
The Rockefeller University Press   $30.00
J. Cell Biol. Vol. 189 No. 6  937–943
www.jcb.org/cgi/doi/10.1083/jcb.200912022 JCB 937

JCB: Report

Correspondence to E.D. Salmon: tsalmon@email.unc.edu
Abbreviations used in this paper: CCAN, constitutive centromere-associated  
network; CENP, centromere protein; CMV, cytomegalovirus; KMN, KNL-1/
Mis12 complex/Ndc80 complex; kMT, kinetochore MT; MT, microtubule.

Introduction
The architecture of the proteins that link plus ends of kineto-
chore microtubules (MTs [kMTs]) to centromeric DNA is criti-
cal for understanding protein mechanisms for the four essential 
kinetochore functions: dynamic attachment to the plus ends of 
spindle MTs, force generation, attachment error correction, and 
the spindle assembly checkpoint (Skibbens et al., 1993; Inoué 
and Salmon, 1995; Pearson et al., 2001; Tirnauer et al., 2002; 
Musacchio and Salmon, 2007; Cimini, 2008). Particularly im-
portant for these essential functions are three highly conserved 
protein complexes (KNL-1/Mis12 complex/Ndc80 complex 
[KMN]) that assemble stably within the kinetochore to produce 
core attachment sites for kMTs: KNL-1 (hBlinkin)/ScSpc105, 
the Mis12 complex of four proteins (hMis12/ScMtw1, Dsn1, 
Nsl1, and Nnf1), and the four-subunit Ndc80 complex (Ndc80 
(hHec1), Nuf2, Spc24, and Spc25), which, like KNL-1, binds 
MTs (Santaguida and Musacchio, 2009). The KMN network 
is linked to centromeric DNA at vertebrate kinetochores by 
members of the constitutive centromere-associated network 
(CCAN): centromere protein C (CENP-C), CENP-H, CENP-I,  
CENP-K-U, CENP-W, and CENP-X (Kline et al., 2006; Liu  
et al., 2006; Okada et al., 2006; Cheeseman et al., 2008; Amano 

et al., 2009; Santaguida and Musacchio, 2009). A CENP-T– 
CENP-W dimer and CENP-C are DNA-binding proteins 
that independently associate with histone H3 nucleosomes in 
the proximity of CENP-A nucleosomes (Hori et al., 2008). 
CENP-A is a modified histone H3 that specifies where kineto-
chores are assembled on centromeric DNA (Santaguida and 
Musacchio, 2009).

Important information about the architecture of the pro-
teins linking kMTs to centromere DNA has been obtained using 
two-color fluorescence light microscopy methods to achieve 
nanometer scale measurements of the relative positions of 
these kinetochore proteins or their functional homologues 
along the axis of kMTs at metaphase in budding yeast (Joglekar 
et al., 2009) and human cells (Wan et al., 2009). Protein  
copy number per kMT is equally important for understanding 
kinetochore protein architecture and function (Musacchio 
and Salmon, 2007; Santaguida and Musacchio, 2009; Joglekar  
et al., 2010). We have made this measurement in budding and 
fission yeast with a fluorescence ratio method that used GFP fusion 
proteins expressed from endogenous promoters (Joglekar et al., 
2006, 2008). For the KMN network, the numbers for both yeast 

To define the molecular architecture of the kinetochore 
in vertebrate cells, we measured the copy number 
of eight kinetochore proteins that link kinetochore 

microtubules (MTs [kMTs]) to centromeric DNA. We used 
a fluorescence ratio method and chicken DT40 cell lines 
in which endogenous loci encoding the analyzed proteins 
were deleted and complemented using integrated green 
fluorescent protein fusion transgenes. For a mean of  
4.3 kMTs at metaphase, the protein copy number per kMT 
is between seven and nine for members of the MT-binding 

KNL-1/Mis12 complex/Ndc80 complex network. It was 
between six and nine for four members of the constitutive  
centromere-associated network: centromere protein C 
(CENP-C), CENP-H, CENP-I, and CENP-T. The similarity 
in copy number per kMT for all of these proteins suggests 
that each MT end is linked to DNA by six to nine fibrous 
unit attachment modules in vertebrate cells, a conclusion 
that indicates architectural conservation between multiple 
MT-binding vertebrate and single MT-binding budding 
yeast kinetochores.
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attach to one kMT, whereas kinetochores in vertebrates at-
tach to multiple kMTs.

To test whether the protein copy numbers for vertebrate 
kinetochores are similar or different from the known numbers 
for budding yeast kinetochores, we used chicken DT40 cells be-
cause endogenous coding regions can be deleted and comple-
mented by GFP fusions (Mikami et al., 2005; Hori et al., 2008). 
We applied the same ratio fluorescence method used previously 
for budding and fission yeast (Joglekar et al., 2006, 2008). The 
proteins analyzed included key members of the major protein 
complexes of the core kMT attachment site and its linkage to 
centromeric DNA (Santaguida and Musacchio, 2009).

species at metaphase are six to eight per kMT. In contrast, 
Emanuele et al. (2005) used biochemical methods to esti-
mate 30 Ndc80 complexes per kMT for isolated Xenopus 
laevis chromosomes.

Protein homology and architecture within kinetochores 
of budding yeast and vertebrate cells predict a conserved MT  
attachment site (Joglekar et al., 2009; Wan et al., 2009). 
However, it is possible that protein copy number per kMT 
could be significantly different between budding yeast and 
vertebrates. There is significant divergence in their centro-
meres, in the primary sequences of homologous proteins, and 
in their kMT-binding capacity: kinetochores in budding yeast 

Figure 1.  Measurements from Western blots of the mean level of GFP (EGFP) fusion protein expression relative to wild type. The nine DT40 cell lines used 
for measurement of protein copy number in the linkage between chromatin and kMTs are shown. The genomic region coding endogenous protein has 
been knocked out by homologous recombination for all cell lines. (A) Western blots for comparing level of GFP fusion protein in the cell lines compared 
with wild-type (WT) levels (top) and Coomassie brilliant blue (CBB) staining of a loading control protein (bottom). We prepared two gels and applied the 
same amount of protein for each. We used one gel for Western blots, and we used another one for Coomassie staining. Note that in CENP-H (CH)–GFP, 
the fusion protein was expressed from either the endogenous promoter (KI) or a CMV promoter. The rest of the cell lines have GFP fusion protein expression 
from a CMV promoter. Asterisks indicate nonspecific bands. CI, CENP-I; CT, CENP-T; CC, CENP-C. (B) Calculation of the mean level of GFP fusion protein 
relative to wild type (fourth column) from the ratio of Western blot (WEB) intensity and Coomassie intensity relative to wild type measured from Western 
blots and protein stains in A. Note that division of the Western blot intensity ratio to WT by the CBB intensity ratio to wild type corrects for variations in 
sample size. Also note that CENP-H–GFP (KI) has the same mean level of CENP-H–GFP protein expression relative to wild type (0.97) as CENP-H–GFP 
expressed from a CMV promoter (0.86).
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DT40 cells using the method previously described by Hoffman 
et al. (2001; Fig. S1 A). For each cell type, kinetochore Fi was 
highest near the coverslip inner surface and decreased with 
image plane number (Fig. 3, A, D, G, and J), where image plane 
number multiplied by 200 nm gives a measure of depth within 
the cell. Image plane number also represents the number of ex-
posures. Repetitive exposures at one image plane showed that 
photobleaching did not make a significant contribution to the de-
crease in measured value with image plane number (Fig. S1 B);  
most of the decrease was caused by refraction at the glass– 
media interface that causes the central intensity of fluorescence 
to be reduced (Joglekar et al., 2006). To correct for this effect, 
we fitted a linear regression line to the primary data, and used the  
frame number at the first data measurement and the slope, to cor
rect the Fi data at higher frame numbers (Fig. 3, B, E, H, and K).  
This produced corrected data, Fic, whose distribution was ap-
proximately normal (Fig. 3, C, F, I, and L) and yielded a mean 
value and SD for the population of measured kinetochores where 
n > 150. This correction method produced means close to the 
values measured near the coverslip while providing a measure of 
the SD for each dataset.

We first examined the CENP-H–GFP knock-in cells be-
cause CENP-H–GFP was expressed on the endogenous promoter. 
The mean level of CENP-H–GFP expression was nearly identi-
cal to the level of endogenous protein in wild-type cells (Fig. 1). 
The total cell fluorescence minus background varied between  
6 × 104 and 9 × 104 counts for an image near the middle of the cell  
(Fig. S1 A). The sum of Fic measurements for kinetochores within 
the same plane revealed that kinetochores contributed <5–10% 
total cell fluorescence, and most was from fluorescence within 
the cytosol. As a result, for the other DT40 cell lines that ex-
pressed GFP fusion protein from a CMV promoter, we chose 
cells for analysis with total cell fluorescence near the aforemen-
tioned range (4–14 × 104) to minimize possible effects from pro-
tein overexpression, although cells outside this range were rare. 

Results and discussion
Measurements of protein copy number at metaphase kineto-
chores in DT40 cells were made for Nuf2, Ndc80 (Hec1), Mis12, 
KNL-1, CENP-H, CENP-I, CENP-T, and CENP-C using cell 
lines where the endogenous kinetochore protein was genetically 
knocked out and replaced by the protein fused to GFP (EGFP) ex
pressed either from its endogenous promoter or a cytomegalo
virus (CMV) promoter (Fukagawa et al., 2001, Mikami et al., 2005; 
Hori et al., 2008). In these cell lines, GFP fusion proteins were 
expressed on average near the level of the endogenous protein 
(except for CENP-C–GFP, which was about threefold higher), 
and unlabeled protein represented a very small fraction of the total 
protein (Fig. 1). Faint bands around the size of endogenous pro-
teins were detected in all cells expressing GFP fusion proteins 
(Fig. 1 A). We confirmed that these were not endogenous proteins 
because endogenous proteins were not detected by Western blot-
ting in parental knockout cell lines (Fukagawa et al., 2001; Hori 
et al., 2003, 2008). Under the conditions used in our experiments, 
all of the GFP fusion cell lines grew vigorously at a rate similar 
to wild-type cells.

The standard for our fluorescence ratio method was the  
fluorescence from a cluster of anaphase kinetochores in budding 
yeast cells where GFP (GFP (S65T)) was fused to Ndc80 at the  
endogenous promoter (Fig. 2, budding yeast). A cluster contains  
16 kinetochores each with one kMT. Previous measurements found 
seven Ndc80-GFP proteins on average per kMT, which is slightly 
less than the copy number of eight at metaphase (Joglekar et al., 
2006). The total GFPs per cluster was 7 × 16 = 112. GFP (S65T) 
has the same fluorescence properties as the EGFP used in DT40 
cells at the room temperature used to image both cell types (see 
Materials and methods; Yang et al., 1996; Patterson et al., 1997).

We measured Fi (integrated fluorescence intensity minus 
background) from images (Fig. 2) of anaphase kinetochore clus-
ters in budding yeast or individual metaphase kinetochores in 

Figure 2.  Confocal fluorescence images of cells expressing different kinetochore proteins fused to GFP. The names of each cell line are given on its corre-
sponding image. For visual comparison, all images were obtained under the same excitation light intensity, exposure, approximate depth from the coverslip 
surface, and microscope/camera instrumentation, and displayed at the same brightness and contrast.

http://www.jcb.org/cgi/content/full/jcb.200912022/DC1


JCB • VOLUME 189 • NUMBER 6 • 2010� 940

immunofluorescent staining with either CENP-T or Ndc80 anti-
bodies. Collectively, the aforementioned data indicate that 
kinetochores of macrochromosomes and minichromosomes 
contain similar amounts of proteins, although their DNA content 
can differ by more than an order of magnitude.

Table I and Fig. 4 show the results from our analysis of meta
phase kinetochore fluorescence for the different GFP fusion 
proteins. For the anaphase budding yeast standard, the mean in-
tegrated intensity of a kinetochore cluster was 3,390 ± 373, cor-
responding to 112 ± 13 Ndc80-GFP molecules per cluster and  
7 ± 0.8 molecules per kinetochore. For kinetochores in the DT40 
cell lines, the protein copy number per kinetochore was obtained 
by 112 × Fic/ 3,390.

Kinetochore Fic for CENP-H–GFP expressed from the 
endogenous promoter or from a CMV promoter was 879 ± 47 
compared with 808 ± 121, respectively. These values are very 
similar, as expected from comparing mean expressed protein 
levels in the cells (Fig. 1), thereby validating cell lines using 
CMV promoters for GFP fusion protein expression. Previously, 
Ribeiro et al. (2009) used a ratio measurement method similar 
to ours to compare the copy numbers in DT40 cells for CENP-H– 
GFP at kinetochores of knock-in cells (29/kinetochore) and 
knock-in cells with condensin knocked out (31/kinetochore). 
For both cell lines, their measurements for CENP-H–GFP 
per kinetochore were nearly identical to ours (27–29/kineto-
chore; Table I). This result demonstrates the reproducibility of 
the ratio method.

The exception was the CENP-C–GFP cell line, which had on  
average significantly higher total cell fluorescence compared with 
the CENP-H–GFP knock-in cell line, as predicted by the Western 
blot analysis in Fig. 1. Most of the CENP-C–GFP cells showed 
various levels of fluorescence within the chromosome arms  
(Fig. 2), which was background subtracted from measurements of 
kinetochore fluorescence (Fig. S1 A). For the different cell lines, 
kinetochore Fic was not sensitive to different amounts of total cell 
fluorescence minus background (Fig. S1 C). This insensitivity is 
consistent with the stable association of the Ndc80 complex at 
kinetochores (Hori et al., 2003).

DT40 cells typically display a stable karyotype with a  
chromosome number of 80, which comprises 11 autosomal 
macrochromosomes, the heterogametic sex chromosomes, and  
67 minichromosomes (Sonoda et al., 1998). The largest macro-
chromosomes have 20 times more DNA than the minichromo-
somes. In contrast to this wide range in chromosome size, 
fluorescent images of kinetochores in live cells (Fig. 2) did not 
show distinctly different populations of kinetochore fluorescence 
within the same cell, and measurement histograms typically 
showed a single peak with 20% or less SD (Fig. 3, C, F, I, and L; 
and Table I). As a further test for a distinct difference in kineto-
chore size between macrochromosomes and minichromosomes, 
we measured kinetochore fluorescence in metaphase chromo-
some spreads from hypotonically lysed cells (Fig. S2). The ratio 
of mean fluorescence obtained from kinetochores of macro-
chromosomes and minichromosomes was about one using  

Figure 3.  Examples of Fi measurements. (A–L) Clusters of anaphase sister kinetochores in budding yeast expressing Ndc80-GFP from an endogenous 
promoter (A–C) and for kinetochores in metaphase DT40 cells depleted of the endogenous protein and expressing CENP-H–GFP from an endogenous  
(KI; D–F) or CMV promoter (G–I) or expressing Ndc80 (Hec1)–GFP from a CMV promoter (J–L). Fic (B, E, H, and K) and histograms of the corrected data 
(C, F, I, and L) were obtained as described in Results and discussion.

http://www.jcb.org/cgi/content/full/jcb.200912022/DC1
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complex and KNL-1 (seven). These numbers are almost identi-
cal to the copy numbers for the homologous proteins per kMT 
for both budding and fission yeast (Joglekar et al., 2006, 2008). 
Thus, an important finding of our study is that the highly con-
served KMN network of core MT attachment proteins is also 
highly conserved in protein copy number per kMT between 
yeast and vertebrates.

The copy number for proteins that link the KMN network 
to chromatin is very different between vertebrates and yeast 
cells. Our measured values for mean copy number per kMT for  
CENP-H, CENP-I, and CENP-C in DT40 cells at metaphase are 
six, seven, and nine, whereas the corresponding values for the 
homologues in budding and fission yeast are two to three, two 
to three, and one, respectively. In addition, the proteins in ver-
tebrates that bind DNA, CENP-C, and CENP-T–CENP-W are 
very similar in number per kMT to the KMN network of proteins  
(Table I and Fig. 4), whereas this is not the case in budding yeast.

We hypothesize that the protein linkage between chroma-
tin and kMTs in vertebrates is produced on average by about 
eight “unit attachment modules” that are anchored to chromatin 
at one end by CENP-C and CENP-T–CENP-W independently 
binding DNA associated with H3 histone in the proximity of 
CENP-A nucleosomes (Hori et al., 2008). At the other end, the 
attachment modules can become anchored to kMTs near their 
plus ends by the Ndc80 (Hec1) complex and KNL-1. The Mis12 
complex may link the two different functional ends of this unit 
attachment module together (Fig. 4). The unit attachment mod-
ule is likely fibrous because many of the proteins have extensive 
-helical coiled-coil domains (e.g., the Ndc80 complex, CENP-K, 
and CENP-H). The end to end length of the module is likely  
62–72-nm long within vertebrate kinetochores based on mea-
surements obtained by two-color super-resolution fluorescence 
microscopy (Wan et al., 2009).

It should also be noted that these attachment modules are 
assembled stepwise at the kinetochore because CCAN proteins, 
including CENP-C, CENP-H, CENP-I, and CENP-T, are present 
at the kinetochore throughout the cell cycle. The KMN network 
assembles at kinetochores in late G2 or prophase and leaves in 
telophase. Although our measured copy numbers are nearly stoi-
chiometric for the CCAN and KMN network proteins, it is possible 

For the KMN network, the fluorescence ratios between 
DT40 kinetochores and anaphase clusters in yeast yielded mean 
protein copy numbers per DT40 kinetochore of 31 ± 6 for  
KNL-1–GFP, 39 ± 9 for Mis12-GFP, 37 ± 8 for Nuf2-GFP, and 
32 ± 6 for Ndc80 (Hec1)–GFP (Table I and Fig. 4). Because 
Ndc80 (Hec1) and Nuf2 form a heterodimer within the Ndc80 
complex, it is not a surprise that their measured mean values are 
very similar. The values for Mis12 and KNL-1 are also very simi-
lar to those of the Ndc80 complex, suggesting equal copy num-
bers for all members of the KMN network.

For the proteins that link the KMN network to chromatin at 
the inner kinetochore, we measured per kinetochore 39 ± 10 of 
CENP-C, 28 ± 4 of CENP-T–GFP, 25 ± 4 of CENP-I–GFP, and 
27–29 of CENP-H–GFP (Table I and Fig. 4). We have not ob-
tained GFP-expressing cells for CENP-K, but CENP-K is ex-
pected to have the same copy number as CENP-H because both 
CENP-H and CENP-K have extensive -helical coiled-coil do-
mains, and they have been shown biochemically to form an ex-
tended heterodimer (Qiu et al., 2009). Therefore, the kinetochore 
protein copy numbers for the linkage between the KMN network 
and chromatin are similar (25–39).

To show that this similarity is not an artifact of our ratio 
measurement method, we obtained protein copy numbers for  
proteins not expected to have similar values. We measured copy 
numbers per kinetochore of 62 for CENP-A–GFP, 12 for Bub1-
GFP, and 72 for Mad2-GFP in nocodazole-treated metaphase 
cells (Fig. S3). All of these DT40 cell lines expressed GFP fusion 
protein from a CMV promoter in the presence of unlabeled  
endogenous protein. Because of the presence of endogenous pro-
tein, no other conclusion can be reached from these data except 
that the ratio measurement method gives distinctly different  
values for each in comparison with the similar values obtained  
for the proteins within the linkage between kMTs and chromatin.

The number of kMTs per kinetochore in DT40 cells at 
metaphase is reported to be 4.3 ± 0.3 from assays using serial 
section electron microscopy (Ribeiro et al., 2009). To obtain an 
estimate of the mean copy number per kMT and its SD, we di-
vided the mean copy number and its SD measured per kineto
chore by 4.3 (Table I and Fig. 4). This yielded about eight Ndc80 
(Hec1) complexes and a similar number for the Mis12 (nine) 

Table I.  Kinetochore Fic and protein number per kinetochore and kMT for GFP fusion cell lines

GFP fusion cell lines Fic Ratio to yeast Ndc80 Protein No./kinetochore Protein No./kMT

Budding yeast Ndc80 3,390 ± 373 1.00 ± 0.11 NA NA
CENP-C 1,192 ± 312 0.35 ± 0.09 39 ± 10 9.2 ± 2.4
CENP-I 757 ± 113 0.22 ± 0.03 25 ± 4 5.8 ± 0.9
CENP-T 851 ± 119 0.25 ± 0.04 28 ± 4 6.5 ± 0.9
CENP-H CMV 879 ± 147 0.26 ± 0.04 29 ± 5 6.8 ± 1.1
CENP-H (KI) 808 ± 121 0.24 ± 0.04 27 ± 4 6.2 ± 0.9
Mis12 1,172 ± 271 0.35 ± 0.08 39 ± 9 9.0 ± 2.1
KNL-1 932 ± 170 0.28 ± 0.05 31 ± 6 7.2 ± 1.3
Ndc80 (Hec1) 1,000 ± 178 0.29 ± 0.05 33 ± 6 7.7 ± 1.4
Nuf2 1,128 ± 251 0.33 ± 0.07 37 ± 8 8.7 ± 1.9

NA, not applicable. Mean values for Fic were measured from kinetochores for each GFP fusion cell line, and calculations of protein copy number per kinetochore and 
kMT were obtained by the ratio fluorescence method. Ratio values to yeast Ndc80-GFP were obtained by dividing the mean Fic by the value for yeast Ndc80-GFP. 
The protein number per kinetochore in DT40 cells was obtained by multiplying the ratio to yeast Ndc80 by the number of Ndc80-GFPs in an anaphase kinetochore 
cluster (112; Joglekar et al., 2006). The protein number per kMT was obtained by dividing the ratio to yeast Ndc80 by the mean number of kMTs in metaphase DT40 
cells (4.3; Ribeiro et al., 2009).

http://www.jcb.org/cgi/content/full/jcb.200912022/DC1
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likely important for essential protein functions at the kinetochore–
MT interface, including MT plus end attachment, force genera-
tion, attachment error correction, and recruitment of spindle 
assembly checkpoint proteins to the kinetochore (DeLuca  
et al., 2005, 2006; Cheeseman et al., 2006; Kiyomitsu et al., 2007; 
Santaguida and Musacchio, 2009).

Materials and methods
Cell culture
The DT40 cell lines were constructed as described previously Fukagawa  
et al. (2001) and stored in liquid nitrogen. After thawing, cells were cultured 
in DME (Invitrogen) supplemented with 10% fetal bovine serum (Sigma- 
Aldrich), 1% chicken serum (Invitrogen), 1% antibiotic antimycotic (Invitro-
gen), and 100 µM -mercaptoethanol (EMD). CENP-H, CENP-I, Ndc80, 
Mis-12, CENP-C, KNL-1, and CENP-T knockout cell lines expressing each 
EGFP fusion protein under control of CMV promoter were also supplemented 
with 2 µg/ml tetracycline (Fukagawa et al., 2001; Nishihashi et al., 2002; 
Hori et al., 2003; Kline et al., 2006; Kwon et al., 2007; Cheeseman et al., 
2008; Hori et al., 2008). Cells were maintained at 38°C in a 5% CO2 atmo-
sphere. Yeast cells expressing GFP (S65T) fusion proteins were cultured and 
prepared as described previously in Joglekar et al. (2006). We expected 
equivalent fluorescence intensity from GFP (S65T) within kinetochore clusters 
in budding yeast and of EGFP within individual kinetochores in metaphase 
DT40 cells for the same excitation light intensity. This is because both GFP 
(S65T) and EGFP (S65T and F64L) (Yang et al., 1996) exhibit nearly identi-
cal excitation and emission spectra, extinction coefficient, quantum yield, 
fluorescence stability to pH changes >7.0, and photobleaching stability 
(Patterson et al., 1997). The additional mutation in EGFP prevents protein 
folding defects at the high temperatures (38°C) needed to culture DT40 cells 
(Yang et al., 1996); at 37°C, EFGP has the same fluorescence properties as 
GFP (S65T) at 28°C (Patterson et al., 1997).

Microscopy
The DT40 cells are not much larger in diameter than budding yeast cells, and 
both were adhered to the inner surface of coverslips pretreated with  
0.5 mg/ml1 concanavalin A. DT40 cells were seeded on coverslips 1 h be-
fore experimentation. Before imaging, they were mounted in rose chambers 
(Skibbens et al., 1993) filled with warm L-15 (Sigma-Aldrich) media lacking 
pH dye. Budding yeast cells were suspended and immobilized within a stan-
dard glass-slide coverslip preparation as described previously in Joglekar  
et al. (2006). All images were obtained at room temperature using a spinning-
disk confocal (CSU-10; Yokogawa), 100× 1.4 NA objective (Nikon), and a 
cooled charge-coupled device camera (ORA AG; Hamamatsu Photonics) 
with the same 488-nm laser intensity and exposure time (Maddox et al.,  
2003). This gave a high signal to noise for each kinetochore fluorescent im-
age and pixel sizes at the specimen scale of 65 nm. We obtained images of 
optical sections along the z axis through the cell at 200-nm intervals begin-
ning near or at the coverslip–cellular interface.

Integrated intensity measurements
Fi measurements were obtained with image analysis software (MetaMorph; 
MDS Analytical Technologies) using the method of Hoffman et al. (2001) 
as described in Fig. S1 A.

Data analysis and correction of errors
For each cell type, the magnitude of kinetochore Fi was highest near the 
coverslip inner surface and decreased with image plane number (Fig. 3, 
A, D, G, and J) as a result of refraction at the coverslip surface. To correct 
for this effect, we fitted the primary data with a linear regression line and 
used the intercept value of frame number (FN) at the first data measurement 
(FNb) and the slope, m, to correct the Fi data at higher frame numbers: 
Fic(FN) = Fi(FN) + Fi(FNb)  m × (FNFNb) (Fig. 3, B, E, H, and K). This 
correction produced a linear regression line with zero slope though the 
corrected integrated intensity data and approximately normal distributions 
of values about the mean (Fig. 3, C, F, I, and L). For each cell type, we ob-
tained a mean value and SD for Fic from the n > 150 kinetochore clusters 
(budding yeast) or n > 200 individual kinetochores (DT40 cells).

Online supplemental material
Fig. S1 shows an illustration of the imaging methods used to obtain 
kinetochore Fi and cellular Ficell, a graph of the small effect of photo-
bleaching during image acquisition, and a graph of kinetochore Fic 

that a substoichiometric number of CCAN proteins is needed 
within the attachment modules to link the eight or so KMN net-
work proteins to centromere chromatin, as has been measured for 
budding and fission yeast. More biochemical details of the linkage 
between the KMN proteins and the CCAN proteins are needed to 
resolve this important structural issue.

In summary, our protein copy number measurements sug-
gest for vertebrate kinetochores a fibrous unit attachment module, 
linking chromatin to kMTs with about eight attachment modules 
on average per kMT at metaphase. This number is similar be-
tween yeast and vertebrates for the KMN network of proteins that 
form the core kMT attachment site. The fibrous unit attachment 
module between centromeric chromatin and the end of a kMT is 

Figure 4.  Protein numbers at kinetochores of DT40 cells indicate a fi-
brous unit attachment module linking chromatin to kMTs near their plus 
ends. Measured values from Table I for protein copy number per kineto-
chore (left) and kMT (right) are listed for each protein measured in the 
linkage between chromatin and MTs. The SD for all mean values listed is 
20% (Table I). The diagram is the relevant part of a recent epistatic map 
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