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Figure 3. Using calibrated ChIP-seq to measure cohesin’s cell cycle dependent association with the S. cerevisiae genome. Exponential phase S. cerevisiae
cells growing at 25◦C were arrested in G1 by treatment with �-factor pheromone for 150 min. and then transferred by filtration to fresh medium lacking
the pheromone. This triggered their synchronous passage through the cell cycle. At the indicated time points, samples were removed from the synchronous
S.cerevisiae culture to measure DNA content by FACS (A), the fraction of cells with buds (budding index) (B), the fraction of binucleate cells (B), and
OR values for each time point (C). In the case of the latter, S.cerevisiae cell samples were first fixed with formaldehyde and only subsequently mixed with
pre-fixed C. glabrata cells, a protocol that made it simpler to sample continuously for up to 120 min. from the S. cerevisiae synchronous culture. Occupancy
ratio (OR) values for PK-tagged Scc1 were calculated for each time point using reads unique to S. cerevisiae and C. glabrata cells in IP and whole cell
extract (W) aliquots, as described in Materials and Methods. The amount of CEN6 DNA within IP samples was also measured using qPCR and the values
compared to estimates for the equivalent locus derived from the calibrated ChIP-seq profiles (D) (see also Figure 5). Both sets of values are plotted on an
arbitrary linear scale designed so that the ‘areas’ under each curve were identical. Note that CEN6 occupancy rises and falls more rapidly than OR. Also
shown in D are CEN6 values calculated from uncalibrated data.

are real signals and not mere background (compare 0 and 60
min. samples in Figure 5 and Supplementary Figure S6D).
To confirm this, we compared the calibrated ChIP-seq pro-
files of tagged and untagged cells. This revealed that the
number of reads from the former was many times greater
than the latter, whether or not they were associated with
peaks or with intervals between peaks (i.e. troughs) (Fig-
ure 6B). This proves that the majority of reads throughout
the genome are associated with the PK tag.

These data do not however exclude the possibility that
reads within troughs are due to the adventitious association

with chromatin of what is in fact soluble Scc1-PK within the
nucleoplasm. If the latter were the case, then reads should be
unaffected by mutations that inactivate the Scc2/4 complex
necessary for loading cohesin onto chromosomes (16). To
address this, we compared the calibrated ChIP-seq profiles
of wild type SCC2 SCC1-PK and scc2–45 SCC1-PK cells
following release at 37◦C from a G1 arrest induced by grow-
ing cells in the presence of pheromone at 25◦C. scc2–45 is a
temperature sensitive allele of SCC2 that permits loading
and cell proliferation at 25◦C but not at 37◦C. After incu-
bation in pheromone free medium containing nocodazole at
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Figure 4. Conventional ChIP-seq profiles of cohesin (Scc1) during synchronous S. cerevisiae cell cycles. The ChIP-seq profile of Scc1 along chromosome
1 from each time point of the experiment described in Figure 3 shown on the basis of reads per million. Note that under these circumstances, which is the
conventional way of presenting ChIP-seq data, the area under the curve (for the whole genome) will be identical between each sample. The Y-axis indicates
the numbers of reads covering every base pair and the X-axis indicates position of every base pair adopting from SGD (http://www.yeastgenome.org).

37◦C for 60 min, during which time both wild type and mu-
tant cells completed DNA replication, samples were fixed
with formaldehyde, mixed with fixed asynchronously grow-
ing C. glabrata cells, and subsequently processed for cali-
brated ChIP-seq. This revealed that the frequency of reads
within troughs as well as peaks was greatly reduced by scc2–
45, to between 13 and 15% of wild type (Figure 6C). Thus,
the majority of reads within troughs as well as peaks arise
from cohesin complexes whose association with the genome
is dependent on Scc2.

Very similar results were obtained with the scc2–4 mu-
tation, with the only difference being that the latter re-
duced association to an even greater extent at 37◦C (Sup-
plementary Figure S7A). These results differ substantially
from those obtained using microarrays (ChIP-chip) to mea-
sure cohesin’s genomic distribution (Supplementary Figure

S7B), which concluded that in scc2–4 mutants cohesin asso-
ciates with putative loading sites, which do not necessarily
correspond to sites to which it subsequently relocates (17).
The cohesin peaks in wild type cells observed in the ChIP-
chip study resemble those observed in our calibrated ChIP-
seq profiles. These peaks are largely absent in the ChIP-chip
profiles from scc2–4 cells but they are supposedly replaced
by ones that coincide with peaks of Scc2 protein association
(in wild type cells) (Supplementary Figure S7B). The point
is that none of these new cohesin peaks specific to scc2–
4 mutants are observed in our calibrated ChIP-seq data
(Supplementary Figure S7B). We suggest that the previous
ChIP-chip study, which did not involve calibration and used
inherently less sensitive microarrays instead of sequencing,
may not have been able to distinguish background from sig-
nal.
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Figure 5. Cohesin chromodynamics: calibrated ChIP-seq profiles of Scc1 during synchronous S.cerevisiae cell cycles. The calibrated ChIP-seq profiles of
Scc1 were calculated by multiplying the conventional ChIP-seq signals (Figure 4) with the OR values of each time point (Figure 3C). Unlike conventional
ChIP-seq, the calibrated profiles reveal the changes in cohesin’s occupancy of all sites within the genome as cells progress through their synchronous
cell cycles. The Y-axis indicates the numbers of reads covering every base pair and the X-axis indicates position of every base pair adopting from SGD
(http://www.yeastgenome.org).

In conclusion, our calibrated ChIP-seq reveals that the
majority of reads, including those in troughs between peaks,
are real signals. In other words, very real amounts of co-
hesin exist outside peaks. For all we know, this population
may be as functionally significant as that within peaks, a
feature that may apply to many other proteins whose func-
tional properties has been inferred merely from the distri-
bution of their peaks.

Using calibrated ChIP-seq to analyse mutant proteins

An advantage of using tagged proteins to measure ChIP-
seq profiles is that this makes possible the analysis of mu-
tant proteins that are dysfunctional and cannot therefore

sustain cell proliferation. One can compare the profiles of
tagged wild type and mutant proteins when expressed from
an ectopic locus in cells expressing untagged endogenous
protein. To demonstrate this, we used calibrated ChIP-seq
to measure the effect of mutations within another of co-
hesin’s subunits, namely Smc3. Smc3E1155Q prevents hy-
drolysis of ATP bound to Smc3’s ATPase domain. It greatly
reduces cohesin’s association with most parts of the genome
but not association with core centromeres (13). Calibrated
ChIP-seq revealed that PK tagged Smc3E1155Q was cross-
linked to sequences in the immediate vicinity of core cen-
tromeres with a far greater efficiency than the correspond-
ing wild type protein (Figure 7AB). This feature was missed
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Figure 6. Calibrated ChIP-seq unlike conventional ChIP-seq distinguishes signals from noise. (A) Calibrated ChIP-seq profiles for chromosome 1 in
pheromone arrested cells (0) and 60 min after release (60). (B) Calibrated ChIP-seq profiles for chromosome 1 obtained using the PK-specific antibody from
exponentially growing S. cerevisiae cells with or without PK tagged Scc1 (K14601 or K699). To calibrate each sample, they were mixed with exponentially
growing C. glabrata cells prior to fixation. (C) Calibrated ChIP-seq profiles of PK tagged Scc1 in the presence or absence of Scc2 activity. Wild type
(K14601) and ts scc2–45 cells (K22390) growing exponentially at 25◦C were uniformly arrested in early G1 by incubation with � factor pheromone for 2.5
hour. The arrested S.cerevisiae cells were released into a new cell cycle by transferring to YPD media containing nocodazole at the restrictive temperature
37◦C. After 60 min, by which time most cells had completed DNA replication, cells were fixed with formaldehyde and mixed with separately fixed C.
glabrata cells before processing samples for ChIP-seq. The Y-axis indicates the numbers of reads covering every base pair and the X-axis indicates position
of every base pair adopting from SGD (http://www.yeastgenome.org).
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Figure 7. Calibrated ChIP-seq profiles of wild type, acetylation-mimicked mutant and ATPase hydrolysis mutant Smc3. The yeast cells ectopically ex-
pressing PK-tagged wild type Smc3 (K17407), acetylation-mimicked mutant smc3 K112Q, K113Q (K22703) or ATPase hydrolysis defective mutant
smc3 E1155Q (K17409) were exponentially grown at 25◦C and mixed with C. glabrata cells. Calibrated ChIP-seq was performed against PK epitope. (A)
The calibrated ChIP-seq profiles of Chr 1 are shown with a full scale of Y-axis and the position of CEN1 is indicated. (B) The enlarged DNA association
profiles of WT and indicated mutant Smc3 are shown with a smaller scale of Y-axis. The detailed distribution of WT and mutant Smc3 at pericentromere
(around 30 kb of flanking region on either side of CEN1) is shown underneath. The Y-axis indicates the numbers of reads covering every base pair and the
X-axis indicates position of every base pair adopting from SGD (http://www.yeastgenome.org). Note that the E11155Q peak associated with CEN1 has
been truncated in (B).
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by conventional ChIP-seq because the latter is not quantita-
tive. It was also not picked up by ChIP quantitated by PCR
(qPCR ChIP) because the latter used primer pairs slightly
outside the Smc3E1155Q peak.

A second example is Smc3K112QK113Q, which replaces
by glutamine a pair of lysine residues whose acetylation by
Eco1 is essential for creating stable sister chromatid cohe-
sion but not for cohesin’s loading onto chromosomes (18–
20). In wild type cells, Smc3K112 and K113 are thought
to facilitate release of cohesin from chromosomes by a pro-
cess mediated by its Wapl, Pds5 and Scc3 subunits. Acety-
lation of K112 and K113 by Eco1 is thought to block re-
leasing activity and replacement of these residues by glu-
tamine to mimic the effect of acetylation. If mutation of
K112/3 merely inactivated Wapl-dependent releasing ac-
tivity, then cohesin should still be functional and should
load with reasonable efficiency onto chromosomes. Surpris-
ingly, Smc3K112QK113Q is lethal and according to ChIP-
qPCR reduces cohesin’s association with a limited num-
ber of loci (21). Calibrated ChIP-seq revealed that the dou-
ble mutation greatly reduced Smc3’s association throughout
the genome but more so in peaks than between peaks (Fig-
ure 7AB). One interpretation of this finding is that as well as
inactivating cohesin’s releasing activity, acetylation of K112
and K113 inhibits a productive interaction between cohesin
and its Scc2/4 loading complex and K112QK113Q mimics
this effect. However, in contrast with wild type where co-
hesin previously associated with chromatin is acetylated and
thereby stabilized on chromosomes, K112QK113Q would
affect the behaviour of the soluble pool and thereby com-
promise its ability to load in the first place. In conclusion,
calibrated ChIP-seq can shed important insights into the
behaviour of mutant proteins, insights that are not possible
merely from inspection of conventional ChIP-seq profiles.

A novel insight into the origin of peri-centric cohesin revealed
by calibrated ChIP-seq

The surest way of showing that a new method is robust, re-
liable, and superior to existing ones is to make discoveries
that were not previously possible. It is currently supposed
that loading of cohesin onto chromosomes is mediated by
its entrapment of chromatin fibres and given the large size
of cohesin’s tripartite rings, it has always seemed plausible
that they could translocate (diffuse) along fibres subsequent
to entrapment. Despite a number of studies, it has never ac-
tually been proven that this actually happens (17,22). The
clearest example of a phenomenon that could be explained
by such an activity concerns the origin of peri-centric co-
hesin in yeast. Accumulation of especially high levels of co-
hesin in a 50 kb window surrounding core centromeres de-
pends on specific non-essential subunits of the kinetochore
COMA complex and on core centromeres (23,24). Remark-
ably, transfer of a 120 bp core centromere from its endoge-
nous site to an ectopic one on a chromosome arm not only
eliminates high levels of cohesin around the deleted locus
but also elevates cohesin levels throughout a 50 kb win-
dow surrounding the ectoptic site (12,13,25). One explana-
tion for this phenomenon is that the COMA complex situ-
ated at core centromeres greatly facilitates Scc2/4-mediated
loading of cohesin at this location and that once loaded

these rings translocate into neighbouring peri-centric loci.
An alternative is that COMA somehow modifies in a hith-
erto mysterious manner the chromatin structure for 20 kb
on either side of core centromeres in a manner that facil-
itates loading throughout the modified region. Two pieces
of evidence favour the first hypothesis (13). First, live cell
imaging as well as conventional ChIP-seq shows that Scc2/4
accumulates, albeit with a very rapid turnover, at core cen-
tromeres. Second, cohesin containing Smc subunits that can
bind but not hydrolyze ATP (e.g. Smc3E1155Q) accumu-
lates (also fleetingly) at core centromeres, as if it under-
goes an early step in a loading process that takes place at
core centromeres but cannot complete the process, cannot
entrap chromatin fibres, and cannot therefore translocate
along them away from the initial site of loading.

Crucially lacking, however, is any direct evidence that the
cohesin which accumulates within peri-centric chromatin
had actually loaded at core centromeres. In other words, no
study has yet documented especially high levels of cohesin
at core centromeres shortly after loading. Live cell imaging
(Supplementary movie1) is consistent with this but has in-
sufficient resolution to be certain. To address this issue, we
analysed in greater detail cohesin’s distribution around cen-
tromeres as cells passage through the cell cycle. To do this,
we calculated at different stages of the cell cycle described
in Figure 3 the average occupancy of cohesin at all posi-
tions 15 kb either side of S. cerevisiae’s 16 core centromeres,
which were aligned with base pair accuracy according to
their highly conserved CDEIII elements. Figure 8A shows
that in pheromone arrested cells, a large fraction of cohesin
within this 30 kb interval is concentrated in two peaks im-
mediately surrounding core centromeres. It is worth not-
ing that this population of cohesin is only transiently as-
sociated with chromatin partly because of continual Wapl-
dependent release (14) and partly due to separase cleavage
activity that lingers in pheromone arrested cells (11). Occu-
pancy is low presumably because Scc1 synthesis is also low
but not negligible at this stage of the cell cycle. The transient
nature of cohesin’s association in these cells raises the possi-
bility that cohesin resides on chromosomes for insufficient
time to translocate away from its loading sites, raising the
chances that it is detected at loading sites. The finding that
a high fraction of peri-centric cohesin is actually detected
in a bimodal peak on either side of the core centromere
is therefore a further indication that loading dependent on
core centromeres actually takes place at this site and not in
neighbouring sequences.

The changes in cohesin’s peri-centric occupancy when the
arrested cells re-enter the cycle upon transfer to pheromone
free medium is equally if not more revealing. Cohesin’s oc-
cupancy in close proximity to core centromeres increases
dramatically during the first 30 min after release, at the end
of which period most cells have just entered S phase follow-
ing a burst of Scc1 synthesis in late G1. Because of this in-
crease, we can say with certainty that most of this cohesin
must have loaded recently on the chromatin. Thus, a high
fraction of cohesin that has just been loaded within a 30
kb peri-centric interval is found in very close proximity to
core centromeres themselves. Thereafter, cohesin gradually
accumulates in two broad peaks about 5 kb away from core
centromeres and the amount associated with the latter actu-
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Figure 8. Cohesin dynamics around the centromere. The number of reads per base pair (Y-axis) in the 15kb regions either side of the CDEIII element for
each chromosome (X-axis) were averaged and calibrated to reveal the average cohesin distribution around the centromere. (A) The profiles of the average
cohesin distribution throughout the cell cycle from the data in Figure 3. (B) The average cohesin distribution in cycling Smc3 E1155Q ATP hydrolysis
mutant cells compared to WT cells.
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ally declines. Separase activation, which triggers anaphase,
removes cohesin from all loci between 75 and 90 min but this
is followed by re-accumulation around core centromeres as
a second round of Scc1 synthesis (which is accompanied by
that of securin, which inactivates separase) takes place when
cells enter a second cell cycle. The calibrated profiles por-
trayed in Figure 8A resemble a fountain that generates a
wave of cohesin starting at core centromeres and moving
into pericentric sequences. Importantly, no such changes
were detected in profiles created from sequencing whole cell
extracts (Supplementary Figure S8A).

When analysed in the same manner, cohesin containing
Smc3E1155Q is found to concentrate precisely at CDEIII
sites (Figure 8B), which is consistent with it engaging in an
early step of the loading reaction but failing to entrap chro-
matin fibres and as a consequence dropping back off the
fibre instead of translocating along it. Note that the distri-
bution of wild type Smc3 in cycling cells (best seen in Sup-
plementary Figure S8B) is as expected similar to that found
in the G2/M phase cells from our synchronous culture (Fig-
ure 8A); most cells that accumulate high levels of cohesin in
asynchronous S.cerevisiae cultures are in G2/M phase.

The accumulation of peri-centric cohesin in two broad
peaks whose centres are 5 kb away from core centromeres is
also observed when sequences 30 kb either side of all 16 core
centromeres are aligned with each other (Figure 9A). The
‘5 kb’ peaks therefore represent a large fraction of the peri-
centric cohesin recruited by COMA complexes and presum-
ably therefore correspond to the ‘barrels’ of GFP tagged co-
hesin observed by high resolution microscopy in cells whose
kinetochores have bi-oriented (see Figure 9B). Because loss
of cohesin’s peri-centric enrichment in COMA mutants is
accompanied by reduced cohesion in the vicinity of cen-
tromeres (13,25), we presume that the peri-centric cohesin
we observe in the ‘5 kb’ peaks (marked by red boxes in Fig-
ure 9A and C) is concerned with holding sister chromatids
together. This contrasts with the situation for cohesin situ-
ated in the immediate vicinity of centromeres, which is asso-
ciated with a part of the genome that is drawn towards op-
posite spindle poles when sister kinetochores bi-orient and
will therefore be less dense and noticeable in cell images.
We therefore suggest that the ‘barrels’ of GFP tagged co-
hesin seen in live cells following kinetochore bi-orientation
arise due to the clustering of cohesin within peri-centric 5 kb
peaks of all chromosomes around the central spindle (Fig-
ure 9C). This contrasts with a previous suggestion that the
barrels are composed of cohesin associated with chromatin
fibres that have been pulled apart from their sisters by the
bi-orientation process (26).

Though our data do not formally prove that the cohesin
which accumulates within the two broad peri-centric peaks
(5 kb on either side of core centromeres) as cells enter G2 is
composed of molecules that had loaded at core centromeres,
the distributions nevertheless represent a striking affirma-
tion of this concept and therefore represent by far the clear-
est evidence so far that cohesin translocates along chro-
matin fibres away from its sites of loading. Calibrated ChIP-
seq has therefore revealed a process long suspected to exist
but never previously documented. Evidence that cohesin re-
ally does translocate along chromatin fibres is of fundamen-
tal importance for the entire field of Smc/kleisin complexes

because it raises the possibility that condensin has a simi-
lar property, which could explain how it generates the loops
that make up mitotic chromosomes (27).

DISCUSSION

We describe here a simple technique that makes it possi-
ble to calibrate ChIP-seq profiles in a manner that quan-
titates changes in the distribution of an epitope tagged pro-
tein throughout the yeast genome. Central to this method
is the calculation of occupancy ratios (ORs) by mixing ‘ex-
perimental’ cells (in this case S. cerevisiae) with ‘calibration’
cells from a different species (in this case C. glabrata) that
express a similarly tagged protein. In one of the cases de-
scribed here, the proteins that were identically tagged in the
two organisms were in fact orthologs and their immuno-
precipitation properties should be very similar if not iden-
tical. Though desirable, as it reduces potential variation in
cross-linking and IP efficiencies, the use of orthologs is not
essential for the method to work. We demonstrate for in-
stance that C. glabrata cells expressing PK tagged Scc1 pro-
tein can equally well be used to calibrate ChIP-seq profiles
of another cohesin subunit, namely Smc3. In this case, the
OR’s of PK tagged Smc3 from S.cerevisiae were lower than
that of PK tagged Scc1 (1.4 versus 0.56), partly because the
former was expressed in the presence of untagged endoge-
nous protein but possibly also because Smc3 might be less
efficiently cross-linked to DNA than Scc1. However, this ef-
fect is systemic and does not therefore compromise the cal-
ibration process. We therefore envisage that our C. glabrata
strain expressing PK-tagged Scc1 could also be used to cali-
brate ChIP-seq profiles of numerous PK-tagged chromoso-
mal proteins in S.cerevisiae.

The notion of using internal reference genomes to quan-
titate ChIP-seq has been described in outline in the con-
text of antibodies that recognize the same histone modifica-
tions or RNA polymerase epitopes in different species (4,5).
Neither of these studies demonstrated that their method
was truly quantitative. Moreover, both used antibodies
against endogenous epitopes shared by the experimental
and calibration genomes. However, this is only possible if
the proteins/modifications in question are extremely con-
served, which is rarely the case given that the DNA se-
quences of experimental and calibration genomes must dif-
fer sufficiently to assign most sequences to one or another
genome. In contrast, the use of epitope-tagged proteins de-
scribed here provides a method that can be used for any
chromosomal protein in any organism. It may be worth
pointing out that the same calibration principle lies behind
quantitative mass spectrometry and could also be more
widely used to calibrate RNA-seq data.

We demonstrate for the first time another crucial ad-
vantage of using epitope tagged proteins. By comparing
tagged and untagged strains, it is possible to distinguish sig-
nal from noise throughout the genome, something that has
never hitherto been achieved. This permitted us to show
that much cohesin is associated with sequences between
peaks as well as at them. Comparing the calibrated ChIP-
seq profiles of tagged and untagged cells revealed that the
background noise of cohesin profiles is very low. This might
not be the case for other factors whose cross-linking to the
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Figure 9. Pericentric cohesin viewed by calibrated ChIP-seq and cell images. (A) Cohesin’s peri-centric distribution in G2/M phase cells. The number of
reads per base pair (Y-axis) in the 30 kb regions either side of the CDEIII element for each chromosome (X-axis) were averaged and calibrated to reveal
the average cohesin distribution around the centromere. The data was extracted from ChIP-seq of cells at 60 min. after released from G1-arrest in Figure 5.
The ‘5 kb’ peaks are marked by red boxes and centromere-proximal cohesin marked by blue box. (B) High-resolution image of cohesin in G2/M phase.
Tetraploid cells containing 64 chromosomes with endogenous Scc1 tagged with EGFP (K18719) were exponentially grown in YPD at 25◦C and fixed with
2% of formaldehyde. The cells were observed under high-resolution OMX microscope. The lateral view is shown on the top panel and the transverse view
on the bottom one. (C) Bi-orientation of sister kinetochores and peri-centric cohesion mediated by ‘5 kb’ peaks (red boxes) in G2/M phase cells. Sixty-four
such bi-oriented chromosomes will be clustered around pole to pole microtubules, generating the cohesin barrels shown in (B). Chromosome axes – the
black fibre. Kinetochores – mauve balls. Centromere-proximal cohesin - blue box. Pole to pole microtubules – green cylinders.
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genome is less efficient than cohesin. In such cases, the cal-
ibrated ChIP-seq profiles obtained with untagged strains
could be used to subtract the background noise from pro-
files obtained with tagged strains.

Using CRISP-R technology, epitope tagging endogenous
loci is now feasible for most types of cell as well as embryos.
Moreover, by tagging both gene copies, it is feasible to as-
sess the functionality of tagged proteins, as has long been
the case in yeast. For these reasons, calibrated ChIP-seq us-
ing tagged proteins as implemented for the first time here is
likely to be the future technique of choice. For purists who
maintain that tagging a protein alters its properties, then
it is always possible to use an antibody to a defined epitope
within the natural protein and then use CRISP-R to modify
the endogenous gene so that its protein is no longer recog-
nized by the antibody (reverse tagging).

Our calibrated ChIP-seq method does not per se control
for cases where the immunoprecipitation step fails for some
reason. Under such circumstances, OR values would obvi-
ously not be revealing about occupancy. We suggest two so-
lutions to this problem. The simplest is to include a tagged
versus untagged data set along with all other experimental
samples when using new immunoprecipitation reagents. A
more complex solution would be to include a third untagged
genome into the calibration process, whose abundance in IP
samples would reveal the signal to noise ratio.

We note that our method could also be used to quantitate
modifications of chromosomal proteins even when antibod-
ies specific for those modifications are species-specific. For
example, humanization of the sequences around K113 in S.
cerevisiae has little or no effect on Smc3 function but en-
ables antibodies raised against modified human peptides to
recognize acetylated K113 in S. cerevisiae (data not show).
Humanizing C. glabrata in the same manner would allow
one to calibrate the ChIP-seq profiles of acetylated Smc3 in
S. cerevisiae cells (whose K113 region had been humanized)
using the human-specific antibody.

There are an infinite number of experimental/calibration
combinations that can be used. It is merely important that
the experimental and calibration organisms are sufficiently
similar that the precise ChIP protocol works for both. It is
also possible to invert the roles of ‘experimental’ and ‘cal-
ibration’ organisms. For example, it is not inconceivable
that S. pombe cells could be used to calibrate S. cerevisiae
experiments and vice versa. Thus, these two heavily used
model microorganisms could be used to calibrate experi-
ments from each other. Calibrated ChIP-seq as described
here largely obviates any need to measure occupancy using
conventional quantitative ChIP using qPCR, a technique
that merely reveals individual loci and is costly, time con-
suming, and technically demanding. Calibrated ChIP-seq
will therefore have wide-ranging uses for chromosome biol-
ogists. We suggest that biological chromodynamics would
an appropriate term for the measurement, using techniques
like calibrated ChIP-seq, of changes in the occupancy of
proteins (or their modifications) throughout genomes, be
they in response to changes in the environmental, physio-
logical, developmental, pharmacological, or genetic state of
cells.
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