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Abstract. The structure of the kinetochore in thin sec-
tion has been studied in the Indian muntjac by an
electron spectroscopic imaging technique. This proce-
dure allows the analysis of the distribution of phospho-
rus within the layers of the kinetochore. The results
indicate that this element is a major component of
both the inner and outer plates whereas it is largely
absent in the middle plate and fibrous corona. The
majority of the phosphorus is localized to a 30-nm
fiber(s) that is woven through the layers of the kineto-
chore. The presence of phosphorus within this fiber,
along with its morphological and biochemical features,
indicates that it contains DNA. The fiber(s) occupies a
major portion of the inner and outer plate where it
forms a series of rows. It is rarely observed in the
middle layer except where it passes between the inner
and outer layers. The absence of structure in the mid-

dle plate suggests that it may represent a space rather
than a plate that in turn may be related to the function
of this region. The distribution of phosphorus within
the kinetochore is neither altered by treatment with
colcemid nor by the presence of microtubules at the
kinetochore. Analysis of conventional micrographs of
the kinetochore together with structural information
obtained by electron spectroscopic imaging suggests
that most microtubules insert and terminate between
the rows of kinetochore fibers in the outer plate. How-
ever, some microtubules continue through the middle
layer and terminate at the lower plate. The insertion of
microtubules at different levels of the kinetochore may
reflect the existence of functionally distinct microtu-
bule classes. Electron spectroscopic imaging indicates
that the microtubules associated with the kinetochore
are phosphorylated.

some, there is little structural indication of regional
differentiation except within the primary and sec-
ondary constrictions. The primary constriction is unique in
that it contains the most structurally complex region of the
chromosome, the kinetochore. In early electron microscope
studies, the kinetochore was described as a roughly circular
structure composed of three plates stacked on top of one an-
other at the outer surface of the primary constriction (1, 2).
Further analysis of thin sections and whole mount prepara-
tions of the kinetochore have indicated that fibers are present
within the kinetochore region and that these fibers interact
directly with spindle microtubules (3). It has been possible
to examine the relationship between the plates and the fibers
through the study of intact kinetochores that have been
released from the chromosome after nuclease digestion (4).
Whole mount electron micrographs of these isolated kineto-
chores illustrate that the outer plate is formed in part by the
parallel stacking of lengths of a 30-nm fiber(s) across the
plate. This arrangement can also be visualized in kineto-
chores of intact chromosomes by scanning electron micros-
copy (5).
Several lines of evidence have suggested that the kineto-
chore fiber contains DNA. Ultrastructural studies indicate

DESPITE the complex nature of the metaphase chromo-
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that the organization of the fiber is similar to that of the
30-nm fiber found in bulk chromatin (4). That is, the higher
order 30-nm kinetochore fiber is formed by the folding of a
fiber with a diameter of 10 nm. The beaded appearance of
this smaller fiber class is compatible with the observation
that a subset of nucleosomes can be identified that are as-
sociated with kinetochore-specific proteins (6). Kinetochore
fibers are also susceptible to nuclease attack although they
are more resistant than bulk chromatin. This feature has been
exploited in studies designed to identify kinetochore-specific
sequences (7). Differential susceptibility to nucleases may
indicate that the protein composition and packing arrange-
ment of the kinetochore fiber differs from that of chromatin
found in the remainder of the chromosome. This may ac-
count for the difference between the electron density of the
kinetochore region and the remainder of the chromosome
noted in many studies (4, 8). The DNA, and its associated
proteins, could play a dual role in the kinetochore, determin-
ing its gross structure and specifying the interaction of the
kinetochore with spindle microtubules.

While the studies described above have provided some de-
tail concerning the organization of the kinetochore outer
plate, there is still little information defining the arrangement
of the kinetochore fiber within the lower two plates or the

1209



Figure 1. Micrographs illustrating the reference images (4 and D), rec

orded at 120 eV energy loss, of regions near the edge of a chromosome

(CH), obtained from a mitotic Indian muntjac cell. Net phosphorus images of the identical regions are shown in B and E, phosphorus
being represented by white areas in the image. The five-pixel-wide line scans of the optical density of the indicated regions in the phosphorus-
enhanced, reference, and net phosphorus images (fop to bottom) are shown in C and F. The gain of the signal was increased to generate

the line scans in the net images. Bar, 0.3 um.

precise relationship of the fiber in the outer plate to elements
of the spindle. Further, the composition and precise relation-
ship of the fibrous corona, which lies along the surface of
the kinetochore, to the fibers of the outer plate remains un-
known.

To address these questions, we have combined conven-
tional electron microscopy with a new analytical technique
called electron spectroscopic imaging (ESI).! Within the
electron microscope incident electrons pass through the
specimen and cause excitations and ionizations of the speci-
men’s atoms. It is possible to analyze this information in

terms of x-ray emission spectra or with the energy spectra

of electrons that have passed through the sample. The energy
loss spectrum reflects the sample’s chemical composition.
Recently an electron microscope has been developed in
which a parallel electron spectrometer had been installed
within the microscope so that spectra can be obtained and
images can be recorded at any particular energy loss. This
microscope can produce a two-dimensional distribution map
of a particular chemical element characterized by both high

1. Abbreviation used in this paper: ESI, electron spectroscopic imaging.
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spatial resolution and sensitivity. This technique has been
applied to the detection of phosphorous within the basic 10-
nm chromatin fibers and the resolution of this technique is
sufficient to allow the detection of the path of the DNA
around individual nucleosomes (9, 10). If the kinetochore
fiber contains DNA, then the path and distribution of this
fiber within the kinetochore can be determined in thin sec-
tions by the electron spectroscopic analysis of the phospho-
rus distribution within the kinetochore plates. In this report,
we describe the application of ESI to the study of the organi-
zation of the kinetochore of the Indian muntjac. We describe
the precise distribution of phosphorus and the 30-nm kineto-
chore fiber within each of the regions of the kinetochore. Our
findings provide a basis for the correlation of the structure
of the kinetochore with its role in capturing and regulating
microtubule length.

Materials and Methods

Cell Culture and Conventional Electron Microscopy

Fibroblast cells of the Indian muntjac (Muntjac muntjac), an asiatic deer,
were grown in monolayer culture in RPMI media supplemented with 10%
FCS. Mitotic cells were obtained by selective mitotic detachment from
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Figure 2. Micrographs illustrating reference images recorded at 100 and 120 eV (4 and B) and a phosphorus-enhanced image recorded
at 180 eV (C) of a region containing a chromosome from a mitotic Indian muntjac cell. The box includes a kinetochore, used to compare

the one-parameter and two-parameter spectral background extrapolation methods. A net phosphorus image using a two-parameter and a

one-parameter background extrapolation is shown in E and F, respectively. Bar, 90 nm.

logarithmically growing cultures and pelleted and fixed for 1 h in 3%
glutaraldehyde in a phosphate-free buffer (1 mM sodium barbitol buffer, pH
7.4). The cell pellet was then washed in buffer and postfixed for 1 hin a
1% OsQy solution buffered in a similar manner. The specimens were then
washed in water and passed through a graded ethanol series and embedded
in Spurs resin. Sections 30 nm in thickness were cut from blocks and placed
on copper grids. For standard transmission microscopy, the cells were pre-
pared as described above, substituting Millonig’s phosphate buffer for the
Barbitol buffer, and sections in the silver to gold range were collected. The
specimens were examined in a Hitachi H-500 electron miroscope operated
at 50 kv.

Electron Spectroscopic Imaging

ESI was performed on a Zeiss EM 902 electron microscope equipped with
a prism-mirror-prism type electron imaging spectrometer. The microscope
was operated at an acclerating voltage of 80 kV. However, it is designed so
that the focus is maintained at all energy losses because the accelerating
voltage is increased by the amount of energy loss that has been selected.
This has the additional benefit that the energy selecting slit aperture does
not have to be repositioned when a different region of the energy loss spec-
trum is selected. The width of the slit aperture corresponded to 12 eV. A
600-um condenser and a 40-um objective aperture were used.

The specimen grids were scanned to find regions of interest using low
energy loss electrons, in the range of 20-30 eV, to minimize the radiation
exposure to the specimen. The contrast of the unstained sections was greater
in this part of the spectrum than if only elastically scattered electrons were
used to form a bright field image. Specimen irradiation was minimized even
further by focussing on a nearby region before the beam was shifted away
and the relevant area positioned for photographing. If multiple exposures
of a region were to be recorded at different energy losses, the beam was
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shifted away while the new region of the energy loss spectrum was selected.
Electron micrographs were recorded at a magnification of 14,000 and to an
optical density not exceeding 0.4. Images were recorded on sheet film with
the electron image emulsion SO-163 (Eastman Kodak Co., Rochester, NY)
which was subsequently processed in full strength D-19 developer (Eastman
Kodak Co.) for 12 min. To produce an image at an energy loss of 120 and
180 ¢V, an electron exposure of 07 X 10* electrons/nm? and 1.6 x 10*
electrons/nm?, respectively, was required. These values were obtained from
current measurements with a Faraday cage detector.

A phosphorus distribution map cannot be generated simply by recording
an image in a region of the spectrum corresponding to a phosphorus ioniza-
tion edge. The reason for this is that the ionization edges of the inner shell
electrons of the lighter elements are generally superimposed on a rapidly
declining plasmon-like background whose contribution must be eliminated
to produce the net elemental image. To do this, it was necessary to record
a reference image at an energy loss before the ionization edge and an ele-
ment enhanced image on the peak of an ionization edge of the element. For
the phosphorus Ly iy ionization edge, reference images were recorded be-
tween 110 and 120 eV energy loss and the phosphorus enhanced image be-
tween 150 and {80 eV. Relevant areas of the micrographs were digitized
using a linear, high resolution video camera (Bosch, West Germany) con-
nected to a computer equipped with image analysis software. Normalization
factors were calculated over regions in the reference and phosphorus-en-
hanced images that were known to be devoid of phosphorus such as the plas-
tic embedding matrix. These factors were used to compensate for slight
differences in photographic intensities between the images.

A net phosphorus image was then generated using two approaches. The
first involved aligning the reference image with respect to the phosphorus-
enhanced image to within a pixel before subtracting the first from the second
image. The production of a net elemental image using this approach could
be inappropriate because mass-density effects can introduce nonlinearities
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from multiple scatter and local changes in the energy loss spectrum that
thereby produce a false signal. To avoid this potential problem, two or more
reference images were used to extrapolate a correct value at any pixel,
thereby producing a corrected reference image to which the phosphorus-
enhanced image could be compared. The extrapolation of the energy loss
spectrum under the ionization edge was based on the relationship

[ = AER, (eq. 1)

where ] represents the intensity in the energy loss spectrum, E is the energy
loss, and A and R are constants whose values must be calculated for any
point in the image (11). A one-parameter fit makes use of only one reference
image, whereas this two-parameter fit requires at least two reference images
to calculate the two unknowns, A and R. However, a one-parameter fit was
generally employed since a comparison of the two approaches gave similar
results.

Elemental Imaging of Phosphorus

The ability of ESI to detect and to map particular elements
in biological specimens with high sensitivity and resolution
has been the subject of several studies. Investigations of the
phosphorus distributions in nucleoprotein complexes (9, 10)
have demonstrated the limits of detection and the potential
in resolving meaningful structural information with this
technique. Whereas the technique is potentially powerful,
the sources of error and artifact must be realized before
confidence in such maps can be justified. A major source of
error arises from the removal of the contribution to an
elemental map arising from a high background in the energy
loss spectrum on which the discrete elemental ionization
edges are superimposed. An inaccurate extrapolation would
lead to false signal being generated in regions that have
higher mass-density. To be confident that the phosphorus
distribution maps of the kinetochore regions are reliable we
have compared the results where two extrapolation algo-
rithms have been used to determine the extent of the mass-
density contribution to false signal.

One-Parameter Spectral Background Correction

Because the phosphorus spectral ionization edge is superim-
posed on a broad exponentially decaying background in the
energy loss spectrum, it is necessary to record images from
at least two regions of the energy loss spectrum, one at an
energy loss on or just above the phosphorus Ly ionization
edge (phosphorus-enhanced image) and at least one image
at an energy loss less than that of the ionization energy (ref-
erence image). The distribution of phosphorus at high reso-
lution is subsequently generated by the subtraction of the
reference from the phosphorus-enhanced image. The strict
requirement of this approach is that the specimen be thin, as
thin as 30 nm for an accelerating voltage of 80 kV, to ensure
that multiple scattering events be infrequent. Otherwise, a
false positive phosphorus signal could result in the net im-
ages over regions that have greater mass—density.

In this article we claim that certain components of the
kinetochore contain significant levels of phosphorus. Be-

cause some of these regions, however, are also regions that
are high in mass—density, a portion of the associated phos-
phorus signal may be an artifact. To test this, we examined
the micrographs to determine whether structures other than
kinetochores existed that had mass-density equivalent to that
of kinetochores but did not generate a high phosphorus sig-
nal. Many such structures indeed exist in the micrographs,
two of which are illustrated in Fig. 1. Reference images from
regions of micrographs that also contain kinetochores are
shown (4 and D). The edge of a chromosome is indicated
by CH in A and is also seen across the top of D. Fig. 1, B
and E, represent the net phosphorus images of these two
regions obtained by the one-parameter extrapolation method.
Optical density profiles of the features intersected by line
scans obtained from an average of five pixels in width over
the indicated regions were generated for each of the phos-
phorus-enhanced images, the reference images, and the net
phosphorus images (top to bottom), represented in Fig. 1, C
and F. The reference and phosphorus-enhanced images were
normalized by equating optical densities over regions of plas-
tic, phosphorus-free regions. In Fig. 1 A, the structure indi-
cated by the bracket can be seen to have a marginally greater
mass density than the adjacent phosphorus-rich chromo-
some. However, the phosphorus content of this structure is
less than the average representation of phosphorus in the
chromosome, demonstrated in the net phosphorus image
(Fig. 1 B) and also by the use of the line scans. This demon-
strates that an object of mass density equal to that of the chro-
mosome does not generate a detectable false phosphorus sig-
nal by mass—density effects. A similar demonstration is made
in D-F. The objects labeled I and 2 (in Fig. 1 D) have ap-
proximately the same mass-density as seen in the reference
image and further demonstrated by the line scan of the refer-
ence image. The net phosphorus distribution, however, dem-
onstrates that only the structure labeled / has a phosphorus
content significantly greater than the surrounding area. This
demonstrates that objects of comparable mass-density can
produce phosphorus distributions showing very different lev-
els. This has already been demonstrated in macromolecular
studies using ESI (10). These net phosphorus images were
produced with a one-parameter extrapolation algorithm. Al-
though these images clearly demonstrate that mass-density
effects do not cause detectable artifacts in the specimens used
in this study, we did compare our results using the one-
parameter extrapolation method with a more stringent two-
parameter spectral background correction algorithm.

Two-Parameter Spectral Background Correction

The intensity of the spectral background on which the phos-
phorus elemental ionization is superimposed decays log-
arithmically (see eq. 1 in Materials and Methods). The
recording of two or more reference images allows the cal-
culation of the parameters A and R for every point in the

Figure 3. The reference (4), phosphorus-enhanced (B), and net phosphorus (C) images of the X+3 chromosome of the Indian muntjac
from a cell arrested with colcemid. The chromosome is sectioned so that both sister kinetochores (KI and K2) are seen in cross section.
Four regions of the kinetochore can be identified: the fibrous corona (FC), the outer plate (OP), the middle plate (MP), and the inner
plate (IP). In the net phosphorus image (C) regions rich in phosphorus appear white. These include the inner and outer kinetochore plates
and the membranes of cytoplasmic vesicles (V). The whole chromosome is rich in phosphorus and a particularly strong signal is apparent
along the margins of the centromere (large arrows). Bars: (A and B) 1.6 um; (C) 0.3 um.
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Figure 4. High magnification net phosphorus images of cross sec-
tions through the kinetochore region of an Indian muntjac chromo-
some from a cell arrested with colcemid. In these micrographs,
phosphorus-rich regions appear black. In the outer plate (OP) the
major phosphorus signal is found in 30-nm profiles (arrows) ar-
ranged in a tandem array along the plate. The middle plate (MP)
is devoid of a strong phosphorus signal. The inner plate (IP) also
contains phosphorus rich 30-nm profiles (B, white arrows) similar
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image and thereby permits the generation of a corrected
reference image, one that would better compensate for mass—
density effects. We compared the net phosphorus images
generated from both a one-parameter and two-parameter
background extrapolation on a region containing a kineto-
chore structure.

Micrographs used for this analysis are represented in Fig.
2. Reference images recorded at 100 and 120 eV, before the
phosphorus ionization edge, are shown in A and B, respec-
tively. A phosphorus-enhanced image, recorded at 180 €V is
represented in Fig. 2 C and an enlarged view of the indicated
area of the 180 eV image is represented in D. Qualitatively,
the two reference images are identical, whereas the contrast
of the chromosomes are enhanced significantly in the 180 eV
image. Also, the 180 eV image is slightly sharper, having
greater resolution. The explanation for this is that the lower
energy loss images are created by electrons that have lost
energy due to spatially delocalized events (plasmon-like ex-
citations). In contrast, a greater fraction of the energy loss
events that are represented in the 180 €V image result from
discrete, localized events, particularly those involved in
ionizing individual phosphorus atoms. Appropriate normal-
ization of the three images was carried out over regions of
plastic, devoid of phosphorus to correct for slight variations
in photographic density. A net phosphorus image of the en-
larged region using a two-parameter and a one-parameter
background extrapolation are shown in Fig. 2, E and F,
respectively. The kinetochore plates are indicated by arrows
in the phosphorus enhanced image in Fig. 2 D, the inner,
middle, and outer plates, from left to right. The net phospho-
rus images of the kinetochore using either extrapolation are
nearly indistinguishable. The outer plate of the kinetochore
in both can be seen to contain phosphorus. This result pro-
vides confidence in the analysis where a one-parameter ex-
trapolation was used, data that had been collected before de-
veloping computer software to calculate multiple-parameter
extrapolations.

Kinetochore Structure of the Muntjac

The karyotype of the Indian muntjac is unique among the
mammals having the smallest number of chromosomes (2n
= 6 Q 7 0). These chromosomes are extremely large and
contain extensive centromere regions. It has been suggested
that the karyotype of the Indian muntjac has evolved through
a series of Robertsonian fusions from an ancestral species,
the Chinese muntjac (2n = 46). In thin section, the kineto-
chores of the Indian muntjac display a typical tri-lamellar
morphology. However, several lines of evidence suggest that
they are compound in nature, composed of several unit kinet-
ochores that are visible at interphase. At cell division, these
unit kinetochores fuse to form a single functional kineto-
chore (12, 4). The unusually large size of the muntjac kineto-
chores makes them ideal for ultrastructural studies.

Elemental Imaging of Phosphorus in the Kinetochore
To determine the distribution of phosphorus within thin sec-

to those found in the outer plate (black arrows). Occasionally, it is
possible to detect a phosphorus-rich fiber (C, black arrow) extend-
ing between the inner (IP) and outer (OP) plates of the kinetochore.
Bar, 0.16 pm.
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Figure 5. The net phosphorus image of a kinetochore that is as-
sociated with spindle microtubules. A phosphorus signal is still as-
sociated with the outer (O) and inner (/) plates and absent from
the middle (M) plate. Microtubules also appear phosphorylated
(arrows). Most terminate in the outer plate but some insert directly
into the lower plate (white arrow). Bar, 0.3 ym.

tions containing the kinetochore of the Indian muntjac, two
micrographs were taken of each area of interest, a reference
image and a phosphorus-enhanced image. The reference im-
age was then computer subtracted from the phosphorus im-
age to produce a net phosphorus image (see Materials and
Methods) which is an elemental distribution map of the area
of interest. It should be noted that all the sections are viewed
unstained and the section thickness did not exceed 30 nm,
the thickness of a single kinetochore plate. The disadvantage
of requiring extremely thin sections, a requirement of suc-
cessful elemental mapping, is compensated by better resolu-
tion and a facilitated interpretation of the observed struc-
tures.

Fig. 3-4 is a micrograph illustrating the reference image
of the X+3 chromosome of the Indian muntjac from a cell
arrested with colcemid. This chromosome contains the largest
centromere and kinetochore region of the karyotype. The
phosphorus-enhanced image for this chromosome is pre-
sented in Fig. 3 B. It is clear in these unstained micrographs
that this chromosome has been cut so that sister kinetochores
(Kl and K2) are viewed in cross section. Four regions can
be easily identified, the inner plate, the middle plate, the
outer plate, and the fibrous corona. The kinetochore sits in
a cup like depression in the chromosome. Chromatin adja-
cent to the kinetochore can be seen extending out over the
lateral margins of the kinetochore. The surface of the chro-
mosome in general does not have a smooth morphology,
rather chromatin fibers appear to extend out from the surface
of the chromosome and can be viewed in both longitudinal
and cross-sectional profile. Regions that appear to lack chro-
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matin within the body of the chromosome are characteristic
for many of the larger muntjac chromosomes. These spaces
may reflect the coiled nature of the metaphase chromosome
(13), corresponding to less densely packed regions in the
center of the coil or regions between adjacent coils.

The net phosphorus image of the kinetochore regions of
the X+3 chromosome is illustrated in Fig. 3 C. In this image,
the regions rich in phosphorus appear white whereas the
regions poor in this element are black. It is clear that within
the four regions denoted in Fig. 3 B, a strong phosphorus sig-
nal is confined to the inner and outer plates and is absent
from the middle plate and the fibrous corona. As expected,
the chromatin composing the body of the chromosome dis-
plays a strong phosphorus signal. Interestingly, however, the
phosphorus content is greater along the margins of the cen-
tromere than in the central portion of this region, probably
reflecting a differential distribution of chromatin fibers (Fig.
3 C, large back arrows). This type of distribution is compati-
ble with the observation that the primary constriction is
formed by the coiling of a higher order fiber composed of
radial loops (14). Phosphorus is also detected in the cyto-
plasm, arising largely from ribosomes and membranes of
vesicles and mitochondria.

The precise distribution of the phosphorus signal within
each layer of the kinetochore can be best visualized in high
magnification micrographs. It is possible to reverse the con-
trast of the net image within the computer to facilitate visual-
ization. The net phosphorus images illustrated in Fig. 4, A4,
B, and C, have been treated in this way so that regions rich
in phosphorus now appear black. Views of the outer plate in-
dicate that the signal is predominantly distributed in cylindri-
cal structures that have a diameter of 30 nm (Fig. 4 A). These
structures are comparable to cross-sectional profiles of the
30-nm kinetochore fiber that are detected by conventional
microscopy (4). It is important to note that whole mount
preparations have illustrated that the kinetochore fiber fol-
lows an irregular path across the kinetochore plate (4, 5).
Therefore, in cross sections of the kinetochore plate, perfect
cross sections of the fiber are only occasionally detected.
The phosphorus-rich profiles of the kinetochore fiber have a
center-to-center spacing of ~60-70 nm. There is a lower
level of phosphorus between the fiber profiles that probably
originates from a protein matrix that surrounds the kineto-
chore fibers.

High magnification views of the net phosphorus images of
the inner plate also indicate that the phosphorus signal is
largely confined to 30-nm circular profiles (Fig. 4 B). In
favorable regions, it is apparent that these profiles are dis-
tributed in a tandem array along the inner plate. This highly
ordered arrangement indicates that the gross fiber organiza-
tion of the inner and outer plates are similar. Once again
phosphorus-containing material is also present between the
fiber profiles, suggesting the presence of a phosphoprotein
matrix in the lower layer of the kinetochore. It is also possi-
ble to detect random profiles of the 30-nm chromatin fiber
which make up the body of the chromosome in the region
underlying the inner kinetochore plate. However, the profiles
do not display the highly ordered packing pattern that is visi-
ble in the kinetochore region.

In cross-sections, the middle layer of the kinetochore rep-
resents a region that is low in phosphorus. However, it is oc-
casionally possible to detect a phosphorus-rich band that
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Figure 6. The reference (A), phosphorus-enhanced (B), and net
phosphorus (C) images of a region of a telophase cell in which two
kinetochore regions (I and 2) no longer associated with the mitotic
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traverses this region (Fig. 4 C, black arrow). This phospho-
rus-rich region is generally 30 nm in diameter and in favora-
ble sections appears continuous with both the inner and outer
plate. This arrangement suggests that the band represents the
passage of the 30-nm kinetochore fiber between the inner
and outer plates. The region containing the fibrous corona
is also devoid of a strong phosphorus signal (Fig. 3 C and
Fig. 4, A-C) and generally excludes even the somewhat
dense granular phosphorus pattern that is characteristic of
the adjacent cytoplasm.

The distribution of phosphorus in each of the regions de-
scribed in the previous section is not altered by the associa-
tions of spindle microtubules with the kinetochore (Fig. 5).
However, the substructure of the kinetochore is partially ob-
scured because the microtubules also produce a phosphorus
signal. Most of the signal due to the microtubules terminates
at the outer plate. Occasionally, however, a microtubule ap-
pears to insert between adjacent kinetochore fiber profiles
and extends directly into the lower plate (Fig. 5, also see Fig.
7 A). Whereas it is not possible to identify the kinetochore
in interphase nuclei, it is possible to identify these structures
in telophase cells just before the reassembly of the nuclear
envelope and after the disappearance of microtubule profiles
from the surface of the kinetochore (Fig. 6, 4, B, and C).
At this stage the three layers of the kinetochore can still be
seen in favorable sections although the outer layer is begin-
ning to be enveloped by a layer of chromatin from outside
the kinetochore region. Electron spectroscopic imaging indi-
cates that the distribution of phosphorus remains the same
in these now functionally inactive kinetochores. Therefore,
the state of activity of the kinetochore does not appear to alter
the phosphorus distribution. Short microtubules represent-
ing residual elements of the mitotic spindle are seen in the
cytoplasm adjacent to the reforming nucleus (Fig. 6). In-
terestingly, these profiles do not contain a detectable level of
phosphorus as they do in microtubules of the active spindle.

The Relationship of the Kinetochore
to Spindle Microtubules

The relationship between the structure of the kinetochore
and spindle microtubules can be determined by the evalua-
tion of images obtained by conventional transmission elec-
tron microscopy in concert with information obtained by
ESI. Care must be taken in interpretation of conventional
micrographs since there is a possibility of superimposition
in 60-90-nm-thick sections. In addition, microtubules might
sharply pass out of the plane of the section rather than termi-
nate at the point apparent in the micrograph. With these fac-
tors in mind, microtubules appear to terminate in three
different regions in cross sections viewed by conventional
microscopy. The majority of the microtubules terminate at
the level of the outer plate. However, a small population ex-
tend through the outer plate, traverse the middle plate, and

spindle are being enveloped by decondensing chromatin. Short
remnants of the spindle microtubules (M7S) are seen in the adja-
cent cytoplasm. In both kinetochores, the phosphorus distribution
is identical to that found in fully functional (Fig. 3) and colcemid
treated (Fig. 1) kinetochores. IP, inner plate; MP, middle plate; OF,
outer plate. Bar, 0.6 um.
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terminate in the inner plate. In addition, a few microtubules
confined to the periphery of the kinetochore pass through the
kinetochore region and insert directly into the underlying
chromatin (Fig. 7 A). This relationship can also be seen in
longitudinal sections through the plate (Fig. 7 B) and is com-
patible with the images obtained by ESI where section thick-
ness is reduced and resolution enhanced.

The kinetochore of the Indian muntjac are extremely large
and at metaphase there is stress placed on the plate by the
spindle microtubules. Therefore, the kinetochore does not
always remain flat but may have an undulating surface. Thus
the outer plate can exist at two different levels within a region
encompassed by a single conventional thin section (Fig. 7
C). Further whole mount preparations indicate that the
kinetochore fibers do not form perfectly regular rows but fol-
low a curved course so that they would be expected to pass
in and out of the plane of a section cut along the fiber (4).
Since the section thickness is 60-90 nm (silver to gold
range), the features described above suggest that it should be
possible to view several longitudinal profiles of the kineto-
chore fiber (30 nm) and microtubule profiles (25 nm) in the
same section. This expectation is satisfied by the images
presented in Fig. 7, D, E, and F. In Fig. 7 E, portions of two
passages of the kinetochore fiber can be viewed in addition
to the middle and lower plates. In each case, the fiber does
not pass across the whole profile of the kinetochore but
rather passes in and out of the plane of the section. In regions
that coincide with the passage of the fiber out of the plane
of the section microtubule profiles come into view. This ar-
rangement suggests that the microtubules are positioned be-
tween the rows of chromatin fibers, a relationship also rein-
forced by the images illustrated in Fig. 5, E and F. It should
be noted that the apparent center-to-center spacing (55-60
nm) of cross-sectional profiles of microtubules at the surface
of the outer plate are large enough to accommodate the pas-
sage of a kinetochore fiber between the profiles (Fig. 7 B).

Discussion

Electron spectroscopic imaging illustrates that the kineto-
chore is both differentiated in terms of its structure and phos-
phorus distribution. Most of the phosphorus is associated
with profiles of a 30-nm kinetochore fiber. The high phos-
phorus signal associated with this fiber, together with evi-
dence that it is susceptible to nucleases, support the notion
that this fiber contains DNA and probably represents a chro-
matin organization unique to the kinetochore domain. In ad-
dition, the phosphorus distribution signal indicates that the
majority of the fiber is confined to the kinetochore inner and
outer plates. The middle plate is largely devoid of phospho-
rus and appears to contain only short portions of the phos-
phorus-containing fiber. The lack of detectable structure
within the middle plate suggests that this region may be bet-
ter considered a space rather than a plate. Thus, the kineto-
chore can be viewed as a structure with an inner space, a fea-
ture that may have functional implications. For example,
several lines of evidence suggest that kinetochores move
along spindle microtubules by depolymerization at the kinet-
ochore (15, 16). If most of the kinetochore microtubules end
at the outer plate then depolymerization probably occurs at
the interface between the outer and middle plates. The pres-
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ence of space in this region may act as reservoir for tubulin
subunits and for factors that regulate microtubule structure.

The presence of autoantibodies to a variety of kinetochore
antigens has facilitated the identification of a number of
unique kinetochore proteins (17). Although the function and
precise localization of these proteins in the kinetochore is not
known, some may play a structural roie in the integration of
neighboring kinetochore fibers and the formation of the
plates. Control of the assembly and disassembly of the plates
during the cell cycle, for example, may be related to phos-
phorylation levels of these proteins. The appearance of a
phosphorus signal in regions of the inner and outer plate be-
tween the kinetochore fibers may reflect the distribution of
such proteins. Although several lines of evidence suggest that
the kinetochore fiber contains DNA, we cannot at present
rule out the possibility that phosphorylated proteins are also
directly associated with the kinetochore fiber and contribute
to the signal. We have not been able to detect a phosphoryla-
tion-dephosphorylation cycle for kinetochore phosphopro-
teins within the period studied.

The fibrous corona is a component of the kinetochore that
is particularly evident in kinetochores that lack microtubule
association. Qur study indicates that this region is not highly
phosphorylated. It is composed of a series of fine fibers that
are arranged into rows along the surface of the kinetochore
outer plate (1, 2). Although our study does not indicate the
precise relationship between the kinetochore fiber and the
corona, it seems reasonable to assume that they interact with
the kinetochore fibers and are probably arranged in rows
along the surface of the outer plate. Such an arrangement
would give the surface of the kinetochore the appearance of
a hair brush. If the corona plays a role in the initial capture
of spindle microtubules, the hair brush arrangement may
function to facilitate this process and guide microtubules
down to attachment sites along the rows of the kinetochore
fiber. The site at which microtubules interact with the later-
ally placed kinetochore fiber may be specified by sequences
similar, at least in function if not in sequence composition,
1o the yeast CEN sequences. The distribution of these sites
along the fiber could specify the periodic association of the
microtubules with the outer plate. A small percentage of mi-
crotubules extend through the outerplate and into the lower
plate. Our ESI studies suggest that the lower plate also con-
tains kinetochore fibers that are arranged in a precise man-
ner. Therefore, the organization of the inner plate may mimic
that found in the outer plate in that the arrangement facilitates
the interaction of microtubules with specific DNA sequences.
The differential distribution of these sequences, however,
may reflect functional differences and indicate that these
microtubules represent separate functional classes or states.

In conclusion, electron spectroscopic imaging of the kinet-
ochore supports the type of model of kinetochore structure
proposed by Rattner (4) and Ris and Witt (3). We can now
specify with some certainty the distribution of the kineto-
chore fiber in each of the kinetochore layers and the relation-
ship of the fibrous corona and spindle microtubules to the
kinetochore. The complex architecture of the kinetochore
can be correlated with the highly complex role this chro-
mosomal domain plays during cell division. Our study also
illustrates the ability of electron spectroscopic imaging tech-
niques to provide both high resolution images and elemental
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information. This information facilitates the determination
of structural and functional correlates. We are currently in-
vestigating the precise distribution of kinetochore-specific
proteins using affinity-purified antibodies that have been la-
beled in a manner that can be detected by ESI.
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Figure 7. Conventional electron micrographs of the several kinetochores of the Indian muntjac. In longitudinal section (4), microtubules
can be seen inserting into the outer plate, inner plate (arrow), and the chromatin adjacent to the kinetochore. This distribution can also
be detected in cross sections through the plate (B). Profiles in the inner plate and lateral to the plate are indicated by the white arrows.
In the outer plate, the microtubule profiles have a center-to-center spacing of 550-600 nm (black arrows). The surface of the kinetochore
frequently has an undulating appearance (C, white brackets). Therefore, in sections that are cut 90° from that shown in C and that also
contain longitudinal profiles of the kinetochore fiber, it is possible to visualize several of the 30-nm fibers (parallel arrows) at the same
time (D, E, and F). Analysis of the relationship of the microtubule profiles (arrows perpendicular to the plate) to the fiber profiles suggest
that microtubules insert between adjacent rows of the kinetochore fiber (D, E, and F). IP, inner plate; MP, middle plate; OP, outer plate.

Bar, 0.5 pm.
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