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ABSTRACT Characterizing protein-protein interactions is essential for understanding molecular mechanisms, although repro-
ducing cellular conditions in vitro is challenging and some proteins are difficult to purify. We developed a method to measure
binding to cellular structures using fission yeast cells as reaction vessels. We varied the concentrations of Sid2p and Mob1p
(proteins of the septation initiation network) and measured their binding to spindle pole bodies (SPBs), the centrosome equiv-
alent of yeast. From our measurements we infer that Sid2p and Mob1p both exist as monomeric, heterodimeric, and homodi-
meric species throughout the cell cycle. During interphase these species have widely different affinities for their common
receptor Cdc11p on the SPB. The data support a model with a subset of Cdc11p binding the heterodimeric species with a
Kd< 0.1 mMwhen Sid2p bindsMob1p-Cdc11p and Kd in the micromolar range whenMob1p binds Sid2p-Cdc11p. During mitosis
an additional species presumed to be the phosphorylated Sid2p�Mob1p heterodimer binds SPBs with a lower affinity. Homo-
dimers of Sid2p or Mob1p bind to the rest of Cdc11p at SPBs with lower affinity: Kds > 10 mM during interphase and somewhat
stronger during mitosis. These measurements allowed us to account for the fluctuations in Sid2p binding to SPBs throughout the
cell cycle.
INTRODUCTION
For over a century chemists and biochemists have quantified
the interactions of molecules in vitro, perfecting protocols to
determine the stability of certain reactions (1). Quantitative
characterization of the interactions of biological macromol-
ecules is essential for a complete understanding of any
biological system. However, it is challenging to replicate
in vitro all of the conditions that ligands encounter in a
cellular environment, from molecular crowding to post-
translational modifications. Here, we develop an approach
to characterize interactions between proteins in a subcellular
structure, the yeast spindle pole body (SPB), in the native
environment throughout the cell cycle. This method com-
plements existing biochemical and biophysical methods to
better understand biochemical mechanisms in living cells.

The septation initiation network (SIN) of the fission yeast
Schizosaccharomyces pombe is a cascade of signaling pro-
teins that regulates cytokinesis (2–5). Many of the reactions
among components of this pathway occur on the SPB, a
complex of proteins that spans the inner and outer nuclear
membranes and serves as both the microtubule organizing
center for the mitotic spindle and a hub for cell cycle
signaling. Cdc11p is the SPB receptor for the Sid2p kinase
with its accessory protein Mob1p (6,7). Of the two SPBs in
mitosis, the daughter SPB contains more activators of SIN
(8–10). Activation of the SIN pathway during mitosis leads
to phosphorylation of the Sid2p kinase (11). Active phos-
phorylated Sid2p phosphorylates substrates including
Cdc11p (12), Clp1p (13), Fin1p (14), and potentially
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many others (15). Active Sid2p also migrates in a complex
with Mob1p from the SPB to the cytokinetic contractile
ring, where it initiates ring constriction and synthesis of
cell wall material to form the septum (16). Ablation of the
daughter SPB can lead to activation of the mother SPB (9).

Previous studies inferred the biochemical states of Sid2p
at the SPB throughout the cell cycle. Heterodimers of Sid2p
with Mob1p are the species activated by the SIN pathway
and Mob1p is important for the association of Sid2p with
SPBs, because no Sid2p appears to localize to SPBs in cells
lacking Mob1p (17). Formation of homodimers was pro-
posed to sequester Sid2p from Mob1p and the possibility
of activation (16). Truncation mutations of Sid2p showed
that its 207 N-terminal residues are sufficient for self-asso-
ciation and binding Mob1p and SPBs (16). Given these in-
teractions of the N-terminus of Sid2p, it is expected a
cytoplasmic pool of Sid2p includes a mixture of monomers,
heterodimers, and homodimers available for binding to the
SPB. Sid2p binds directly to SPBs by interacting with its re-
ceptor, the N-terminal 660 residues of Cdc11p (3,6).

Mob1p may also bind directly to Cdc11p given that
Mob1p localizes to SPBs in temperature sensitive sid2þ
mutants (17,18). Mob1p forms soluble homodimers at
high (700 mM) concentrations (19) but not at micromolar
physiological concentrations in cells. A crystal structure
of Mob1p dimers suggested that Sid2p binds on the opposite
side of the protein from the homodimer interface (19).

Current methods to measure protein-protein interactions
in cells use fluorescence correlation spectroscopy, fluores-
cence cross correlation spectroscopy, or Forster resonance
energy transfer (FRET) (20–24). An advantage of these
methods is their ability to track both binding species
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simultaneously. In fluorescence correlation spectroscopy
and fluorescence cross correlation spectroscopy a small
cytosolic volume is used to determine the interaction of
diffusing fluorescent ligands, but the methods do not
typically provide useful data about immobile targets like
the SPB. FRET detects specific pairs of fluorescent mole-
cules, but may require intensive computation, spectral
unmixing, and/or higher concentrations of fluorescent pro-
teins to isolate the signal.

Here, we describe a complementary approach using quan-
titative fluorescence microscopy (8,25–27) to measure bind-
ing of fluorescent protein ligands to an organelle, the yeast
SPB. We varied the concentrations of Sid2p or Mob1p
ligand and measured binding to a constant number of
Cdc11p receptors at the SPB to derive biophysical parame-
ters of this three-component system throughout the cell
cycle. These measurements validated and expand upon a
previous model of the interactions among Sid2p, Mob1p,
and Cdc11p (16). During interphase the Sid2p-Mob1p heter-
odimer binds a limited number of Cdc11p receptors at the
SPB with high affinity. During mitosis the affinity of Sid2p-
Mob1p for the SPB falls, presumably due to phosphoryla-
tion and translocation of the heterodimer to the contractile
ring (16). During both interphase and mitosis most of the
Cdc11p receptors on the SPB bind Sid2p and Mob1p with
much lower affinities.
METHODS

Strain construction

The master segmentation strain CM184 (sad1-2(TEV-mCFP)-natMX6

seh1-mCFP-hphMX6 ade6-M210 leu1-32 ura4-D18) was constructed as

follows. We cloned TEV-mCFP into a pFA6a-TEV-mCFP-kanMX6 vector

to produce a plasmid with two copies of mCFP. We used standard

methods to tag Sad1p with 2(TEV-mCFP)-kanMX6 in its chromosomal

locus (28). We used antibiotic resistance switching polymerase chain

reaction methods to replace the kanMX6 resistance gene with natMX6

(29). We used standard genetic methods to generate the seh1-mCFP-

hphMX6 strain. With these initial strains we made both mating types of

the master segmentation strain. These strains grew like wild-type (WT)

strains and were crossed with all subsequent mYFP-kanMX6 strains.

The different antibiotic resistances of the markers simplified progeny

identification. S. pombe cells expressing mYFP-Sid2p or mYFP-Mob1p

under the control of a 3nmt1, 41nmt1, or 81nmt1 promoter were crossed

with the master segmentation strain to allow for semiautomatic segmenta-

tion of SPBs regardless of the contrast in the mYFP counting channel. For

consistent quantitative results we crossed the calibration curve strains with

the segmentation strain (Table S1 in the Supporting Material). We

constructed additional strains for calibration experiments by standard

methods (28).
Extended calibration curve experiments

We purified the ARPC1 subunit of the S. pombe Arp2/3 complex with a

mYFP tag (Arc1p-mYFP) as a high molecular weight fluorescent standard

from strain CB108 using ammonium sulfate precipitation, GST-WA affinity

chromatography and anion exchange chromatography (30). We calculated

the concentration of purified Arc1p-mYFP with the extinction coefficient
of mYFP at 514 nm. We ran 0.01–0.05 pmol of Arc1p-mYFP on an immu-

noblot along with duplicate samples of extracts of cells expressing

mYFP-tagged copies of various calibration proteins to measure the number

of mYFP-tagged molecules in each strain (8). We used high-copy number

housekeeping proteins tagged on their C-termini to extend the existing

calibration curve (Fig. S1).
Protein induction and semiautomated
microscopy

Cells were maintained in log phase growth for 36 h in liquid YE5S or YE5S

medium with zero or 15 mM thiamine for a high expression of constructs.

Cells were transferred to minimal media with zero or 15 mM thiamine for

16–29 h to extend the range of expression. To assure that the cells remained

in log phase before imaging, OD595 was maintained below 0.5. Samples

were imaged as in Wu et al. (25) with the following modifications. Samples

were imaged at regular time intervals post-induction on a gelatin pad con-

taining EMM5S medium with 250 nM Alexa 647 515 mM thiamine. The

counterstain dye was included in the calibration curve measurements to

account for minimal bleed-through in the mYFP channel. Cells were

imaged on an Andor Revolution XD Spinning Disk confocal microscope

(Andor Technology, Belfast, UK) with a Yokogawa CSU-X head and Andor

iXonþ 897 camera on an Olympus (Center Valley, PA) IX-71 microscope

with an UPLSAPO 100XO 1.40 NA objective. We used Semrock

(Rochester, NY) CFP/YFP emission filter Em01-R442/514/647-15 and

the Cy5 emission filter Em01-R442/647-25. Cells were imaged with a

five field, automated protocol: i), acquire a DIC image of a user-selected

field with no gain, 3 s ramp up to 300 gain; ii), acquire images of Alexa

647 in 21 planes along 5.2 mm of the Z axis; iii), repeat Alexa 647 acquisi-

tion 1–4 additional times; iv), acquire a single quantitative stack of images

in the mYFP channel; v); acquire a single stack of images in the mCFP

segmentation channel ending in a 3 s delay; and vi), acquire a final DIC

image. This entire acquisition process was repeated at four other user-

selected stage positions. This protocol was repeated 2–3 times per slide

to ensure maximum data collection. To maximize the dynamic range of

the camera we tested the linear range of the camera and varied the exposure

time (linear relationship) and laser intensity (nonlinear, which required an

extra calibration curve) to ensure no pixel intensity values reached above

~80% of the maximum pixel intensity value. Size, position, and intensity

were extracted from the micrographs to yield plots with apparent volume,

numbers of molecules, and concentrations.
Semiautomatic image analysis

We created a macro in ImageJ (http://rsbweb.nih.gov/ij/) to detect cell

edges automatically. We started with a time average of the sum intensity

projection of the 647 nm excitation counterstain images. We applied a 5

pixel radius Gaussian blur to the image and used Laplacian-based edge

detection to approximate the cell peripheries in these images (31). We

then converted the detected cell peripheries to individual convex hulls given

that none of our overexpression phenotypes produced bent or T-shaped

cells. From our a priori knowledge of the size of S. pombe cells, we used

ImageJ particle analysis with reasonable approximations for cell area and

circularity to help remove outliers. We allowed for user input to edit and

add cell selections manually.

To detect SPBs we first counted the number of nuclei present in each cell

using a maximum entropy-based filter (32) on the mCFP channel. If one nu-

cleus was present, we used a minimum filter on the CFP channel to locate

the SPB. If no SPB was detected at this stage, we used the Intermodes (33)

filter instead. For cells with two nuclei, we limited the region to find a SPB

to the area around the nucleus. We used a Moments-based filter (34) to find

each SPB. For cells with >2 nuclei, we repeated the nucleus count with a

Moments-based filter and limited the SPB search to the two identified

nuclei. If three nuclei remained, the cells were removed from analysis.
Biophysical Journal 105(6) 1324–1335
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We used the two-dimensional position to determine which slice contained

the center of each SPB so that only seven slices would be counted in the

quantitation.

We removed from our final data sets any SPBs not detected in the full

seven slices of fluorescence, any cells with more than three detected SPBs,

or any SPBs located within 22 pixels of another SPB. We measured

autofluorescence and bleedthrough in cells expressing only mCFP

segmentation proteins without a quantitative mYFP protein to obtain

measurements of the baseline global and local fluorescence noise. We

removed measurements within one standard deviation of this baseline

noise.
RESULTS

Interactions among ligands Sid2p and Mob1p and
receptor Cdc11p

We defined the potential reactions of species visible by
microscopy between the kinase Sid2p (S), its accessory
protein Mob1p (M), and its SPB-bound receptor Cdc11p
(R). The relevant bulk reactions are three:

SþMþ R#
Kd;SMR

SMR;

2 , Sþ R#
Kd;SSR

S2R;

2 ,Mþ R#
Kd;MMR

M2R:

Because molecule counting was limited to the SPB, our
method does not consider the reactions of the different
ligands and receptors in the cytoplasm. Three reactions
taking place exclusively in the cytoplasm are spectroscopi-
cally silent in our assay:

2 , S#
Kd;SS

S2;

2 ,M#
Kd;MM

M2;

SþM#
Kd;SM

SM:

We can detect the following species on the SPB: SR, MR,
S2R, M2R, and SMR. The following potential stepwise
interactions might contribute to binding of these species to
the SPB:

SMþ R#
Kd;SMR

SMR;

Sþ R#
Kd;SR

SR;

Mþ R#
Kd;MR

MR;

SþMR
0
#

Kd;SMR0
SMR;

Sþ SR
0 0
#

Kd;SSR00
S2R;

MþMR
0
#

Kd;MMR0
M2R;

Mþ SR
0 0
#

Kd;SMR00
SMR:

Some of these species are indistinguishable in our assay,
leaving the following reactions:
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SþMR
0
#

Kd;SMR0
SMR; (1)

2 , Sþ R# S2R; (2)

Kd;SSR

Mþ SR
0 0
# SMR; (3)
Kd;SMR00

2 ,Mþ R#M2R: (4)

Kd;MMR

In addition to free R Cdc11p, the three receptor species
are MR0 with Mob1p bound, SR00 with Sid2p bound, and R
with two ligand molecules bound. We determined Kd,SMR0

and Kd,SSR by monitoring binding to the SPB over a range
of concentrations of Sid2p and Kd,SMR00 and Kd,MMR as we
varied the concentration of Mob1p in the cell. The shapes
of the binding curves depended on the order of the
reaction.

Mitotic cells may contain phosphorylated heterodimers of
Sid2p-Mob1p that bind SPBs but also translocate to the
contractile ring (16). The reaction at the SPB is

SpMþ R#
Kd;SpMR

SpMR: (5)

Construction of strains for medium throughput
quantitative microscopy

Our objective was to measure the affinities of signaling
proteins for SPBs of live fission yeast cells across the
cell cycle. We tagged the ligand proteins with mYFP at
their N-termini in their endogenous chromosomal loci
and varied the expression of the fusion protein using
combinations of thiamine-repressible promoters, thiamine
concentrations, and induction times (Fig. 1). All strains
with mYFP-tagged ligands also expressed proteins tagged
with mCFP to localize the nucleus and SPBs (Table S1).
These mCFP tags colocalized with the mYFP-tagged
SPB ligands, but the proteins tagged with mCFP were
physically located far enough from the mYFP ligands on
SPBs to avoid any FRET-based changes in intensity. We
chose the SUN protein Sad1p to mark SPBs, because it
is localized on the inner side of the nuclear envelope
(35), whereas all three of our proteins of interest are
located primarily on the cytoplasmic face of the SPB
(11). Rather than using potentially toxic DNA dyes to
locate nuclei in live cells, we labeled the nuclear mem-
brane with the low abundance, nonessential nucleoporin
Seh1p-mCFP. In addition to segmenting images by color,
we used fluorescence intensity to segment multiple signals.
The high intensity of 2x-mCFP attached to Sad1p allowed
us to separate the signal of the segmented SPB from the
less intense Seh1-mCFP on the nuclear envelope.



FIGURE 1 Contrast-independent segmentation of images of fission yeast cells expressing a range of concentrations of the SIN kinase Sid2p. (A–D) Cells

expressed mYFP-Sid2p at a range of levels determined by the promoter and inducing conditions. These cells also expressed the nucleoporin Seh1p-mCFP to

mark the nuclear envelope and Sad1p-2x(mCFP) to mark the SPB. The medium contained membrane-impermeant dye Alexa 647 to outline cells. The seven

columns correspond (L–R) to 1), counts of mean numbers (5SD) of the total fluorescent mYFP-Sid2p molecules present in each cell of the selected field;

(2), a DIC micrograph; 3), a sum projection fluorescent micrograph of the signal from mYFP-Sid2p; 4), a sum projection fluorescent micrograph of the signal

from Seh1p-mCFP and Sad1p-2x(mCFP); 5), sum projection fluorescent micrograph of signal from Alexa 647 to outline cells; 6), a merged fluorescent

micrograph showing (green) mYFP-Sid2p, (red) Sad1p-2x(mCFP), and Seh1-mCFP and (blue) Alexa 647; and 7), automatically segmented results showing

individual cells in green and SPBs of any fluorescence intensity in yellow. Each row is one field of cells with the expression of Sid2p controlled by different

promoters and inducing conditions: (A) the 41nmt1 promoter mYFP-Sid2p repressed by thiamine for 18 h; (B) WT mYFP-Sid2p under the control of the

native promoter; (C) the 41nmt1 promoter induced by removing thiamine from growth media for 18 h; and (D) overexpression from the 3nmt1 promoter

induced by removing thiamine from growth media for 18 h. Scale bar 5 mm.
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Image acquisition and processing

We analyzed the binding reactions at defined points across

the cell cycle to determine how they varied and to assure

a homogeneous population of ligands and receptors in
each sample. We used seven separate bins, four for inter-

phase and three for mitosis (Fig. 2 A), similar to Salimova

(18). We allocated cells to these bins based on a combination

of criteria from DIC and sum projection fluorescent micro-
graphs. Interphase bin I0 encompassed the G1, S, and early

G2 phases of the cell cycle and contained fully septated cells

that had yet to split into two daughter cells. We allocated

interphase cells into three bins based on approximate vol-
umes as determined by a ratio of area of the sum projection

to the area of the average cell in relation to the average

volume of 92 mm3 determined by electron microscopy (8).
Bin I1 included any cell below 80 mm3, bin I2 had cells

between 80 and 100 mm3, and bin I3 included cells with
volumes >100 mm3 and only one apparent SPB. Mitotic
bins included cells with two SPBs: bin M1, before anaphase
B determined by the close proximity of the two SPBs; bin
M2 from the onset of anaphase B with progressive separa-
tion of SPBs to a maximum; and bin M3, after maximum
separation of SPBs and before completion of a septum. Cells
with closely spaced SPBs were removed from bin M1.

A custom mCFP image-based segmentation in ImageJ
automatically determined the three-dimensional positions
and intensities of mYFP fluorescence associated with
the 9 pixel wide, 7 pixel deep SPBs. Fluorescence intensities
of mYFP were converted to numbers of mYFP-tagged
molecules with calibration curves (Fig. S1), which
agreed closely with alternative fluorescence-based methods
(37,38) (Fig. S2). We converted these molecule counts to
concentrations given the diffusive volume available in the
relevant compartment of the cell (cytoplasm for Sid2p and
Cdc11p; cytoplasm and nucleus for Mob1p) (25).
Biophysical Journal 105(6) 1324–1335



FIGURE 2 Measurements by quantitative fluo-

rescence microscopy of total and local (SPB)

numbers of cytokinesis proteins across the cell

cycle. (A) Cartoon of S. pombe life cycle. Bin

designations are based on cell volumes (average

volume is 92 mm3), the positions of SPBs and the

presence of a complete septum from DIC

images: (I1) interphase cells with apparent

volume <80 mm3; (I2) cells with volumes between

80 and 100 mm3; (I3) interphase cells with

volumes >100 mm3 before SPB separation; (M1)

anaphase A; (M2) anaphase B to maximum SPB

separation; (M3) after maximum separation but

before complete septum formation; and (I0) com-

plete septum formation without cells splitting.

Scale bar 5 mm. (B) Total numbers of molecules

per cell (C) of SIN proteins (top to bottom)

Sid2p, Mob1p, and Cdc11p throughout the cell

cycle. Horizontal solid lines are average counts

of total molecules across the cell cycle

with 530% error as dashed lines. (C) Absolute

counts of molecules localized to the SPB with

the same format as in (B). In cells with two SPBs

(C) represent active dim SPBs and (B) represent

inactive bright SPBs.
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Measurement of SIN proteins associated with
SPBs across the cell cycle

We used quantitative fluorescence microscopy to measure
the numbers of molecules of three SIN proteins localized
on the SPB of WT cells expressing mYFP-tagged versions
of the proteins from their native loci (Fig. 1). The receptor
is Cdc11p, and the two ligands are the kinase Sid2p and
its accessory protein Mob1p. Although the total cellular
counts of each protein were constant throughout the cell
cycle (see Fig. 2 B), the local accumulation of each protein
on SPBs fluctuated cyclically (see Fig. 2 C). The number of
Cdc11p receptors associated with the SPBs always
exceeded the numbers of ligands by at least a factor of
two, indicating that the receptors were never saturated in
WT cells.
Cell lines with Sid2p and Mob1p expressed at a
range of levels

To measure the affinities of mYFP-Sid2p and mYFP-
Mob1p for Cdc11p we varied the cellular concentrations
of the two ligands using yeast strains with various inducible
promoters. The 3nmt1 promoter strongly induced each pro-
tein, the 41nmt1 promoter recapitulated near WT expression
levels, and the 81nmt1 promoter produced concentrations
typically lower than WT cells. These promoters and the
mYFP tag were placed in the endogenous loci of
the sid2þ and mob1þ genes to ensure that every copy of
the target protein was fluorescently tagged with mYFP
and that cells in each microscopic field had a range of
ligand expression. The resulting total cell concentrations
of Sid2p and Mob1p ranged from barely detectable to
Biophysical Journal 105(6) 1324–1335
over 25 mM, more than an order of magnitude over the
WT expression levels (Fig. 1 and Fig. 2).

Abnormally elevated SIN activity, as in overexpression
of either Sid2p or Mob1p, leads to activation of septation
and initiation of mitosis in much smaller interphase cells
than normal late G2 WT cells (4,40), therefore such cells
divide prematurely and are smaller on average during
interphase. We confirmed that cells with abnormally high
or low concentrations of Sid2p or Mob1p are smaller
than WT cells (Fig. S3 C). This alteration of cell size
had no impact on our binning method during mitosis,
because it relies on SPB positions and septation, but did
alter the allocation of cells among the interphase bins,
which are based on volumes. Consequently, our binning
criteria misallocated many I3 cells into the I2 bin and
many I2 and I3 cells into the I1 bin (Fig. S3, D and E),
as explained in detail in the Supporting Material. We
considered the altered compositions of these bins when
interpreting the observations.
Approach for analysis of in vivo binding data

At all points in the cell cycle the numbers of ligand mole-
cules associated with SPBs depended on the cytoplasmic
concentration of free ligands, mYFP-Sid2p, and mYFP-
Mob1p (Fig. 3, S5–S7). In all cases the numbers of ligands
associated with a SPB increased with the cytoplasmic ligand
concentration, but hyperbolic isotherms describing a simple
bimolecular reaction did not fit the data well.

We developed a strategy to analyze this in vivo binding
data based on our understanding of the reactants and
possible products (16). We assumed that more than one



FIGURE 3 Affinity of (A–F) Sid2p and (G–L) Mob1p for the SPB in live interphase cells in volume bin I3 representing Late G2/M. (A) Dependence of the

numbers of mYFP-Sid2p molecules associated with the SPB on the cytoplasmic concentration of mYFP-Sid2p in bin I3. A hyperbola representing a simple

bimolecular reaction did not fit the data well. (B) Substructure in the data was revealed by smoothing with a robust local weighted regression (rlowess) using a

span of the square root of number of cells measured. A nodal point at 3 mM Sid2p separates the reactions. (Inset) Cartoon of late G2/M cell. Scale bar 5 mm.

(C) Hyperbolic fit to low concentrations of [Sid2p]free isolates an initial plateau for Reaction 1 in which Receptor 1 binds Ligand 1. (D) After subtracting the

contribution of the reaction from the measurements cells expressing all concentrations of [Sid2p]free, the residual data have a sigmoidal shape that can be fit

with a Hill equation assuming cooperativity or multimer Sid2p binding. We define this as Reaction 2 with Ligand 2 binding to Receptor 2. (E) The fit of the

sum of a hyperbola and sigmoid, done exclusively with raw data. (F) Same fit sumperimposed on smoothed data to evaluate the goodness of fit. R2 is 0.95.

(G–L) Affinity of mYFP-Mob1p for the SPB in live cells during interphase. The data for cells expressing a range of mYFP-Mob1p concentrations were

analyzed using the same procedures used for Sid2p (panels A–F).
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binding reaction contributes to the ligands associated with
SPBs and recognized that Sid2p and Mob1p not only
compete for binding the Cdc11p receptors but also bind
receptors as monomers, homodimers, and heterodimers.
Considering all of these reactions allowed us to account
for all of the receptors and to identify the most likely
ligands. The analysis also revealed the existence of two spe-
cies of receptors, type 1 and type 2, at all points in the cell
cycle. Fortunately, the two forms of Cdc11p receptors
generally bind the ligands with very different affinities,
allowing us to distinguish the two classes of receptors
over a wide range of ligand concentrations.

We began our analysis with cells in interphase bin I3,
where Sid2p and Mob1p binding are relatively straight-
forward compared with mitotic cells containing phos-
phorylated Sid2p-Mob1p heterodimers. The numbers of
mYFP-Sid2p or mYFP-Mob1p bound to SPBs increased
with the concentrations of each free ligand up to nearly 150
molecules of Sid2p per SPB (Fig. 3 A) and nearly 300
molecules of mYFP-Mob1p per SPB (see Fig. 3 G). How-
ever, hyperbolas corresponding to the reaction ligand þ
Cdc11p# ligand-Cdc11p did not fit the data well for either
Sid2p or Mob1p, so simple 1:1 binding of these ligands to
a homogeneous population of receptors do not explain
the data.

Smoothing the data with an algorithm to reduce the
noise inherent in our measurements (Fig. 3, B and H),
revealed substructure in the I3 data with the appearance
of apparent plateaus at low concentrations of either
ligand followed by further binding at higher ligand
concentrations.

We used an iterative process to analyze the binding of
Sid2p and Mob1p. After making an approximate fit to the
high-affinity data at low concentrations of free ligand, we
subtracted this binding isotherm from the entire data set to
reveal the low-affinity data. Fits to the low-affinity data
were then used to remove the low-affinity signal from the
high-affinity data. This approach to fitting a combination
Biophysical Journal 105(6) 1324–1335
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of two binding reactions (41) is more effective than a gen-
eral least squares minimization over the entire set of data.
The combined analysis of both data sets allowed us to pro-
pose the identity of each ligand and receptor species and to
account for the stoichiometry.
Analysis of Sid2p binding during interphase

The dependence of Sid2p binding to SPBs on ligand con-
centration had a clear plateau well below the maximum
number of Sid2p capable of binding the SPB. We considered
two hypotheses to explain this intermediate plateau, two
species of ligand or two species of receptors. Simple models
showed that a mixture of two species of ligand with different
affinities for a homogeneous pool of Cdc11p receptors
would give a smooth curve with half-maximal saturation
between the two Kds. On the other hand, the presence of
two classes of Cdc11p receptors with different affinities
for the ligand is consistent with the presence of an apparent
plateau at intermediate concentrations of ligand. In this
particular case, the data suggested a small subset of recep-
tors binding mYFP-Sid2p with high affinity and a larger
number of Cdc11p molecules binding mYFP-Sid2p with
much lower affinity (Fig. 3, A–F).

We started the fit of the Sid2p data at free ligand concen-
trations <3 mM. A simple hyperbola fit the numbers of
mYFP-Sid2p bound to the SPB at low cytoplasmic concen-
trations of mYFP-Sid2p (Fig. 3 C), as expected for a simple
bimolecular reaction. For presentation purposes, we define
this as Reaction 1 between Ligand 1 and Receptor 1. The
Kd for Reaction 1 is<0.1 mMwith 25 Sid2p molecules satu-
rating Receptor 1 on the plateau. After removing the small
contribution of Reaction 2 from the total data (see below),
the plateau for Reaction 1 was 22 molecules Sid2p bound
to Receptor 1 with an affinity <0.1 mM. This subset of re-
ceptors is far below the 236 molecules of Cdc11p associated
with the SPB at this stage of the cell cycle (Fig. 2 C). From
our reaction schemes, Ligand 1 might be a mYFP-Sid2p
monomer, homodimer, or heterodimer with Mob1p. The
numbers of Receptor 1 sites were close to the numbers of
Mob1p bound to the SPB in WT cells in bin I3.

At cytoplasmic mYFP-Sid2p concentrations >3 mM
larger numbers of mYFP-Sid2p bound to SPBs, but given
the absence of a clear plateau, the affinity must be low
(Fig. 3 D). We call this low-affinity subspecies of Cdc11p
Receptor 2. To analyze these data, we removed the contribu-
tion of mYFP-Sid2p bound to the high-affinity site at all
concentrations of mYFP-Sid2p by subtracting the Reaction
1 binding curve from all of the data points. At high concen-
trations of mYFP-Sid2p the numbers of molecules bound to
SPBs had a sigmoidal distribution suggesting that Reaction
2 involves either a homodimeric (Sid2p)2 ligand, coopera-
tive binding, or some combination of the two.

We explored the lack of a robust plateau at high concen-
trations of free Sid2p by testing several hypotheses. The
Biophysical Journal 105(6) 1324–1335
simplest is that the highest Sid2p concentration tested did
not saturate all available receptor sites. Alternatively,
some biochemical mechanism might prevent some receptors
from binding Sid2p. We tested the first hypothesis by
assuming that all of Cdc11p is active, considered three
different stoichiometries, and attempted to fit the data
(Fig. S4). We tested Sid2p monomers and homodimers as
the ligand or did not constrain the stoichiometry, allowing
a fraction of the Cdc11p to bind Sid2p monomers or homo-
dimers. The unconstrained mechanism fit the smoothed data
better than the mechanism with monomeric or homodimeric
Sid2p as the ligand. The best fit of the Hill equation had a
cooperativity of 2 with 143 molecules of Receptor 2 and
half-maximal saturation at ~10.2 mM mYFP-Sid2p. This
corresponds to an affinity of 106 mM (Fig S4, E and F).
Thus, we favor the hypothesis that only a subset of
Cdc11p is available for binding to either monomers or
homodimers in this stage of the cell cycle.

The fits to the I2 bin revealed that the affinities of mYFP-
Sid2p for Receptor 1 and Receptor 2 were nearly identical to
the affinities measured in cells in the I3 bin, although
the numbers of bound ligand on each plateau were higher
because of the larger number of Cdc11p receptors
(Fig. S5, A–E).
Analysis of Mob1p binding during interphase

We measured binding of mYFP-Mob1p to SPBs of cells in
bin I3 over a wide range of free mYFP-Mob1p concentra-
tions (Fig. 3 G). The distribution of data points was similar
to the experiments with mYFP-Sid2p, so we used the same
strategy to analyze the Mob1p data.

We first considered high-affinity binding of mYFP-
Mob1p to SPBs. We defined this as Ligand 3 binding
Receptor 3. A simple hyperbolic curve fit well to the data
in cells with<3 mMmYFP-Mob1p (Fig. 3 I). After subtract-
ing the signal for low-affinity binding at mYFP-Mob1p con-
centrations>3 mM, the fit to the high-affinity data gave a Kd

of 1.0 mM for mYFP-Mob1p binding to 47 5 8 molecules
of Receptor 3, similar to the numbers (36 5 25) of the
potential receptor Sid2p-Cdc11p.

We analyzed the low-affinity binding of mYFP-Mob1p to
SPBs using the cells expressing >3 mM free Mob1p. After
we removed the contribution of the high-affinity hyperbolic
binding reaction from the total mYFP-Mob1p binding data,
these data were sigmoidal (Fig. 3 J). The low-affinity data
lacked a robust plateau, therefore we first assumed all
Cdc11p are available for binding Mob1p homodimers.
Unlike the Sid2p data, this assumption provided us with
an excellent fit. We defined this as Ligand 4 binding
Receptor 4. The Hill equation with n ¼ 2 and a plateau of
400 binding sites fit the data well. This number contrasts
with Sid2p, which did not saturate the 236 available
Cdc11p molecules. These values correspond to an apparent
affinity of 358 mM (Fig. 3 L), equivalent to an EC50 value of
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19 mM. Given the sigmoidal nature of the curve we assume
this ligand to be equilibrium between monomeric Mob1p
and homodimers.

Fits to the I2 bin of the mYFP-Mob1p experiment yielded
affinities similar to the I3 bin only with higher plateau
values as more Cdc11p associates with SPBs in the middle
of interphase (Fig. S5, F–J).
Analysis of Sid2p and Moblp binding during
mitosis

We analyzed Sid2p binding to the two SPBs in mitotic cells
separately (Fig. S6). Compared with mother SPBs, the dim
daughter SPBs had lower mYFP-Sid2p fluorescence signals
and more Cdc7p kinase to phosphorylate the Sid2p/Mob1p
heterodimer (10) (Fig. S8). The smoothed data for mitotic
bin M1 (Fig. S6, B and H), showed clear high- and low-
affinity regions, so we analyzed the mitotic data with the
same strategy used for interphase data with high-affinity
Receptor 1 and the low-affinity Receptor 2. We separated
the data into two halves around 3 mM, fit the tight binding
reaction at low ligand concentrations to a hyperbola,
removed the hyperbola’s influence from all of the data,
fit the weak binding reaction to the Hill equation, and
adjusted the hyperbola for the contribution of the Hill
equation.

For the cells in mitotic bin M1 the dependence of mYFP-
Sid2p binding to SPBs on ligand concentration was similar
for the bright and dim SPBs. Although the data were noisy,
the fits clearly indicated that mYFP-Sid2p bound Receptor 1
on both SPBs with lower affinities than during interphase
(Fig. S6 A). Additionally, at low concentrations of free
mYFP-Sid2p, the numbers of mYFP-Sid2p associated
with SPBs were generally higher than the numbers of the
presumed receptor Mob1p-Cdc11p at SPBs in WT cells
(see Fig. 2, B and C, and Fig. S6, E and M).

Our measurements showed that Sid2p-Mob1p hetero-
dimers have lower affinity for Receptor 1 on the SPB dur-
ing mitosis than interphase, whereas Sid2p homodimers
have higher apparent affinities for low-affinity Receptor 2
during mitosis. Consequently, ignoring the potential role
of cooperativity in the reactions and just looking at the
EC50, the ligand concentration that saturates half of the
receptor species, the two affinities differed by less than
an order of magnitude at some points in mitosis (see
Fig. 4 B), making it more difficult to parse the contributions
of each reaction.

At high cytoplasmic concentrations the numbers of
mYFP-Sid2p associated with SPBs of cells in bin M1 ex-
ceeded the numbers of total Cdc11p receptors by about a
factor of two (Fig. S6, A, B, G, and H). This suggested
that Receptor 2 was fully saturated with homodimers of
mYFP-Sid2p. Fig. S7 also shows the analysis of mYFP-
Sid2p binding to SPBs at other stages of mitosis and
mYFP-Mob1p binding to mitotic SPBs.
DISCUSSION

Our analysis revealed that binding of the SIN kinase Sid2p
to SPBs is not a simple bimolecular reaction, and we predict
that analysis of other binding reactions under physiological
conditions will also reveal complexity not apparent in
biochemical assays. We found that SPBs bind both Sid2p-
Mob1p heterodimers and Sid2p homodimers, but during
interphase the affinity for heterodimers is stronger by two
orders of magnitude (Fig. 4 B). During mitosis SPBs have
similar EC50s for the two ligands.
Measuring affinities in live cells by counting
molecules

Our proof of principle experiments with SPBs binding Sid2p
and Mob1p show that one can measure binding by quantita-
tive fluorescence microscopy in live cells and with a basic
understanding of the molecular mechanism calculate ther-
modynamic parameters for the system throughout the cell
cycle. We establish that this approach can measure Kds
ranging from hundreds of nanomolar to tens of micromolar
and possibly higher if cooperativity is involved.

The analysis depended on being able to replace the
endogenous copies of proteins of interest with fluorescent
copies and to vary the concentrations of both free ligands
independently over a wide range. The analysis also
depended on a reliable method to measure the number of
molecules locally and globally in cells (8) coupled with a
semiautomatic method to acquire data sets two orders of
magnitude larger than manual methods. The spinning disk
confocal microscope provided high spatial resolution, sensi-
tivity, and wide dynamic range.

We compared our method to count molecules with alter-
native methods using an internal standard (37,38) and
found agreement to within 30% of our absolute numbers
(Fig. S2). Other laboratories are debating the best standards
to calibrate fluorescent microscopes for counting mole-
cules (42–44), so the absolute numbers may have to be
adjusted in the future. If our numbers were off by a factor
of two, the affinities would be adjusted in direct propor-
tion. This difference would be small compared to the order
of magnitude difference between the strong binding of
heterodimers and the weak binding of homodimers to
the SPB.
Analysis of binding data during interphase

The shapes of the binding curves for the Sid2p and Mob1p
revealed two receptor states. A limited number of Cdc11p
receptors have a high affinity for heterodimers. We refer
to these as type 1 receptors. A larger number of low-
affinity receptors bind homodimers cooperatively at high
concentrations of ligand. We refer to these as type 2 recep-
tors. Our analysis indicates that type 1 receptors participate
Biophysical Journal 105(6) 1324–1335



FIGURE 4 Changes in the affinity of Sid2p for the SPB across the cell

cycle reveals a cycle of high- and low-affinity states that can be used to

calculate the number of species present on SPB throughout the cell cycle.

(A) Cartoon of portions of S. pombe life cycle from which affinity mea-

surements were derived. Scale bar 5 mm. (B) Log plot of the EC50

(mM) measured from (,, -) the low concentrations of Sid2p that bind

receptor type 1, and (B, C) the high concentrations of Sid2p that bind

receptor type 2 throughout the cell cycle. The cells in bins I0 and I1

were mixtures of cells at different cell cycle stages, so they could not be

analyzed. (C) Plot of distribution of Sid2p under WT conditions at the

SPB throughout the cell cycle. Calculated species of (,, -) total hetero-

dimer, (B, C) Sid2p homodimer, and (6, :) monomer bound to the

SPB in each cell cycle bin given the WT concentrations of Sid2p and

Mob1p in the cell, the total Mob1p and Cdc11p bound to the SPB, and

determined affinities from (B) and Table S2. Evaluating the affinity of

Sid2p for type 1 receptors given the total number of Mob1p bound to

the SPB in WT cells provides the Mob1p monomer bound and heterodimer

bound, evaluating the affinity of Mob1p for type 1 receptors given the total

number of heterodimer bound provides the Sid2p monomer bound, and

evaluating the affinity of Sid2p for type 2 receptors given the total number

of Cdc11p receptors in WT cells and the calculated occupied receptors

from monomeric and heterodimeric bound species gives the number of

Sid2p homodimers bound. Bound Sid2p was left out of the calculations

so that it could be used to determine efficacy of our method. (D) Compar-

ison of deriving bound Sid2p from free concentrations and affinities with

measuring Sid2p bound to SPB throughout the cell cycle in WT cells.

(Striped bars) Measured WT Sid2p bound to SPB as in Fig. 2 C top panel.

(Solid bars) Summation of bound heterodimer, twice the bound homo-

dimers, and bound Sid2p monomer from part (C). Solid symbols and
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in Reactions 1 and 3 and type 2 receptors participate in
Reactions 2 and 4.

We do not know how type 1 Cdc11p receptors differ from
type 2 receptors. The type 1 subset of the Cdc11p may have
a posttranslational modification giving a high affinity for
Sid2p-Mob1p heterodimers. It seems less likely that SPBs
have a high-affinity receptor other than Cdc11p (6,12).

Taking into account previous genetic and biochemical
work (16) we identified both the ligand and receptor species
for the four reactions in late interphase cells in bin I3 by
considering both the Sid2p and Mob1p data. We propose
that Ligand 1 is the Sid2p monomer, which binds with
high affinity to a subset of only 22 molecules of Mob1p-
Cdc11p, Receptor 1. Thus, the bound species is the hetero-
dimer (Eq. 1) described by Reaction 1 and Kd,SMR0. Ligand 3
is likely the Mob1p monomer, which binds to Receptor 3, a
type 1 receptor. Because low concentrations of Mob1p
saturate Receptor 3 at the number of Sid2p bound to the
SPB in WT interphase cells (47 molecules), we suggest
that Sid2p-Cdc11p is Receptor 3 for Mob1p as described
by Reaction 3 and Kd,SMR00.

Thus, the plateaus observed for high-affinity binding of
both Sid2p and Mob1p to SPBs were similar to the number
of molecules of the reciprocal ligand observed on SPBs in
WT cells. Therefore, we favor the hypothesis that the recep-
tors for Reactions 1 and 3 are Cdc11p with the partner
ligand prebound, i.e., Mob1p-Cdc11p or Sid2p-Cdc11p.
Although we could not measure the affinities of reactions
in the cytoplasm, Sid2p-Mob1p heterodimers are likely to
exist in the cytoplasm and contribute to binding to a limited
number of Cdc11p sites on the SPB.

The ligands for Reaction 2 are likely to be a mixture of
Sid2p monomers and homodimers that bind with low
affinity to type 2 Cdc11p receptors (Eq. 2). The highest con-
centration of Sid2p tested saturated only half of the type 2
Cdc11p receptors during interphase (Fig. 2, D and J), but
all of the receptors during mitosis (Fig. S6). The simplest
explanation is that the affinity of type 2 receptors for Sid2p
is>25mMduring interphase. Because the highest concentra-
tion of Sid2p tested did not saturate the receptors during inter-
phase, some fraction of Cdc11pmay be inactive. On the other
hand, high concentrations of Mob1p occupy the type 2
Cdc11p receptors with a stoichiometry of >1 Mob1p per
Cdc11p butwith very lowaffinity, sowhatever limits the satu-
ration of the receptor by Sid2p may not apply to Mob1p.
Ligand 4 is likely to be a mixture of monomers and Mob1p.
Mob1p homodimers were previously ignored as a Cdc11p
ligand, but Saccharomyces cerevisiae Mob1p forms dimers
at high concentrations in solution and in crystals (19). WT
concentrations of Mob1p allow very few if any Mob1p
homodimers to bind SPBs because of their low affinity.
bars represent dim active daughter SPBs. Open symbols and bars represent

bright inactive mother SPBs. Asterisks indicate low estimation of bound

Sid2p from calculations.
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Changes in the affinities of SPBs for Sid2p and
Mob1p during the cell cycle

Our main finding is that the affinities of SPBs for Sid2p-
Mob1p heterodimers and Sid2p homodimers change recip-
rocally during the transitions into and out of mitosis
(Fig. 4 B). Interphase conditions favor strong binding
of Sid2p-Mob1p heterodimers to SPBs, whereas during
mitosis SPBs bind both heterodimers and Sid2p homo-
dimers with intermediate apparent affinities. These changes
in affinity explain the fluctuations in the numbers of ligands
bound to SPBs across the cell cycle (Fig. 2 C and Fig. 4 C).

Phosphorylation most likely contributes to the lower
affinity of heterodimers for SPBs (Reactions 1 and 3) during
mitosis (16) (Fig. 4 B), although we cannot rule out parallel
changes in the type 1 and 2 receptors.
Explanation of the numbers of Sid2p and Mob1p
on SPBs across the cell cycle

Although the total numbers of Cdc11p, Sid2p, and Mob1p
in the cells do not fluctuate across the cell cycle (Fig. 2 B),
the numbers of all three proteins associated with SPBs vary
considerably depending on the stage of the cell cycle
(Fig. 2 C). The number of Cdc11p receptors on SPBs peaks
during mitosis and declines throughout interphase to reach
a nadir just before the end of G2. During mitosis the
numbers of Cdc11p on SPBs increases to a higher level
on the inactive, bright SPB than the dim SPB. We have
not studied the mechanism of this fluctuation in receptor
number.

Our quantitative approach allowed us to calculate the
numbers of Sid2p bound to SPBs across the cell cycle using
the affinities of Reactions 1–4, the measured concentrations
of ligands in WT cells and the numbers of Mob1p and
Cdc11p bound to the SPBs (Fig. 4 C). We compared these
calculated numbers of Sid2p with measured numbers bound
to the SPB (Fig. 4 D). This calculation also gave us esti-
mates of the various species of Sid2p bound to the SPBs.

The calculated occupancy of the SPBs during interphase,
in mitosis before Anaphase B, and on bright inactive mitotic
SPBs after maximum SPB separation agreed with numbers
of Sid2p bound to SPBs in the WT cells within 22% (Fig. 4
D). These calculations underestimated by about a factor of
two the numbers of Sid2p bound to the SPB during
Anaphase B and to the active SPB after maximum SPB sep-
aration. Nevertheless, this agreement is remarkably good
given the challenges in measuring some of the affinities in
live cells. The poorest prediction during late anaphase
may come from limitations in accounting for phosphory-
lated Sid2p, because we were unable to deconvolve that
reaction from our data.

We conclude from our calculations that at least two fac-
tors control the numbers of Sid2p and Mob1p at the SPB.
The dominant factor is the number of Cdc11p receptors
on the SPB during the cell cycle. The cyclical nature of
Cdc11p localization accounts for much of the cyclical vari-
ation of Sid2p and Mob1p numbers on the SPB. The other
aspect not previously recognized is the influence of affinities
on the association of ligands with the SPB. The ratio of
Sid2p/Cdc11p fluctuates during the cell cycle due to vari-
able affinities of heterodimers, monomers, and homodimers
for the SPB (Fig. 4, B and C). As a result of its high affinity,
the Sid2p-Mob1p heterodimer is the main species of Sid2p
bound to the SPB throughout the cell cycle (Fig. 4 C).

Our quantitative analysis of Sid2p and Mob1p binding the
SPB revealed the intricacies of binding in the cellular
milieu. We verified the presence of Sid2p homodimers on
SPBs in interphase and in mitosis in WT cells, especially
on the inactive mother SPB where more homodimer binds
than Sid2p monomers (Fig. 4 C). The higher affinity of
type 2 Cdc11p receptors on mitotic SPBs for Sid2p homo-
dimers results in binding of Sid2p and Mob1p homodimers
(Table S3), which may compete with heterodimers as sug-
gested (16). Previous work showed that heterodimers of
Sid2p-Mob1p persist throughout the cell cycle, but it was
unclear if these heterodimers were restricted to the cyto-
plasm or also associated with SPBs (16). We show that
~10% of Cdc11p receptors on SPBs of WT cells are occu-
pied with heterodimers in interphase, but the fraction of
these type 1 receptors occupied by heterodimers doubles
during mitosis.

Early in mitosis the bright and dim SPBs differ in the
number of receptors but those receptors have similar affin-
ities for ligands. Given the role of active Sid2p-Mob1p
in phosphorylating Cdc11p (12), it would not be surprising
if active Sid2p-Mob1p on SPBs were to phosphorylate
proteins that control the asymmetry of the SPB during
mitosis and other substrates such as MOR pathway proteins
(12,15). Phosphorylated heterodimers also dissociate to act
on cytosolic targets such as Clp1p (13) and the contractile
ring.

Previous approaches may have missed subtle differences
in the occupancy of the two SPBs (Fig. S8). No evidence
from our studies indicates that N-terminal tags on mYFP-
Sid2p and mYFP-Mob1p compromise their function. The
localization patterns of both proteins were similar, so
mYFP-Sid2p is potentially more active than the C-termi-
nally tagged Sid2p-GFP used in early studies (11). The
main species of Sid2p bound to SPBs during interphase
are monomers, homodimers, and heterodimers, all with
characteristics that make visualization challenging in fixed
cells. For example, immunofluorescence microscopy with
an antibody specific for the N-terminal 205 residues of
Sid2p did not detect Sid2p at interphase SPBs (14), whereas
we counted a minimum of ~40 molecules of Sid2p on the
SPB at this time. Perhaps weakly bound Sid2p monomers
and dimers dissociate from the SPBs during fixation or the
interaction of the N-terminal region of Sid2p with Cdc11p
interfered with antibody binding.
Biophysical Journal 105(6) 1324–1335



1334 McCormick et al.
CONCLUSIONS

We show that the technology exists to determine protein-
protein interactions in their native environment. By
increasing the throughput of the technique we were able to
analyze reasonable numbers of cells and draw conclusions
about changes in affinities throughout the cell cycle. Targets
for future study by this method include proteins that bind to
receptors associated with a microscopically distinct cellular
structure and that are hard to purify or regulated by post-
translational modifications.

We found that fission yeast Sid2p, the homolog of human
tumor suppressor protein LATS1 (45), binds with high
affinity to Cdc11p on the SPB with its activating protein
Mob1p. This SPB recruitment facilitates phosphorylation
and activation of the heterodimer. In addition, we show
that the formation of kinase homodimers can sequester
Sid2p from making heterodimers to inhibit premature
signaling to start constriction of the medial actomyosin con-
tractile ring.
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