that these interchromatin gran-
ules each contain between 2000 and 10,000 bases of
RNA. There are additional smaller RNPs, ~5 nm in
diameter, that contain amounts of RNA consistent
with small nuclear RNPs (Hendzel et al., 1998). The
clusters of these granules can exceed diameters of 1
um. The RNPs within the IGC domain are not so
densely clustered that particle-particle associations
could be responsible for their compartmentalization.
In early investigations, interconnecting fibrils were
observed (Monneron and Bernhard, 1969; Puvion and
Bernhard, 1975; Wassef, 1979). They were thought to
be RNA fibers because they stained by the EDTA-
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regressive method. However, the specificity of the
staining method for RNA is not ensured (Bernhard,
1969). For example, nuclear structures termed promy-
elocytic leukemia (PML) bodies are well stained using
the EDTA-regressive staining procedure (LaMorte et
al., 1998) but contain very low amounts of phosphorus
(Boisvert and Bazett-Jones, unpublished results).
Thus, the method cannot be used to conclude that the
fibers are composed of RNA.

We investigated the organization of IGCs using
phosphorus and nitrogen (Figure 4). The top two pan-
els show low-magnification views of a region of an
Indian muntjac cell nucleus containing a prominent
IGC. In comparing the phosphorus-enhanced 155-eV
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Figure 5. Phosphorus and nitrogen mapping of a nuclear body. A nuclear body was identified by fluorescence imaging of an SKN cell
nucleus stained with anti-CBP. An energy loss series was then collected on a subregion of the cell nucleus containing the nuclear body. The
net phosphorus and net nitrogen maps are shown. NB, nuclear body; Chr, chromatin. Bar, 120 nm.

energy loss image with the nitrogen-enhanced 415-eV
image, it can be seen that the IGC stands out in the
155-eV image as a nuclear region relatively depleted in
phosphorus. In contrast, the IGC is not a region of
obvious signal depletion in the 415-eV image. This
reflects the presence of a large amount of protein mass
within the IGC, further illustrated in the high-magni-
fication views of the IGC and surrounding nuclear
territory presented in the lower two panels. When
phosphorus is imaged, the IGC appears as a number
of dispersed phosphorus-rich particles (Figure 4, bot-
tom left). This contrasts with the net nitrogen image
(Figure 4, bottom right), where the particle nature of
the IGC is much less apparent. Instead, the IGC ap-
pears as a relatively dense network of protein fibers in
which the granules are embedded.

Nuclear Bodies and the Detection of Protein
Phosphorylation

The protein components of the cell nucleus can be dis-
tinguished from nucleic acid components of the cell nu-
cleus based on phosphorus density. Detection of low
levels of phosphorus associated with most cellular com-
ponents cannot always be detected reliably with only
one pre-edge (120-eV) and one post-edge (155-eV) im-
age. Instead, an energy loss spectrum derived from par-
ticular objects can be obtained to assess low levels of
particular elements (Vazquez-Nin et al., 1996). Nuclear
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bodies, which are large, protein-based structures in the
cell nucleus, and condensed chromatin were imaged at
10-eV energy loss intervals across the phosphorus L, 5
ionization edges of phosphorus and nitrogen. We then
plotted the signal intensity at each energy loss to gener-
ate an energy loss spectrum for each structure.

Figure 5 shows a net phosphorus and a net nitrogen
map of a region of an SKN cell nucleus that contains a
nuclear body. The nuclear body was identified using
an anti-CBP antibody and correlative immunofluores-
cence microscopy (Hendzel et al., 1999). These nu-
clear bodies are not sites of RNA synthesis (Boisvert
and Bazett-Jones, unpublished results). The nuclear
body is qualitatively striking in its deficiency in phos-
phorus. In the energy loss spectrum obtained from the
nuclear body (Figure 6), the amount of phosphorus is
barely detectable, based on the continuing decline in
signal beyond 132 eV (the phosphorus ionization
edge). Even less is detected in background regions of
the nucleus, represented by regions that do not corre-
spond to structural features. As expected, no phospho-
rus was detected over regions of the plastic embed-
ding material. Because the phosphorus signal through
this body is diffuse and near the nucleoplasmic back-
ground, it likely represents the presence of phosphor-
ylated proteins in the nucleoplasm. The nuclear body,
on the other hand, is rich in nitrogen (Figure 6, lower
panel), contributing to a signal close to that of the
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Figure 6. Detection of protein phosphorylation. The integrated
density of a nuclear body (Pml Body), DNA (Chr in Figure 5), and
a background region of the nucleoplasm were calculated across an
energy loss series, spanning both the phosphorus ionization edge
(upper graph) and the nitrogen ionization edge (lower graph), using
a constant exposure time. Under these conditions, the phosphorus
and nitrogen signals generated by the plastic decay at the expected
rates. In contrast, all three nuclear structures give detectable phos-
phorus signals between 130- and 160-eV energy losses, characteristic
of the presence of a phosphorus L, ; ionization edge.

chromatin and well above the background nuclear
signal.

DISCUSSION

There are many reasons to believe that the cell nucleus
contains a structural component that is capable of
organizing and spatially sequestering biochemicals
within the cell nucleus. The increased application of
confocal microscopy to the understanding of biomo-
lecular organization within the nucleus of fixed bio-
logical specimens has provided much of the most
compelling evidence. Most biomolecules show some
degree of spatial sequestration. These include tran-
scription factors (van Steensel et al., 1995; Htun et al.,
1996; Grande et al., 1997; Zeng et al., 1997; Fejes-Toth et
al., 1998; Noordmans et al., 1998), RNA-processing
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machinery (for review, see Spector, 1993), and inter-
phase chromosomes (for review, see Lamond and
Earnshaw, 1998). More recently, the study of biomo-
lecular organization in living cells, using fluorescence
microscopy, has further indicated the presence of a
component of the cell nucleus that is capable of spa-
tially restricting the movement of biomolecular struc-
tures within the cell nucleus. The best characterized
example is chromatin. Chromatin has been clearly
shown not to undergo substantial Brownian motion
(Abney et al., 1997; Marshall et al., 1997; Sullivan and
Shelby, 1999) despite the fact that transmission elec-
tron micrographs demonstrate that the density of
chromatin and nonchromatin structures within the
cell nucleus is not sufficient to constrain the diffusion
of chromatin within the cell nucleus. The absence of
substantial Brownian motion of chromatin within the
living cell nucleus has led several investigators to
suggest that chromatin is confined in situ by a struc-
ture analagous to a nuclear matrix (Marshall et al.,
1997; Sullivan and Shelby, 1999).

The quantitative resolution of both phosphorus and
nitrogen content within the specimen using ESI is
sufficient to resolve the compositional differences be-
tween many structures within the cell nucleus. For
example, the granular component of the nucleolus
clearly contains a higher protein-to-nucleic acid stoi-
chiometry than does chromatin. Similarly, the granu-
lar component of the nucleolus, which is intermediate
in nucleic acid density, is also clearly resolved from
protein-based components such as nuclear pores. Us-
ing this established method (Hendzel and Bazett-
Jones, 1996; Bazett-Jones and Hendzel, 1999; Bazett-
Jones et al., 1999), we have addressed the biochemical
nature of fine structures within the cell nucleus. This
has not been accomplished using heavy atom staining,
because it is not possible to visualize all cellular com-
ponents while also discriminating between protein
and nucleic acid components. In particular, decon-
densed chromatin and RNA fibrils cannot be differen-
tiated from protein filaments of similar dimensions.
Moreover, heavy atom contrast agents required in
conventional electron microscopy frequently fail to
stain some structures or overrepresent others, based
on the degree of their chemical reactivity (Abholhas-
sani-Dadras et al., 1996). The resolution of these com-
ponents by ESI enables us to conclude that the major-
ity of the fine structure found between “condensed”
regions of chromatin comprises mainly protein.

Paraformaldehyde fixation is the preferred
method of fixation for the preservation of chromatin
structure and nuclear volume (Robinett et al., 1996).
It has also become a standard for indirect immuno-
fluorescence analysis of the cell nucleus. In such
preparations, transcription and splicing factors have
been shown to occupy distinct compartments within
the cell nucleus. We conclude that there is a protein-
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based architecture that has the potential to organize
factors in the nucleus. Whether the nucleus is sim-
ilarly organized in a dynamic living state remains to
be determined conclusively. It is noteworthy, how-
ever, that at least some factors are found in foci
(Htun et al., 1996; Becker et al., 1998; Fejes-Toth et al.,
1998; Sleeman et al., 1998; Hendzel, Bisgrove, and
Godbout, unpublished observations) or speckles
(Misteli et al., 1997; Sleeman et al., 1998) within
living cells, and that chromatin is restricted from
significant diffusion (Abney et al., 1997; Marshall et
al., 1997; Sullivan et al., 1999).

The IGC represents the single most striking example
of a compartmentalization process within the ex-
tranucleolar regions of the cell nucleus. Importantly,
this compartment can be visualized as a structurally
dynamic domain in which splicing factors enrich in
living cells (Misteli et al., 1997). Our results demon-
strate that the particle density of ribonucleoprotein
granules within the IGC is not sufficient to explain the
compartmentalization of these particles through inter-
particle association. We have found that the IGC con-
tains structures that link the individual granules.
Moreover, most of the biological mass that appears to
integrate the IGC is contributed by protein. In the case
of the IGC, then, there is strong reason to propose that
the integration of particles through a protein architec-
ture occurs in living cells. Although our images rep-
resent “snapshots in time,” it is clear that nuclear
structure is, to some extent, dynamic (Misteli and
Spector, 1998; Schul et al., 1998), and, consequently,
any underlying architecture must also be capable of
dynamic reorganization.

Since the initial characterization of a nuclease and
high-salt-resistant matrix-insoluble component of the
cell nucleus, the nuclear matrix has been actively stud-
ied by a small but persistent group of biochemists and
cell biologists. As a means of studying high-affinity
interactions between specific nuclear components, the
original biochemical fractionation procedure of Be-
rezney and Coffey (1977) and subsequent variations
on this protocol (Jackson and Cook, 1985; He et al.,
1990) have merit (Stenoien ef al., 1998). As a cytological
preparation for the investigation of structure-function
relationships by transmission electron microscopy,
however, the procedure has significant shortcomings.
The identification and characterization of the nuclear
matrix is absolutely dependent on elution of chroma-
tin before fixation (Jackson and Cook, 1988; He et al.,
1990) or after fixation (Nickerson et al., 1997). Because
the interaction between a nuclear matrix and chroma-
tin is of fundamental importance for its role in orga-
nizing chromatin within the cell nucleus, this short-
coming is very serious. The potential to reorganize
components through chromatin elution is the basis for
much of the skepticism surrounding the nuclear ma-
trix field. The ideal procedure would leave chromatin
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components intact and would enable the study of
interactions that involve not only protein and RNA
but also chromatin, which is the substrate in so many
biochemical processes occurring in the cell nucleus. In
this study, we have presented, for the first time, com-
pelling evidence of a nuclear protein architecture
within a standard cytological preparation, based on
the direct discrimination of protein-based and nucleic
acid-based structures, visualized in situ.
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