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ABSTRACT

Gaussian spot fitting methods have significantly extended the spatial range where
fluorescent microscopy can be used, with recent techniques approaching nanometre (nm)
resolutions. However, small inter-fluorophore distances are systematically over-estimated
for typical molecular scales (< 50nm). This bias can be corrected computationally, but
current algorithms are limited to correcting distances between pairs of fluorophores.
Here we present a flexible Bayesian computational approach that infers the distances
and angles between multiple markers and has several advantages over these previous
methods. Specifically it improves confidence intervals for small lengths, estimates
measurement errors of each fluorescent marker individually and infers the correlations
between polygon lengths. The latter is essential for determining the full multi-fluorophore
3D architecture. We further developed the algorithm to infer the mixture composition
of a heterogeneous population of multiple polygon states. We use our algorithm to
analyse the 3D architecture of the human kinetochore, a macro-molecular complex that
is essential for high fidelity cell division. We examine the conformational change induced
by microtubule attachment using triple fluorophore marked data and demonstrate for
the first time that in metaphase kinetochore conformation is heterogeneous.

INTRODUCTION

The classical Rayleigh criterion limits the resolution of light microscopy to about
200nm for typical wavelengths and numerical apertures. However, this limit can in
principle be pushed arbitrarily close to zero by fitting the point spread function (PSF)
to diffraction limited objects [11], [21]. In this case the localisation accuracy is primarily
limited by the finite signal to noise (S/N) ratio, a consequence of the finite photon
count [19], [29]. By using multiple fluorophores to label diffraction limited objects, inter-
object distances can thus be measured, achieving a localisation accuracy of typically
tens of nm with standard fluorescence microscopes and markers.

Pooling multiple samples can address the limitations of low S/N, but a more funda-
mental problem remains for small inter-fluorophore distances: If the distance between
two fluorescent spots is of the order of spot centre accuracy, the observed (Euclidean)
distance systematically over-estimates the true distance, [5]. This over-estimation, or
inflation, is a consequence of distances being convex functions (see Jensen’s inequal-
ity, [3L Thm 3.1.3]) and can be understood as a consequence of Euclidean distances
having spherical level sets, Fig|l] The Euclidean distance is thus an inconsistent biased
estimator. This bias also impacts polygon shape, for instance measured triangles become
more equilateral (internal angles are biased towards 60°).
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Fig 1. Schematic of the inflation of distances with diffraction
limited spot measurements. The blue and red arcs together form a
level set of the point spread function of spot 2 at true position X5 (grey).
Thus the observed position of spot 2 is equally likely on any position
on these arcs. The blue arc being longer than the red arc implies that
spot 2 is more likely to be observed further away from spot 1 than their
true distance. On average the observed distance is thus larger than the
true distance.

The over-estimation of pair-wise distances is well understood, with computational
correction methods being available, , @], . In particular, in the case of isotropic
Gaussian measurement errors the likelihood is analytically tractable in 1-3 dimensions,
, @, and has been used across a variety of applications, , . In 3D, however,
typically PSFs are anisotropic, with the resolution along the optical axis usually reduced
relative to that in the focal plane. For anisotropic measurement errors no analytical
solution is known; however a Bayesian approach was developed for pair-wise distance
correction [24]. Here we extend this methodology to multiple fluorophores/arbitrary
polygons. Specifically we develop a Bayesian sampling algorithm (using a Markov Chain
Monte Carlo (MCMC) framework) to infer a fixed polygon (referred to as the template)
from observed samples, the polygon nodes being marked with distinct fluorophores and
each sample rotated and translated relative to the template, Fig[2l This polygon based
method has several benefits over pair-wise methods. Firstly, the geometric constraints
are automatically satisfied in our model, e.g. for three fluorophores the triangle inequality
holds. This contrasts to inferring the three lengths independently in a pair-wise fashion,
where the inferred lengths do not necessarily make a triangle. Secondly, geometric
correlations between the lengths can improve individual length confidence (reducing
posterior variances). Thirdly, individual localisation errors of each fluorophore are
inferred; this contrasts to pair-wise analyses where only the error of the displacement
can be inferred.

We also extend the algorithm to enable analysis of heterogeneous datasets, i.e. sam-
ples from a population that comprise multiple polygon states. This allows us to study
conformation changes of macro-molecular complexes in situ, our method being distinct
from proximity sensors such as Forster Resonance Energy Transfer (FRET, [15]). We
apply a two-state version of our algorithm to human kinetochores, macro-molecular com-
plexes that play a vital role during cell division. Kinetochore attachment to microtubules
is critical for the correct positioning of chromosomes in mitosis, microtubule attachment
in fact leading to a conformational change within the kinetochore complex, [24]. By
using our two-state model on triple-labelled kinetochores (re-analysing datasets from
thereby improving the resolution of those results), we demonstrate for the first time that
there is conformational heterogeneity of the kinetochore complex during metaphase. We
infer the sub-population size during metaphase of the unattached conformation.

This paper is organised as follows. Section [Materials and methods| presents the model
within a Bayesian framework. Section [Sampling based inference of model parameters: aj
[Markov Chain Monte Carlo algorithm| gives an outline of the inference algorithm. Full
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details of the algorithms can be found in the Supplementary Data [Markov Chain Monte]
[Carlo samplers for parameter inference] We demonstrate the accuracy of our algorithm on
simulated /synthetic data in section [Algorithm performance on simulated datal accurately
inferring polygon side lengths, internal angles, the fluorophore measurement errors and -
in the mixture analysis - the proportions, with which two states contribute to the mixture.
For the single-state method we demonstrate the algorithm’s advantages over existing pair-
wise analyses for triangle (three fluorophore) datasets. In section [Analysis of the human|
[kinetochore: a structured macro-molecular complex| we use our algorithm to analyse
the architecture of the human kinetochore from experimental 3D fluorescence imaging
data, [24]. In subsection [Experimental data for two-state mixture model we present
results for the analysis of heterogeneous experimental samples assumed to comprise
two states. In Conclusions we outline improvements and the limitations of our current
algorithm.

MATERIALS AND METHODS

To highlight the model’s generality, the model is presented for an arbitrary number
J of distinct fluorophores. We later restrict our analysis to examples with three markers
(J = 3, referred to as triangle correction). We initially assume that there is a single
polygonal state, and then extend this model to mixtures of states in subsection
lof multiple states|

We consider fixed three-dimensional fluorescent images labelled with a number J of
distinct markers that mark different sites within a macro-molecular structure. Here a site
refers to part of the structure where the respective fluorescent labels cluster. In practice,
each marker should be sufficiently tightly localised for the Gaussian spot approximation
to be valid, with a width similar to a diffraction limited object. Fluorescent labels can
be fluorescently labelled antibodies, labelled DNA (FISH), or a genetically encoded
fluorophore such as GFP. The objective is to infer the underlying polygon (size, edge
lengths, angles between edges) from a sample of observed marker positions, where the J
markers are located at the nodes of the polygon. The true marker positions are unknown
because of measurement noise.

Model assumptions. We assume a sample of N measurements of the J sided polygon.
The location and orientation (here jointly referred to as the perspective) of this polygon
are specific to each measurement. Thus, there is a translation and 3D rotation associated
with each measured polygon, see Fig We assume space is uniform, so the (true)
polygons are uniformly distributed throughout space and undergo an isotropic rotation.

We assume that the measurement errors are anisotropic Gaussians with covariance
matrix diag (07.,,,0%.,,,0%..) in the given coordinate system (z along the optical axis) for
marker type j € {1,...,J}; previous pair-wise methods also assume Gaussian errors, [5]
(isotropic) and |13] (anisotropic). Note, that only the shape of the measurement error is
assumed; 0j.5y, 0j;» are to be inferred. Errors are fluorophore specific because quantum
efficacy differs between fluorophores (photon count emission), and may also depend on
the imaging conditions and the number of labelled fluorophores at a site. Typical data
consists of spot centres determined by fitting 3D Gaussian profiles to spots in the image
(either individually or using a mixture of Gaussians model).

Polygon parametrisation and inference. The underlying polygon is defined by a
standardised template, with nodes at positions X; € R3. In the following we refer
to this as the template, and the nodes as the template positions. We write {Xj}] to
denote the set of all template positions ({X;},.(, ;). We use a similar notation for
other parameters. We choose the template such that X; is at the origin, X5 is on the
non-negative z-axis and X3 is in the z-y-plane with non-negative y. Assume there are
N observations of this polygon, each associated with a perspective - the perspective
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Fig 2. Template and sample perspectives. Inferred true fluo-
rophore positions {X}L}jn and template positions {Xj}j for J =3
fluorophores and N = 2 measurements are shown. Each sample polygon
is generated from the template by a translation and rotation (straight

and circular lines). The observed positions {X J”} ~are omitted for
7,m
simplicity.

for a particular measurement n € {1,..., N} relative to the template is defined by six
parameters: the first three define a translation 7" € R3 of the true position of marker
j = 1 relative to X7; the next three are the Euler angles of the three-dimensional rotation
R™ € SO (3) of the true marker position relative to the template, with centre of rotation
at marker j = 1, Fig. 2] Thus, the true positions of the markers of each measurement
are given by:

X! =R"-(X; - X0)+ Xy +T". (1)
The observed marker position X 7 incorporates (Gaussian) measurement error X ;=
X3+ 7~ J\/'(O;Tfl) independently for all j and n, with (3x3) precision ma-

trix 7; = diag (ojiiy,a;gy,ajjf). The likelihood for the model parameters {0}, :=

{{Xj}j , {Tj}j}, j€{1,...,J}, and perspectives {¥"} = {{T"} {R"},}, n over the
set of samples {1, ..., N}, reads:

(59} = [Hem taa () SHEYIE) g

7,

L]0}, 00m,

T

. . .. 2
where index ranges are suppressed for simplicity, and ||u] := u' - 7; - u denotes
J

the squared Euclidean norm of vector v € R3, weighted with 7; (here T denotes the
transpose). The predicted true positions X ; for marker j, measurement n, is given in
Eq . The likelihood thus has a dependence on the hidden perspective variables T,
R™.

The posterior dm is given, up to proportionality, by multiplying the likelihood
from Eq with the prior, denoted dmg {{Hj }j , {19”}71] We use uninformative priors,
namely translations are homogeneously distributed in space, rotations are isotropic,
measurement errors are flat on the positive half-space and the prior on the template
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positions is (approximately) flat on the marginal of each polygon length |X; — X;|. For
details, see section [Uninformative priors}

Mixture of multiple states. The above model assumes population homogeneity, i.e.
there is only a single underlying polygon state, positions { X }j, from which all observed

polygons, {)N(]"} ~, arise (up to measurement noise and perspective). This is a strong
jm

assumption, and may be violated in applications. Specifically there may be a mixture of
underlying polygon states with distinct polygon templates and measurement errors for
each state. Here we extend the model to allow for heterogeneity of the (polygon) state; i.e.

measurements originate from one of Z polygon templates {X (C)} - for (e{1,...,Z}.
3¢

In addition, the corresponding measurement errors may vary between the states, i.e. we

have
_92 -2 —2
0 =aing (o)™ (4) " (40) ) 3)

extending the notation above. In this case we not only want to infer the template
positions {X;O}_ and measurement errors {0(2} for each state (, but also the
j»d

proportion p(©) € [0,1] of each state in the mixture. In the application we confine
ourselves to Z = 2.
Analogous to Eq the predicted true positions are in this case:

"=R". (X](C") - X{C")) +x{ (4)

Note that the marker positions of the n'” measurement derive from the template ¢™.
The state-affiliations {("},, are hidden variables, which need to be inferred. We use
a generalised Bernoulli-distributed prior (also known as the multinoulli or categorical
distribution) on Z categories for the states, i.e. ("™ ~ Cat(P) independently for each
n, where Cat (P) denotes the categorical distribution with parameters P := {p(o}c,

the probabilities of the respective states, ¢ € {1,...,Z} (hence p(©) € [0,1] and

(ZCe{l Z}p ) 1).

We use a Dirichlet distributed (hyper-) prior:

P ~Dir(1,...,1), (5)
i.e. there is no prior preference for any state in the mixture, (see Eq (S3.10)) for the
distribution).
Thus, the likelihood function of the extended model reads:
Ny R IXE =X e
2 2 T3
Hdet (TJ(C )) -e Lo ) (6)
Jmn

where X7 is the state-dependent Eq , while the prior of the extended model is:

11 dm({ c)} wn}) T »< )«

ce{l,.. 2} nefl,..,N}
5 Z p(C) -1 - H dp(o , (7)
¢ef{1,...,.2} ¢ef1,...,2}

where p(©) are valued in [0, 1], and {9§C)}‘ = {{X;O} . {T;O} } Note, that this
j j j

reduces to the basic single-state version described before when Z = 1.

August 22, 2021 5


https://doi.org/10.1101/2021.08.22.457266
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.22.457266; this version posted August 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

In practice, we found for mixture models that uninformative priors, Eq , can result
in poor convergence. There were two issues. Firstly, if a state is “lost” during a step in
the Markov chain, (i.e. state ¢’ does not occur, Vn : "™ # ('), then its reappearance can
require a substantial number of steps. For that reason, we impose that each state has to
occur at least three times (i.e. 3<[{ne{l,...,N}¢" =}| forall ' e {1,...,2}).
In all examples considered here, the posterior was far away from this boundary. The
second issue is when a polygon state is rare, then both the posterior shape/size of the
rare state polygon, and its proportion p(®) will have low confidence (assuming the rare
state is ¢ = 2). To improve posterior proportion confidence we used a joint inference
methodology, utilising two datasets where the second dataset was assumed to comprise
homogeneous (pure) samples of the ( = 2 state. By utilising samples to define the
pure state, we capture all the correlations of that state, which would be hard to define
through priors. This purity condition could be relaxed, we only require that a state
occurs at a significant fraction in at least one dataset. We call the respective dataset
the state-informing dataset. The above constraint on each state occurring at least three
times is imposed across the datasets and thus trivially satisfied. The likelihood for
joint inference is the product of the likelihoods for each dataset, either the multi-state
likelihood for mixed datasets or the single-state likelihood for the pure datasets.

On these joint inference models, we sometimes utilised box priors on one or more of the
states to improve convergence. Specifically, the triangle side lengths are independently
constrained to a box and the precisions are Gamma distributed. For a box prior on state
¢ =1, the following factors are included in the prior,

1
1
HX‘XFILXQ)‘E[N? —L;y +L HF TJ(d)’ ) \2 ’ (8)
i J k2 i7;0 174350 5 A (1)
2] Uj;d;o
(1)

where the parameters l( ) >0 and 0 a0 > 0 are specified by prior knowledge (analysis
of previous data or structural data), and the box size 2L is taken as 24nm. The second
and third parameter of the I' distribution are the shape and scale parameters. The
values for L and the shape parameter are a particular choice for our examples.

Sampling based inference of model parameters: a Markov Chain Monte
Carlo algorithm. To infer the model parameters - the template and measurement
errors {0;}; and the sample specific perspectives {" }, (and for the multi-state model, the

state affiliations {¢"}, and proportions {pc} ¢ as well) - we use a Bayesian computational

method. Specifically, the posterior distribution of the parameters given the data is, up
to proportionality (for the single state model)

an o), 0 {5} o o o {55} | am [0, 00 o)

with the likelihood from Eq and prior my from Eq . There are a range of
algorithms that can be used to sample from this posterior. We use a Markov Chain
Monte Carlo (MCMC) methodology, [14, Ch 1], [18, Ch 1], whereby a Markov chain is
constructed that has a stationary distribution equal to the posterior distribution. Once
converged, the chain can be used to sample from the posterior.

In the single-state model we sequentially update each of the parameters separately:
the perspectives, {R"},, {T™},, for each polygon sample n, the template positions,
{X;},, and the precisions, {r;},, for each marker j, respectively. For {X;},, {R"},
and {T"},, random walk samplers are used, while for {T"}, and {7;}, we use Gibbs
samplers.

In the multi-state model we sequentially update the perspectives just as in the single-
Q) :

state model, while each template position X ©) and precision 7, is updated sequentially
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for each marker j and state (. The state proportions {p(C)}C are updated jointly to

always satisfy their normalisation condition. For each of the {XJ(O} AR}, {T"},
VS

and {¢"},, random walk samplers are used, while for {7}, {T](C)} . and {p(o}c we
J

use Gibbs samplers. See subsection [Markov Chain Monte Carlo samplers for parameter|

for algorithm details.

RESULTS

Algorithm performance on simulated data. We test our polygon inference algo-
rithm on simulated data for both the single-state and the multi-state models, confirming
that our algorithms reproduce the true original parameters of the simulations. For
the single-state model there are existing methods for length correction: the pair-wise
Bayesian Euclidean Distance Correction Algorithm (BEDCA, [13]), and the analytic
length correction based on [5]. The latter is only applicable to isotropic measurement
errors and comes in two variations, a maximum likelihood estimate developed in [5]
("MLE” below) and a full posterior probability version (?means” below; see
[tation of pair-wise correction methods]). We compare our triangle algorithm to these
methods (where applicable). Note we use a flat prior on the measurement errors in all
methods for fair comparison. We confine ourselves to J = 3 markers, referring to our
method as the triangle correction (method). For the multi-state model we use Z = 2
states.

Testing the single-state model on simulated data. We illustrate our algorithm on simulated
data with (true) triangle lengths and measurement errors similar to those observed
in biological complexes, [24]. We simulate data with J = 3 markers and N = 400
independent measurements, using the core model described in subsection
[parametrisation and nference] see supplementary section [Simulated datalfor details. True
parameters and the corresponding inferred values are shown in Table [1| for six examples;
see Fig 3| for the posterior distributions of the inferred lengths and internal angles. Our
correction algorithm typically gives inferred values that are in good agreement with
the true values. These examples clearly confirm that the Euclidean distance estimator
* (Z & - &

All correction methods have similar performance for sufficiently large lengths (relative
to the measurement error) and isotropic (Gaussian) measurement errors, Example 1,
sides | X5 — X[, | X3 — X1|. For small lengths, less or similar to the measurement error,
all correction methods suffer from relatively large inference errors, length | X5 — X5 in
our example with true value 15nm, (see [Small lengths are increasingly difficult to infer|
for an explanation). Problems with the maximum likelihood estimate from [5] (“MLE”
in Table [1)) were reported previously, [20], with results becoming error-prone for lengths
similar to, or smaller than the measurement error. For these short lengths we find this
method tends to report misleading results with overconfident error-estimates (Example 1
in Table . For pair-wise inferences the likelihood with isotropic measurement errors is
analytically tractable (Eq (6) in [5]); we can thus determine the posterior (assuming the
same flat priors we use for the pair-wise method) and therefore calculate the posterior
mean (“means” in Table . This estimate, and the pair-wise based Bayesian inference
method [13] give near identical results (as expected as they share the same assumptions
apart from the extra degree of freedom of [13] for anisotropic measurement errors). For
the small length | X3 — Xa|, the pair-wise based posterior has a long thick tail towards
zero, see Fig [Bh,c, indicating large uncertainty. The triangle correction has a posterior
mean much closer to the true value and has substantially smaller variance, Table
Example 1. This is because information is essentially shared between the three lengths,
allowing inference of the smaller length to be improved. There is an associated increase

) is subject to significant length inflation.
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in the uncertainty of the other two lengths relative to the pair-wise correction, Table
Example 1.

Examples 2-6 in Table [I] are for anisotropic measurement errors. There are only
two methods available for anisotropic errors: our triangle correction and the pair-wise
Bayesian method [13]. These two methods give consistent results, but the triangle
method typically has lower posterior variance, particularly for the short lengths. For a
true length of zero, Example 6, the triangle method is substantially better (provided
the other two lengths are large). The triangle correction improves on pair-wise based
inference in the following ways:

e It can infer small lengths with higher confidence, Examples 1-6. A triplet of
fluorophores can thus be utilised to improve inference of a small distance by
placing a third fluorophore distant from the two fluorophores of interest (50-
200nm). This is because correlations between the lengths confer information
on the smallest length. This is demonstrated for the small length | X3 — X5 in
Examples 2-6, where the examples with the more distant auxiliary marker j = 1
and the more co-linear triangle geometries exhibit the largest benefits.

e It infers the triangle (more generally the polygon) and therefore reconstructs the
entire geometry of the markers, including the internal angles. Reconstructing
polygons from pair-wise estimates, assuming independence of the inferred lengths,
can lead to violations of the triangle inequality (see scatterplots in Fig [3)), and
more generally polygon based constraints.

e Using three or more fluorophores allows measurement errors to be inferred
individually for each marker. For pair-wise methods these are not accessible, as
only the error of the displacement X; — X; can be estimated. This follows since
the system of equations afj;d = sz;d + o7, for j#ie{1,...,J} can be solved
uniquely for each af;d for J = 3, but not for J = 2 (there are J unknowns for
3J (J — 1) constraints). See Table for marginal posteriors parameters of
Examples 1, 2.

Testing the two-state model on simulated data. To test the multi-state mixture algorithm,
we determined inference accuracy of the states and composition of a mixture of Z = 2
triangle states on simulated triangle data (J = 3). We demonstrate joint inference from a
mixed dataset and a pure dataset. The first has a mixture of the two states, Nyix = 600
measurements (Z = 2 states, J = 3 markers), with proportions pM) and p® =1 —p)
for the states ¢ = 1,¢ = 2, where state ¢ = 2 is the minor population (p® < p)). This
data is simulated from the multi-state model of subsection [Mixture of multiple states|
(see supplementary section for simulation details). The second dataset is
a pure population comprising only state ( = 2. We simulate Niptorm = p(l) - Nmix from
the single state model for the pure dataset. Thus, there are the same number of samples
in the pure dataset as samples of the dominant ( = 1 state in the mixed dataset.

We impose an additional prior on the { = 1 state to limit exploration of the parameter
space during burnin; this reduces the convergence time. Specifically, we use the prior

from Eq , i.e. a box prior on the triangle side lengths and gamma-distributed priors

1 1
on the measurement errors. The parameters lz(j')O and a§_ ;-0 are chosen so the means

of the priors are equal to the true values of the simulated data. We confirmed that
the boxes are sufficiently large so that the prior has negligible impact on the posterior.
Specifically, the bulk of the marginal length posteriors are well within the boundaries
of their box (in fact, in all our examples, the weight of a Gaussian fit to the joint
posterior of the three lengths that was outside the box never exceeded 5%). However,
the priors on the measurement errors are not weak and can increase confidence on less
informative datasets. The effect of this prior on the posterior (of the experimental
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Single-state simulated Example 1: with isotropic measurement error:
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Single-state simulated Example 2: with anisotropic measurement error:
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0 50 100 150 | 55
f) internal angle in degrees g) 13 I12 h)

Fig 3. Posterior distributions for single-state simulated Examples 1, 2.
Marginal inferred posteriors for lengths and internal angles. For each example
the top row (a,e) shows the marginal posteriors of the three triangle lengths
as inferred by each of the correction methods. The bottom left images (b,f)
show the inferred internal angles using the triangle correction presented here.
The bottom centre images (c,g) show a scatter plot of the joint distribution as
obtained with the triangle correction. The bottom right images (d,h) show the
naive attempt to achieve a joint distribution of the three triangle lengths from
the BEDCA method by assuming independence. Samples that violate the
triangle inequality are shown in red (about 7% of the samples in Example 1, 22%
in Example 2), otherwise the colour represents the sum of all measurement errors,

specifically \/ % (ZZ £isde {m.y.2} Ufj; d), to indicate the correlation between inferred

lengths and errors. The plots show random sub-samples of the total sample size,
to improve visibility. See Table[l] for the posterior means and standard deviations.
See section [Additional supplementary images| for the corresponding Markov chain
evolution of the parameters of the triangle inference.
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Table 1. Single-state simulated examples (N = 400).

(lengths and errors in nm) I | X2 — X1 ‘ | X3 — X1| ‘ | X3 — Xo| ‘

T12;0y ‘

012;z O13;2y 0132 0232y 0232
Example 1 with isotropic measurement error:
true value 50 60 15 21.2 21.2 29.2 29.2 29.2 29.2
direct measurement 59.1+1.0 | 73.2+1.3 | 49.2+1.0 / / / / / /
Churchman MLE, [5] 50.5+ 1.5 | 58.9+£2.5 | 33.243.5 20.9+0.9 29.3+ 1.5 23.7+ 1.6
Churchman means, |[5] 50.2+1.5 | 58.2+£2.7 | 27.0+9.3 21.1+1.0 29.7+ 1.6 25.6 2.6
BEDCA, [13] 50.24+1.6 | 58.0+£2.8 | 27.149.2 | 21.2+1.2 | 21.04+1.5 | 30.2+1.9 | 29.242.1 | 254426 | 26.0+2.9
triangle, uninformative prior 51.8 +2.1 58.2 + 3.6 12.3 £6.7 20.3+ 1.5 23.0 +2.2 31.3+2.6 29.2 + 2.7 30.5+ 1.6 31.9+1.9
Example 2 with anisotropic measurement error:
true value 50 60 15 14.1 28.3 18.0 36.1 18.0 36.1
direct measurement 58.2+0.9 | 70.0+1.2 | 43.3+1.0 / / / / / /
BEDCA, [13] 50.6+1.2 | 60.5+1.4 | 16.14+7.0 | 140+0.9 | 28.74+1.6 | 17.7+1.2 | 36.142.0 | 17.2+1.9 | 36.7+ 1.7
triangle, uninformative prior | 50.9+1.1 | 60.4+1.5 | 14.7+3.0 | 13.64+0.8 | 29.3+1.6 | 183+1.2 | 34.7+1.9 | 18140.9 | 37.2+ 1.4
Example 3 with anisotropic measurement error:
true value 45 60 15 14.1 28.3 18.0 36.1 18.0 36.1
BEDCA, [13] 459412 | 59.94+1.4 | 12.2+6.4 | 144409 | 27.8+1.6 | 175+£1.0 | 34.3+20 | 17.3+£1.5 | 355+ 1.5
triangle, uninformative prior 46.2+ 1.1 59.8+£1.4 154 4+1.8 14.2 4+ 0.8 27.7+1.5 1744+ 1.0 349+ 1.9 16.9 + 0.6 35.3+1.3
Example 4 with anisotropic measurement error:
true value 60 60 15 14.1 28.3 18.0 36.1 18.0 36.1
BEDCA, [13] 58.24+1.0 | 57.9+1.4 | 13.446.7 | 13.0+0.8 | 27.241.6 | 16.5+1.1 | 38.64+2.1 | 17.1+£1.7 | 386+ 1.6
triangle, uninformative prior 58.4 + 1.0 574+1.4 15.1 +3.9 12.8 +0.8 27.5+ 1.5 172+1.1 38.8+ 1.8 16.9+ 1.1 38.7+£1.5
Example 5 with anisotropic measurement error:
true value 15 15 15 14.1 28.3 18.0 36.1 18.0 36.1
BEDCA, [13] 164453 | 18.8+6.8 | 9.08+5.42 | 13.6+1.7 | 29.0+1.4 | 16.5+2.1 | 35.7+£1.7 | 19.4+1.1 | 37.3+1.4
triangle, uninformative prior 175+ 4.4 17.84+4.4 | 7.77£5.15 13.44+1.5 28.8+ 1.4 172+ 1.3 36.1+1.5 19.7+ 1.0 375+ 1.4
Example 6 with anisotropic measurement error:
true value 60 60 0 14.1 28.3 18.0 36.1 18.0 36.1
BEDCA, [13] 60.5+1.1 | 60.9+1.3 | 10.1+58 | 140+£0.9 | 28.14+1.7 | 170+£1.0 | 34.84+1.9 | 16.9+1.3 | 35.8+1.4
triangle, uninformative prior 60.6 £ 1.0 60.9+1.1 3.5+29 13.94+0.8 28.2+ 1.6 17.6 £0.9 33.1+1.7 18.1 +£0.5 36.4+1.3

Rows are the original (true) value, and the posterior means (or MLE) =+ standard deviations in subsequent
rows for stated method. 'Direct measurement’ refers to the (uncorrected) Euclidean distance

N X X
% (Zn:l ‘XJ - X7.

), which is known to overestimate distances [6]. ” Churchman means” refers to the

posterior mean using a flat prior on the length and measurement error, dl;;do;;. We quote the pair-wise
variances to compare to the pair-wise algorithm (for triangle we have individual fluorophore measurement

errors to give pair-wise variance using o;j,q :=

2 2
Tjia + Ji;d)'

For inferred posterior distributions of the lengths see Fig

examples studied in subsection [Experimental data for two-state mixture model)) is

explored in supplement [Effect of priors in two-state modell

Simulated examples and the corresponding inferred parameters (triangle lengths and
state proportions) are summarised in Table[2] The (marginal) posteriors for the state
proportion p(?) are shown in Fig |4, demonstrating clear localisation of the posterior
around the true value with posterior standard deviations of the order of 6% (for these
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Table 2. Two-state simulated examples (anisotropic measurement error).

. 1 1 1 1 1 1 2 2 2 2 2 2
(lengths and errors in nm) I |X2()7X§)H ‘X§)7X£>H ‘X?E>7Xé)H ’Xé)in)H |Xé>fX£)H |X§)7X2()H p(g)
Example 1:
true value 45 85 45 50 60 15 0%
triangle, Eq (1§I) prior 45.7 £ 0.9 85.3+ 1.1 45.1 £ 1.3 50.7 £ 0.9 60.6 £ 1.0 17.1 £ 2.1 (1.99 £ 1.74) A
Example 2:
true value 45 85 45 50 60 15 10%
triangle, Eq (1§I) prior 46.1 £ 1.0 85.6 + 1.7 44.8 £ 2.1 52.0 £ 0.8* 63.5 £ 1.1* 189+ 2.1 (9.95 £ 5.45) %
Example 3:
true value 45 85 45 50 60 15 20%
triangle, Eq prior 46.0 £ 1.1 83.3+ 2.3 41.7 £ 3.3 51.0 £ 0.9 61.3+1.2 18.1 £ 2.1 (18.4+7.1)%
Example 4:
true value 45 85 45 50 60 15 30%
triangle, Eq prior 43.7+ 1.4 88.0 + 2.6 48.0 + 3.3 50.0 £ 1.0 59.8 £ 1.3 14.7 + 2.6 (30.8 £6.0) %
Example 5:
true value 45 85 45 50 60 15 40%
triangle, Eq prior 44.4+1.4 89.1+2.9 49.5+ 3.4 49.8 + 1.1 59.6 £ 1.3 14.1 £ 2.7 (40.3£6.0) %
Example 6:
true value 45 85 45 50 60 15 50%
triangle, Eq (8)) prior 45.0 £ 1.6 88.5 + 3.9 48.0 + 4.8 497+ 1.1 59.8 + 1.4 143+£27 | (495+7.5)%

Rows are the true values and posterior means and standard deviations for respective examples,
columns the two triangle states (lengths) and the state proportion p® in the mixture. Note,
Example 2 has posterior means significantly different from the true value by more than two standard
deviations, denoted by * (p = 0.8% and p = 0.2% for the inferred versus the true values of

X — x| and | x5 - x{?

, respectively).

sample sizes and parameter values). Thus, the state proportion posteriors are only well
separated from zero for true proportions above 10%; for 20% and above there is clear
evidence for the presence of the minor population. All lengths are inferred correctly,
except the true values of two lengths in Example 2 lie in the posterior tail. Since we
are inferring 42 parameters in Table [2] it is expected that some deviations will occur.
Reruns of Example 2 on new datasets gave posteriors consistent with the true values.
Inferred measurement errors (omitted for brevity) were all consistent with the true values
(for both ¢ € {1,2}: aggy = O'éiz,y = 10nm, Jfg = Uéfz) = 20nm and aégy = 15nm,
J?(fg = 30nm).

Analysis of the human kinetochore: a structured macro-molecular complex.

The experimental system: human cell division. To test performance of our algorithms
on experimental data, we used three-fluorophore 3D images of human kinetochores from
hTERT-immortalised retinal pigment epithelial (RPE) cells, imaged during metaphase
of cell division with a confocal spinning-disk microscope, [24]. Kinetochores are a
macro-molecular complex that orchestrate chromosome movements during cell division,
playing a vital role in congression and segregation dynamics [22]. Kinetochores interface
between the spindle and chromosomes, binding to both DNA (through the histone
CenpA) and microtubules, and thus connecting chromosomes to the spindle machinery.
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Fig 4. Two-state simulated examples. Posterior state proportions
for the simulated two-state model with varying state proportions p(2).
Original (true) values are marked with black vertical lines, posteriors of
each simulated dataset indicated in legend.

It is multi-functional, being a force generator and a sensor for erroneously connected
microtubules [25]. During S-phase of cell division, chromosomes are duplicated— these
duplicates are held together by condensins near the kinetochores, giving the familiar
"X’ shape of mitotic chromosomes. These duplicated chromosomes are called sister
chromatids, or simply sisters. At the start of mitosis (M-phase), after nuclear envelope
breakdown, kinetochores are not bound to microtubules. As mitosis progresses, kine-
tochores attach to microtubules emanating from the spindle poles, and ideally sister
kinetochores attach to opposite poles to form a bi-orientated state, Fig[5l Bi-orientated
chromosomes congress to the cell mid-plane, in essence a holding configuration whilst any
remaining chromosomes are captured and bi-orientated, Fig[5l Microtubule attachment
is sensed by the kinetochore, feeding into the spindle assembly checkpoint (SAC), [25],
that delays anaphase (segregation of chromosomes to daughter cells) until erroneous
attachments are no longer detected. Once all kinetochores are bi-orientated the spindle
check-point is satisfied and the cell enters anaphase, sister chromatids separating into
distinct daughter cells.

A key constituent of kinetochores is the Ndc80 complex that binds to microtubules,
Fig[5B. The Ndc80 complex has a hinge about 16nm from the N terminus, which allows the
complex to be either fully straightened or folded back (jackknifed). This conformational
change is observed upon microtubule binding, [24]; specifically, the microtubule binding
site (N terminus, denoted Ndc80N) moved ~ 25nm within the kinetochore between
microtubule binding conditions (attached) and depolymerised microtubule conditions
(unattached), Fig , states 1. and 2. The Ndc80 complex thus goes from a straightened
configuration when attached, to jackknifed, or folded, when unattached. Relative to
a 3rd fluorophore, we thus have two distinct triangular states. These triangles were
reconstructed from a pair-wise analysis in [24]. By analysing three-fluorophore data
with our triangle correction algorithm, the triangle states associated with attached and
unattached can be determined.

The kinetochore comprises multiple copies of constituent proteins; there are an
estimated 200250 Ndc80 molecules ( [28], HeLa cells) and it attaches a bundle of around
20 microtubules [2]. As discussed in [24], our results refer to this ensemble, which is a
diffraction-limited spot in each channel. However, the kinetochore is highly structured.
This high ordering within the kinetochore means that the changes in the triangular state
reflect conformational changes of the Ndc80 molecule itself.

As cell division progresses and each sister chromatid pair achieves bi-orientation,
the cell’s 46 kinetochores change from unattached (in prometaphase) to all attached
at the end of metaphase, immediately before anaphase. Hence, there is expected to
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Chromosome
Kinetochore

Kinetochore microtubules

1. MIS12 P Nnf1 NDC80 C-terminus

complex NDC80 N-terminus

NDC80 complex

CenpC

Fig 5. Spindle and kinetochore organisation. A. Schematic of
the spindle with most chromatids congressed at the cell mid-plane and
a late congressing chromatid. Chromatids are bi-orientated with mi-
crotubule attachments to both spindle poles, except the top chromatid
pair which has only one kinetochore attached to the right spindle pole
(termed monotelic). B. Detail of monotelic and bi-orientated sister pairs.
The kinetochores are in states 1. (attached) or 2. (unattached), shown
below. State 1. - attached to microtubules. Molecular detail of the
Ndc80 complex showing its attachment to the side of a microtubule at
its N-terminal binding site. The Ndc80 is attached to the Nnfl and
Mis12 complexes at its C-terminus, which binds CenpC through an
unstructured linkage. Shown are the positions of the four fluorophores
examined in this paper. State 2. - unattached Ndc80. The Ndc80 com-
plex is hinged, and in the unattached state the Ndc80 complex jackknifes
bringing the N and C termini closer together. A kinetochore has about
200-250 Ndc80 complexes and is bound to around 20 microtubules in
mature attachment.
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be a minor proportion of kinetochores in metaphase that are still in the unattached
state, i.e. the population is heterogeneous. However, there is no direct evidence of this
conformation change occurring during cell division, or confirmation that the kinetochore
population is conformationally heterogeneous. The presence of unattached kinetochores
can be inferred by observing if check-point proteins (such as Mad, Bub) are recruited, |7].
However, the check-point is a downstream integration of attachment and inter-sister
tension signals, [27], so is only an indirect indicator of attachment state. Here, we use our
mixture model to determine if we can detect that minor population in the unattached
conformational state and to estimate its proportion.

Experimental data for single-state model. We consider five examples of triangular fluores-
cence data from [24] for marked human kinetochore proteins, analysing three fluorophore
triplets amongst the four fluorescent markers shown schematically in Fig These
include fluorophores near the N and C termini of the Ndc80 complex, a fluorophore
on Misl2, a protein that binds Ndc80, extending its rigid arm, and CenpC. There are
two conditions - standard growth conditions (DMSO) and under nocodazole treatment
where microtubules are fully depolymerised; kinetochores are thus in an unattached
configuration. We applied an additional quality control step on the data over that
employed in [24], requiring that for both sister kinetochores all three fluorophores were
observed and that there were at least ten sister pairs in each cell. This was found to
reduce the biological variation within an experiment. The same experimental datasets
were analysed in [24] with BEDCA; results are similar to the pair-wise results presented
here - differences arise because of the extra quality-control filter and the less-informative
priors used on the measurement errors in this paper (see supplement .

We tested our method on experimental data in three ways: i. confirming zero length
is inferred for proteins that are triple labelled (the CenpC—CenpC distance, Example 1),
ii. comparing consistency for the posterior length that is common to different triplets
(specifically Nde80C-Ndc80N), iii. comparing with the pair-wise method of [13], see
Table B

Firstly, for the triple-labelled CenpC experiment, Example 1 in Table |3] all three
lengths of the triangle have posterior marginals that are against the boundary (zero),
practically identical to the pair-wise algorithm (see Fig , giving a resolution of
2-3nm (although this is sample size dependent). Since all three lengths are small here,
there is no benefit in using three markers. Secondly, the distance between Ndc80C and
Ndc80N is labelled in two triangles with both DMSO and nocodazole treatments, allowing
two comparisons. In DMSO, the Nde80N-Ndc80C agree (Examples 2 and 4, p = 30%, see
supplement [Computation of p values|for definition of p), posteriors are given in Figs |§|,
Similarly, the Ndc80N-Ndc80C distance agrees in nocodazole, (Examples 3, 5, p = 48%),
posteriors in Figs For the smaller lengths, Ndc80ON-Ndc80C in nocodazole,
the posterior under the pair-wise correction has a thick tail towards zero, whilst the
triangle correction retains a substantial peak, Fig This is analogous to the thick
tails seen in simulated data for small length inference. Thirdly, the results from the
triangle correction are typically consistent with the pair-wise correction method of |13,
Table |3| Exceptions are the Nnf1-Ndc80C length (p = 1.0%) and the Ndc80C-Ndc80N
length (p = 1.9%) in the DMSO-treated Nnfl-Ndc80C-Nde80N, showing a weakly
significant difference, see Example 4 in Table 3] Examining the posteriors, Fig[8] reveals
that the short Nnfl-Ndc80C length from the pair-wise algorithm is approximately
flat between Onm and 27nm. In contrast, the triangle correction’s length posterior is
approximately Gaussian, with substantially smaller posterior variance. The tighter
inference of the Ndc8ON-Ndc80C distance by the triangle correction is a consequence of
length correlations within the inferred triangle. Generating triangles from the pair-wise
marginal length posteriors, assuming independence, results in substantial violation of
the triangle inequality, Fig [8ld. In fact, even the pair-wise posterior means violate the
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Table 3. Single-state analysis of experimental datasets.

Example 1, CenpC—CenpC—CenpC, N = 1250, C' = 32:

(lengths and errors in nm)

CenpC—CenpC

CenpC—CenpC

CenpC—CenpC

BEDCA, [13|

29+1.9

4.44+29

4.7+ 3.0

triangle, uninformative prior

3.2+21

4.2+27

44427

Example 2, CenpC-Ndc80C-Ndc80N (DMSO), N =72, C' = 3:

(lengths and errors in nm)

CenpC—Ndc80C

CenpC—Ndc80N

Ndc80C-Ndc80ON

BEDCA, [13] 45.7 £ 3.2 86.7 £ 2.5 54.2 + 2.9
triangle, uninformative prior 43.2+2.6 86.5 + 2.6 49.0 +£ 3.2
Example 3, CenpC-Ndc80C-Ndc80N (nocodazole), N =118, C' = 5:

(lengths and errors in nm)

CenpC—Ndc80C

CenpC—Ndc80N

Ndc80C-Ndc80ON

BEDCA, (13|

53.1 £8.1

62.1 3.9

11.6 7.2

triangle, uninformative prior

55.1 4+ 3.5

60.9 £ 3.6

13.1+6.7

Example 4, Nnfl-Ndc80C-Ndc80N (DMSO), N = 570, C = 18:

(lengths and errors in nm)

Nnfl-Ndc80C

Nnfl-Ndc80N

Ndc80C-Ndc80ON

BEDCA, (13|

15.2 +8.3

71.6 £0.8

50.4 £1.0

triangle, uninformative prior

Example 5, Nnfl-Ndc80

(lengths and errors in nm)

30.0+1.2

Nnfl-Ndc80C

71.5+£0.8

Nnfl-Ndc80N

475+ 1.0

C-Ndc80N (nocodazole), N =238, C'=8&:

Ndc80C-Ndc80ON

BEDCA, (13|

15.34+9.3

21.0£11.4

127+ 7.7

triangle, uninformative prior

16.2 + 8.4

16.8 £ 9.5

126 £ 7.4

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.22.457266; this version posted August 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

Examples 1-5 with fluorophore labels, number of kinetochores (N) and number of cells
(C). Means and standard deviations of the inferred length posteriors are given,
comparing the triangle inference presented in this paper with the pair-wise method

of [13]. The pair-wise and triangular algorithms were run on the same dataset; the
pair-wise results differ slightly to those reported in [24] because of differences in the
priors. For the number of kinetochores and cells, see Table

triangle inequality in this case, indicating it is not possible to construct a joint triangle
distribution that preserves the pair-wise length marginals (see [Iriangle length means|
[never violate the triangle inequality| for why no triangle distributions exists that has
(marginals with) means violating the triangle inequality).

The higher confidence of the triangle correction on small lengths reveals that the
Nnfl-Ndc80C distance likely increases to twice its length in DMSO compared to noco-
dazole (Examples 4, 5 in Table . This suggests a possible gain of alignment/order, i.e.
the ensemble of Ndc80-Nnfl complexes increase their alignment with each other upon
kinetochore attachment to microtubules (see [24] for further discussions).

Triangle correction allows analysis of the measurement errors of each fluorophore
individually - see supplementary Table for the means and standard deviations of
the inferred marginal posteriors. Results are consistent between the examples, if we
look at the same fluorophores, molecular structures and treatments. In this data, the
CenpC fluorophore (in Examples 2, 3 in Table [3) exhibits the smallest error, having
about half the error of some of the other markers. Treatment can also have an effect on
the measurement errors.

Experimental data for two-state mizture model. Here we analyse heterogeneity of the con-
formational state of DMSO treated metaphase cells using the data on the CenpC-Ndc80C-Ndc80N
and the Nnfl-Ndc80C-Ndc80N triangles that was previously analysed in Examples 2-5,
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Experimental single-state Example 2: CenpC—-Ndc80C-Ndc80N, DMSO:
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Fig 6. Marginal posteriors of the CenpC—Ndc80C—-Ndc80N experiment

in DMSO treatment (Example 2 in Table [3). Panels are the same as in

Fig[3] Constructing a joint distribution from the three pair-wisely inferred lengths

assuming independence yields 1% violations of the triangle inequality (red dots in

panel d)).
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Experimental single-state Example 3: CenpC-Ndc80C-Ndc80N, nocodazole:
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Fig 7. Marginal inferred posteriors of the CenpC—Ndc80C—-Ndc80N
experiment in nocodazole treatment (Example 3 in Table . Panels are
the same as in Fig[3] Constructing a joint distribution from the three pair-wisely
inferred lengths assuming independence yields 39% violations of the triangle
inequality (red dots in panel d)).
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Experimental single-state Example 4: Nnfl-Ndc80C-Ndc80N, DMSO:
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Fig 8. Marginal inferred posteriors of the Nnfl-Ndc80C—-Ndc80N ex-
periment in DMSO treatment (Example 4 in Table [3). Panels are the
same as in Fig[3] Constructing a joint distribution from the three pair-wisely
inferred lengths assuming independence yields 71% violations of the triangle
inequality (red dots in panel d)).
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Table |3} As can be seen in Table |3| (and reported previously in ), these triangles
are distinctly different in attached (DMSO) and unattached (nocodazole) conditions.
However, DMSO treated metaphase cells are likely to comprise a mixture of bi-oriented
kinetochores (major population, attached) and a minor population of unattached kineto-
chores that would be in the ”jackknifed state”, potentially similar to nocodazole treated
kinetochores. The existence of such a population has not been confirmed. Here, we use
our triangle mixture algorithm to determine if we can detect such a population.

Firstly, we tested the algorithm’s ability to detect minor populations on real data
by creating an artificial mixture using the Nnfl-Ndc80C-Ndc80N fluorophore triplet
(Example 1, Table. We first split the kinetochores from DMSO treated cells (Example 4,
Table [3)) into two parts, N = 382 and N = 188 kinetochores. The first group is analysed
using the single-state model to generate priors for the lengths and measurement errors,
Eq (and supplement [[nference results on subset of Nnfl-Ndc80C—Ndc80N|). The
second group is pooled with a specified proportion of kinetochores from nocodazole
treated cells. The resulting mixed dataset contains a known infused proportion of
pi(jzuscd of jackknifed states, in addition to any sub-population in a nocodazole-like state
already present. We analysed this mixed dataset with the two-state model, using the
remainder of the nocodazole dataset as a pure sample of the jackknifed state { = 2. The
CenpC-Ndc80C-Ndc80N datasets (Examples 2-3, Table |3)) were of insufficient size to
enable a similar analysis to be performed.

There was good agreement between the infused proportion of nocodazole kinetochores,

pi(izused, and the inferred proportion of nocodazole-like states, p(®; means and standard

deviations are given in Table [f] and marginal posteriors in Fig[0] For infused proportions
larger than pi(flzuse 4 = 20% the weight of the marginal posterior of p®) moves away from
zero indicating the presence of the minor population. The plot of inferred proportion
against infused proportion shows the expected linear relationship, Fig[0b. The lengths

and measurement errors are inferred accurately at the lower infusion levels (compared to
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Fig 9. Two-state experimental examples. Two-state mixture inference
example with infusion of kinetochores from nocodazole treated cells into a DMSO
dataset. (a) the posterior minor state proportion p(®) for various infusion levels

pi(izused. (b) plot of the posterior minor state proportion p(?) against the infusion

level pi(ﬁused. Each point is based on a single realisation of the mixture. The

posterior mean is plotted with error bars showing the standard deviation. The
(2)

infused”

black line is 1:1 relationship p® = p

the single state triangle correction results, subsection [Experimental data for single-state]
model|). However, there is a systematic trend in the inferred Nnfl-NN length in state
¢ = 1 towards lower values, thus becoming more similar to the length estimated for the

jackknifed state, { = 2. At pi(gguscd = 40% this length becomes significantly different
from the state inferred in infusion-free DMSO (Example 3 in Table {)), (p = 1.0%). This
indicates limitations of this approach; datasets need to be informative enough, e.g. by
using sufficiently high sample sizes, or by using sufficiently strong priors on state { = 1.

Secondly, we analysed the two DMSO triplet datasets with the two-state model, using
the nocodazole dataset (assumed pure) to inform the minor population state (¢ = 2).
We used flat priors (see supplement since the attached states are in the vast majority
in the heterogeneous population, Fig [Jb. The smaller dataset, Example 2, Table []
(CenpC—Ndc80C-Nde80N with Npix = 72, Ninform = 118 kinetochores) has a state
proportion p(®) posterior with a mode at zero and a tail extending beyond 15%, see Fig@
Thus, it is inconclusive as to whether a minor population exists. However, for the larger
dataset, Example 3, Table |4] (Nnfl-Ndc80C-Ndc80N with Npyix = 570, Ninform = 238
kinetochores) the proportion p®) posterior separates away from zero, Fig |§| with inferred
proportion p(?) = (3.47 4+ 2.06) %. Although inconclusive, the CenpC-Ndc80C-Ndc8ON
proportion is consistent, Table We thus have strong evidence for DMSO treated
cells in metaphase being heterogeneous with respect to Ndc80 conformation. A model
comparison indicated a probability p = (77.9 & 4.0) % in favour of the multi-state model
compared to the single-state model. See supplement [Model comparison: Two-state vs|
[single-state model| for details.

Although with our method the mixture proportions { pl© } ¢ can be inferred accurately

(verified in simulated data, synthetic mixtures), unfortunately there is insufficient
information in our examples to identify the state (" of an individual kinetochore n, see

supplementary Fig

CONCLUSION

Here we have presented a Bayesian methodology to infer the 3D polygon geometry of
J > 2 fluorophores within a macromolecular complex, for markers that localise to distinct
regions within the complex and are spot-like when imaged. The algorithm corrects
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Table 4. Two-state experimental examples.

Example 1, Nnfl-Ndc80C-Ndc80N, synthetic heterogeneous mixture (DMSO kinetochores infused with jackknifed kinetochores):

state 1: state 2:

(lengths and errors in nm) Nnfl-NC Nnfl-NN NC-NN Nnfl-NC Nnfl-NN NC-NN p(2) pi(igused sample sizes
triangle, Eq (8)) prior 29.4+2.1 71.0+ 1.5 45.8 + 1.8 16.7 + 8.4 16.8 £ 9.5 13.0+ 7.6 (2.20 £2.16) % 0.00% 188, 238 (14)
triangle, Eq (8) prior 30.2 £ 2.0 70.0 + 1.6 443+ 1.9 15.5 + 8.3 16.5 + 9.8 13.4£7.7 (4.79 £ 4.03) % 10.5% 210, 216 (14)
triangle, Eq (8)) prior 28.8 +2.2 68.4+ 1.7 44.3+2.0 16.2 £ 8.9 16.5 + 9.4 127+ 7.6 (13.7+£6.9) % 19.7% 234, 192 (14)
triangle, Eq (8) prior 29.7 £ 2.2 68.8 + 1.8 43.4+2.2 15.7 + 8.6 15.8+9.2 13.9£7.9 (22.6 £7.9) % 29.9% 268, 158 (14)
triangle, Eq (8]) prior 28.4+2.3 66.8 + 1.9 42.7+ 2.3 17.5+9.1 16.9+9.9 14.3 £8.2 (41.4+75)% 40.1% 314, 112 (14)

Example 2, CenpC-Ndc80N-Ndc80C, DMSO treated:
state 1: state 2:

(lengths and errors in nm) CC-NC ‘ CC-NN ‘ NC-NN CC-NC ‘ CC-NN ‘ NC-NN ‘ p® pi(jzused ‘ sample sizes
triangle, uninformative prior | 429427 | 86.6+£26 | 49.2+33 | 551+35 | 6L0+3.7 | 13.2+6.8 | (3.67+3.64)% 0.00% | 72,118 (8)
Example 3, Nnf1-Ndc80C-Ndc80N, DMSO treated:

state 1: state 2:
(lengths and errors in nm) Nnfl-NC Nnfl-NN NC-NN Nnfl-NC Nnfl-NN NC-NN p(Q) pj(jzuscd sample sizes
triangle, uninformative prior 30.4+1.2 71.7+£0.8 47.7+ 1.0 14.0 £ 8.0 15.7+9.3 12.3+ 7.4 (3.47 £ 2.06) % 0.00% 570, 238 (26)

Three examples of inference of two states in a mixed state population using the experimental data of Table
Inferred posterior means and standard deviations of the triangle lengths of the two states are shown. Kinetochore
and cell sample sizes are given in column 10 as: mixed dataset Ny, informing dataset Ninform, (cell number C').

Abbreviations are CC for CenpC, NC for Ndc80C and NN for Ndc80ON. In Example 1 the DMSO data is infused

with the stated proportion pi(izused of nocodazole treated kinetochores. In Example 1 the informative prior from

Eq is used. In Examples 2 and 3 the DMSO datasets are analysed for a mixture of states, with the nocodazole
data used as the informing dataset for the minority state. The priors are uninformative. For number of
kinetochores and cells, see Table [S14.2]

1500 |- CC-NC-NN
Nnf1-NC-NN
1000
o
£
500 F
0 . ‘ ‘ ‘ ‘
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
p(2)

Fig 10. Two-state inference of synthetically mixed experi-
mental datasets. Inferred marginal posteriors of the (minor) state
proportion p® in the two experimental datasets labelled with triplets
CenpC-Ndc80N-Ndc80C and Nnfl-Nde80N-Ndc80C, Examples 2, 3
respectively of Table

for length and angle bias due to measurement noise, biases that become substantial
when polygon sides are of the order of, or less than, the measurement error. Previous
correction methods ( [6], |5], [13]) were pair-wise methods. Our new method improves
on these in four principal ways:
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e The full information in multi-fluorophore images is used to infer the polygon,
allowing internal angles between the polygon edges and correlations between
edge lengths to be inferred.

e Lengths can be inferred with higher confidence if more than two markers are used.
This is particularly beneficial for short lengths (relative to the measurement
error), and can overcome inference problems previously reported by [20] (in a
single-molecule context). The largest benefits occur when the third marker is
located far away and the three markers are approximately co-linear.

e Using three or more fluorophores allows measurement errors to be inferred
individually for each marker. This could for example be used for quality control
of fluorophores or for quantifying spot expansions (provided the measurement
errors remain approximately Gaussian), such expansions potentially being of
biological relevance.

e The method is highly flexible. Our algorithm allows for anisotropic measurement
errors, typical for 3D imaging, and extends to heterogeneous datasets, inferring
both the majority state and the composition of a mixture of multiple states.

Our algorithm models the full system geometry, which gives it great flexibility, allowing
for further generalisations: For instance non-Gaussian measurement errors or anisotropic
orientations R™ would be easy to implement. Anisotropy of orientations is likely common
in 3D imaging; for example cells may be selected with spindle poles approximately within
a focal plane - since kinetochores have a preference to lie along the spindle axis when
bi-orientated they are then not likely to be orientated isotropically as a population. This
flexible approach does however come with longer run-times compared to the pair-wise
methods ( [13], [5]). The run-time of the single-state simulated Example 1 (N = 400
measurements and 100,000 Markov chain iterations) was about 2 days. This could be
reduced by using state-of-the-art samplers, e.g. sequential Monte Carlo, Hamiltonian
Monte Carlo, [1, Ch 2,9], a re-parametrisation that captures system structural correlations
(e.g. utilises the relation in , or parallelised algorithms [|4] (potentially of great benefit
since the perspectives, {T"} , {R"},, are updated independently).

The two-state algorithm enabled us to analyse heterogeneities in the architecture
of human kinetochores in metaphase, providing direct evidence for a minor population
of kinetochores in an unattached conformation. Our method allows conformations
of macromolecular complexes to be analysed offering a new technique for study of
conformational change in vivo, distinct from conformation (proximity) sensitive readout
approaches. These include for example Double Electron-Electron Resonance (DEER;
e.g. |16]), Forster Resoncance Energy Transfer (FRET; e.g. |15]) and Bimolecular
Fluorescence Complementation (BiFC; e.g. [23]). Our method is a post-processing
method for multi-fluorophore image data and does not need a specialised experimental
setup or specialised fluorophores as these other methods. Our multi-state algorithm
requires a large enough sample size to allow for the statistical analysis (in our examples
tens to hundreds of samples) and a discrete number Z of distinct (polygon) states. For
our examples we needed to provide information on rare state(s) within a heterogeneous
dataset which we achieved by using joint inference on two datasets (adding an informing
dataset). It is likely that the decomposition of heterogeneous populations can be improved,
including identification of individual sample state, by using higher-resolution imaging, e.g.
Super-Resolution Structured Illumination Microscopy (SR-SIM, [17]), Super-Resolution
Radial Fluctuations (SRRF, [9]) microscopy, or by capturing substantially more photons.
On the other hand, our method works at any distance, and while resolution decreases
for shorter lengths, on some examples we get confidences as low as Inm. This range of
tens of nanometres is important at the molecular scale. For instance the conformation
change of the kinetochore from attached to unattached state involves a reduction of the
CenpC—Ndc80N distance from 85nm to 60nm, which is beyond the scope of DEER or
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FRET. From this perspective our multi-state algorithm complements these experimental
methods, as it bridges the gap between their < 10nm range and the length scale of the
PSF, where distance corrections become negligible.

SUPPORTING INFORMATION

S1. Uninformative priors. We use uninformative (improper) priors, namely:
dmo {63} 10"}, ] =

TX <{Xj}j) : Hde X010y 200052y * Xy >0d05:2 | - <H dI™ - dmg (R")> ,
J n
(SL.1)

where y is the characteristic function, mx [{Xj}j] is the prior distribution on the
template positions and drg [R"] is the probability measure on the rotation matrices
R™ € S0 (3) as follows.

Uninformative priors are typically chosen to be flat (uniform); however this is not
re-parametrisation independent, and there are many choices of polygon properties where
a uniform prior can be imposed. Because our interest is in the polygon side lengths, a flat
prior on each length [;; := | X; — X;| would appear appropriate, giving the (improper)
prior (Hz £ dl,»j). However, the marginal prior for any length would in fact not be

flat for J > 2, because of the constraints on the lengths to form a J-polygon. Priors with
approximately flat marginal densities in the lengths can be constructed for the triangle
case (J = 3) using the density (see|Flat prior on marginals of lengths| for a derivation):

1

lig - lig - log - min ({l12, l13,las})

TX [{Xj}j} x (51.2)

Three priors on the template positions are compared in Fig|S1.1, namely (H j de),
L AY%) d g [{Xj}j} : (Hj de).

l12-l13-l23

The measure drgr on the rotation matrix R™ is defined, such that for an arbitrary
vector on the R3-unit sphere, v € S3, the image R™-v-drg [R"] is uniform on the surface
of S? (i.e. the Lebesgue measure on that surface, sin(v))didy in spherical polars).

S2. Flat prior on marginals of lengths. Here we show, that the distribution given
in Eq corresponds to a flat prior on the marginals of the lengths in the limit of
unconstrained triangle sizes.

Triangles are specified by the three 3D positional vectors X;, j € {1,2, 3}, giving the
unbounded parameter space R?. Consider the stripe subspaces,

Bijie (lo) := {{X3}3

corresponding to length /;; := | X; — X;| constrained to a small e-neighbourhood of a
fixed value [y > 0, and all lengths being less than a > 0. This stripe region is infinite,
because of the translational degrees of freedom, but becomes finite once the translations
are fixed. We want to show that for the prior from Eq the probability to be in such
a domain (and constraining X; to a bounded domain) is independent of the value ly in

max ({ZJ}) <aliy€llo—elo+e€ } . (S2.1)

)
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Fig S1.1. Numerical simulation of the histograms for three possible
priors on the triangle template positions {Xj}j. Marginal densities are
shown on the space of the three triangle lengths (top row; frequency is indicated

by colour and radius) and the associated marginal distribution of a single length

(bottom row). From left to right the prior distributions are (H ;dX j> 1

) Tia-lizlas
(Hj de), Tx {{Xj}j] . (HJ de). The support is bounded by the triangle
inequality, e.g. the front face is the bounding simplex lo3 = 15 + l13. A cut-off

for each of the lengths was used, forcing them to be within [0, 1]. The symmetry
of the prior with respect to re-labelling markers j was used when sampling.

the limit of narrow stripes and unbounded triangles:

Px [{X]} C Bijie (lc()l)) N (A x Rﬁ)}
lim lim !

o) o @]
J

anax(l12,113,l23)<a'Xlije[l(()l)7E;lél)+€}

3 : fAl xR6 l12-113-l23-min l12,l13,l23) ) XmdX2dX3
= ali)I{.lo ll\r‘% Xmax(l12,l13,l23)<a"X, ve[l(()2>—svl(02)+é} =1
ij ;
fAl xR l12-113-l23-min(l12,l13,l23) -dX1dX2d X3
vij € {12,13,23},15V,1§7 > 0,41 € A, (52.2)

where we used A := {A - R3| 0< fA dX < oo} to confine node X7 to a domain of finite

volume.
We first show, that

1

L iX1dX»dX; (52.3)
li2- 113 - 123

dflatienghts {{Xj}j] :
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gives a flat prior on the lengths space (within the boundaries of the triangle inequality),
ie.:

/ Ajtattengnts [{X5};] / dlyadlyadlss VA € A, (S2.4)
A i

with A the set of all lengths for which {X; }j € A and

X1 RXl
Ao =S Ay x ACAXROV| Xy | €4 xAReSOB): | R-Xo | €A xA
X3 R- X3

(52.5)
the set of all rotation symmetric positions with X; € A; C A. It is well-known that - for
two positions X7, Xo € R3 - we can switch from Cartesian to spherical coordinates via:

dX1dXoy = 125 - dX1dl12d9, (S2.6)

where d§2 = sin (1) - dpd is the differential of the solid angle (for azimuth and inclination
angles ¢, 1). On the other hand, we know from the transition from Cartesian to cylinder
coordinates (with the X;—Xs-edge as the axis of the cylinder), that dX3 = hs - dhsdad®,
where hs > 0 is the distance of X3 from the cylinder axis, a € R is the coordinate
along the cylinder axis and 6 € [0, 2] is the rotation angle of X3 around the cylinder
axis (relative to some fixed plane containing that axis). Expressing l13, log through the
cylinder coordinates a, hs as well as l12 we have:

I3y =a®+h3 (S2.7)
135 = (lia — a)* + h3, (S2.8)
yielding:
‘ Onslis Oaliz | _ l% % — (a+bs)- hs—a-hs = ha - s (52.9)
Onylaz  Oalas 5%33 a;;;z l13 - lag lig - lag’ .
Combining this with our results for dX;dXs and dX3 we get:
dX1dXodXs = (Zf2 . Xmdllng) - (hg - dhgdadf) =
= (l12 - l13 - lag) - dli2dli3dlas - (dX1dQd0) , (S2.10)

where the term in the last bracket just gives a constant, thus proving Eq .
Without loss of generality, we show Eq for ij = 23, i.e. the marginal over
lo3. Note, that the additional factor min (I;2, 13, 123)_1 in Eq versus dfigtlengths
merely comes from the lengths space only being occupied within the boundaries of the
triangle inequality (other points are not contained in A in Eq ) To see how the
extra factor fixes this, we assume an upper cut-off for all lengths a > [y > 0 and divide
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the marginal integral into different parts depending on which length is shortest:

. 1 Xmax(llz 113 123)<a : Xl23€[l076'l0+€]

| — - = : -dX1dXodX

6{% 2e / lig - 113 - lag - min (I12, 113, l23) rdadds [
A1 xRS

Xmax(l12,l13,l0)<a " X(l12+1134+1o—2-max(l12,l13,1
o / max(li2,l13,l0)<a i (li2+l13+lo max(l12,l13,l0)) dllgdllg _
min (I12, 13, o)

(&)*
a min(a,lo+112) 1 lo min(a,lo+l12) ] lo g 1
- / / — - dlyzdls +/ / — ~dlyzdliz +/ / 7— - dlhzdla+
lo l12 l12
lo l12 0 lo 0 lg—li2

+ [same terms with 2 <> 3] =

lo

a lo
—1 —1
=2. /min(almJ)dllz—i—/min(al 0,1>dl12+/dllg =2-a+o(a)
0 12
0 0

lo
(S2.11)

where the terms in the third row correspond to lg < l1o < i3, l12 < lp < l13 and
l12 < li3 <lp in this order (and then similarly with 2 and 3 swapped). For a — oo (i.e.
no cut-off of lengths) the lp-dependent terms o (a) become negligible, thus proofing our
claim from Eq .

Note firstly, this is only an asymptotic argument and for finite cut-offs there are slight
variations (see Fig for a numerical study of the effect of a finite support, a < c0).

Second, the prior on the triangle lengths used here is not unique under the requirement
of flat marginals (e.g. a homogeneous weight on the line l15 = I3 = l23 would also satisfy
this condition). We also want to highlight that the chosen prior on the lengths is scale

R [{Q'XJ' }j] _ 4

invariant, i.e. for a scale parameter o € R\ {0} the ratio =a *isonly a
mx [ }j}

function of «, hence does not depend on the triangle shape.

S3. Markov Chain Monte Carlo samplers for parameter inference. Here we
give the details of the Markov Chain Monte Carlo approach taken to sample from the
posterior, firstly for the single-state model in Eq @ and secondly for the multi-state
model.

S3.1. Samplers of single-state model. We sequentially update the various parameters,
{X; }j AT }j AT}, {R"},,, using the following samplers:

RANDOM WALK SAMPLERS. Random walk samplers are used for the template positions
and perspective parameters, implemented sequentially for each of the parameters X,
T™ and R™. We use block updates, blocking together the three coordinates in each of
the vectors X;, and block together the six parameters in 7™ and R". For the template
positions X; and translations 7™ the proposals are uniform balls around the current
position. For the rotations R™ the proposal is implemented as follows:

e choose a reference vector r € S® uniformly from the unit-sphere

e draw a sphere location 7 displaced from r by choosing it uniformly within a
spherical cap around r (the radius of the cap is given by the step-size (adjusted
during burnin)).

e determine a rotation perturbation R” as the “geodesic” rotation that maps r
onto 7, i.e. the rotation with invariant axis r x 7 around the angle arccos (7 - 1)

e the proposed rotation is the combined R"™ - R™, where R" is the current rotation.

During burnin the step-sizes of all random walk samplers are adjusted with a target
rejection rate of p, := 77.5% (motivated by [26]). The step-size adjustment procedure
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(given a current step-size of s > 0, current adjustment factor of a > 1, current deviation
dp € R from target acceptance rate p, and a tolerance of p, := 7.5%):
e compute the rejection rate (of the random walk update of the respective sampler)
p’ since the last step-size evaluation
e compute the new deviation dp’ := p’;%
e square-root the adjustment factor a, if the deviation dp has the opposite sign to
that of the previous update, i.e. if sign (dp) # sign (dp’)
e get the new step-size as s’ 1= s - a=%'
e replace s, dp for their updated versions s’ dp’
We initialise with a = 2 and the above five-step procedure was repeated every [1/(#burnin)]
Markov chain iterations through burnin, and initial step sizes are chosen heuristically in
the range of 1072 and 10 (in nm for lengths, measurement errors).
GIBBS SAMPLER FOR THE TRANSLATIONS 7T. The translations T are also updated
using a Gibbs sampler. Here we sample from the target:

BT~ N[ ()7 [ () )07, (S3.1)
j
where:
R o7 =Y 7], (S3.2)
RS (¢r) =, (X’;P — (R" (X, — X1) +X1)) , ($3.3)

GIBBS SAMPLER FOR THE MEASUREMENT ERRORS 7;. A Gibbs sampler is used for the

precisions 7; = diag (U;zy7 o2 072) of the measurement errors of the three markers.

Jixyr Y gz
Note that the two components zy, z as well as the three markers j are independent from
each other, so sequential and joint updates coincide. We have a I'-distribution for each

of the conditional distributions:

_ -3 N 1 - 2

Rf 3053~ T | -+ 1+ 5 - (#d); 25.( - ;.gd,) : (S3.4)
n,d’

where d € {zy, z} and number of dimensions (#d) = 2, 1, respectively.

INITIALISATION AND CONVERGENCE MONITORING. Unless otherwise stated, the variables

of all chains are initialised randomly as follows (independent for each j, n):

0j:d :0j:a ~ U ([0,200nm]) (53.6)
" T ~ UY ([—ZOOOOnm, +20000nm]3) (S3.7)
R" :R" ~ mr[R"]. (S3.8)

These are over-dispersed compared to the anticipated width of the posterior distribution
(confirmed after the run). The total number of iterations per Markov chain for each
example is reported in Table sub-sampling (equally spaced) was used to give a
final sample size of no more than 10000 samples.

A multi-chain convergence diagnostic was used (5 independent chains), assessing
convergence by computing the Gelman-Rubin statistic R (uncorrected) separately on
parameters of interest, specifically | X; — X;|, 0j,q for 4,5 € {1,2,3}, d € {ay, 2}, (see [12,
Ch 11.6]). We used a threshold of 1.1; if converged, the five chains were then pooled to
reconstruct the posterior.

The computation time on an ordinary desktop computer is about 1 day for datasets
with N = 200 samples (our Matlab implementation may be further improved for speed).
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Table S3.1. Number of Markov chain iterations in the exam-
ples presented in the main part.

Single-state simulated examples (see Table 1| for results):
Example 1 2 3 4 5 6

number of MCMUC iterations 100000 | 100000 | 500000 | 500000 | 500000 | 500000

Two-state simulated examples (see Table [2| for results):
Example 1 2 3 4 5 6

number of MCMC iterations | 50000 | 50000 | 50000 | 50000 | 50000 | 50000

Single-state experimental examples (see Table EI for results):
Example 1 2 3 4 5

number of MCMC iterations § 100000 | 100000 | 100000 | 100000 | 500000

Two-state experimental examples (see Table {4| for results):
Example 1 (all) 2 3

number of MCMC iterations | 200000 | 200000 200000
In all examples the first 40% of the iterations is taken as burn-in, and the remaining
60% constitute the posterior samples.

S3.2. Samplers of multi-state model. All parameters already present in the single-state
model from subsection [Polygon parametrisation and inferencel can be inferred using
the same updates, if confining the observed data points to the subset in the currently
updated state (" = ¢. The new variables {¢"}, and {p(o}< are updated sequentially
with random walk and Gibbs samplers, respectively.

RANDOM WALK SAMPLER FOR STATE-AFFILIATIONS {¢"}, . The hidden state-affiliations
{¢™},, are sampled with a random walk proposal, equiprobable on all states except the
current one (assigned zero probability). To achieve a higher acceptance rate for a new
state-affiliation proposal, the translation 7" for observation n are altered such that the
centre of mass of the triangle (with equal weights for all markers j) of the proposed true
positions {X ]"}J remain unchanged.

GIBBS SAMPLER FOR STATE PROPORTIONS P = {p(C)}C. The state proportions P are
sampled via a Gibbs sampler from a Dirichlet distribution:

{p<<>}C ~Dir (14 #1),...,(1+#2)), (93.9)

where #¢' := |[{n e {1,...,N}| (" = ('}| are the number of measurements in the re-
spective states. The Dirichlet probability density for the state proportions {p(o} ¢
is

Dir (a1,...,az) H (p(o) , (S3.10)
¢e{1,....Z2}

with the state proportions all constrained within [0; 1] and summing to one.
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INITIALISATION AND CONVERGENCE MONITORING. The parameters were randomly
initialised (independent for each j, n; for Eq priors):

x| X = x|~ ([ - 120m, 10 + 120m] ) (83.11)

@ . [y@ _ y®
X! .’X]. ~ X! ’ ~ U ([0, 300nm)) (93.12)

1 ) 2 ¢

UJ(';Cg : (JJ(';c;) ~T (5;7—]{;01);0) (53.13)
o) :0{%) ~ U ([0,200nm]) (S3.14)
T 7" ~ U ([~20000nm, +200000m]° ($3.15)
R":R" ~7r [R"] (S3.16)

OV L0V D
{p }C.{p }C Dir(1 1 ... 1) (S3.17)

{¢"}, (" ~ Cat ({p“)}c) , (S3.18)

where Cat ({p(o } C) is the multinoulli distribution, state ¢ being drawn with probability

p(©. The values lgjl-;)o and Tj(l d)~0 are identical to the priors in Eq and given for each

example individually in the main text. These are chosen to be overdispersed compared
to the expected posteriors (and confirmed aposteriori), except for the priors for the
lengths and measurement errors of the first state. For the effect of the latter on the
posterior, see supplement |S_§[

Convergence is monitored as described above for the single-state model, where
additionally each of the p{¢) has to stay below the Gelman-Rubin threshold of 1.1. The
number of Markov chain iterations for the examples is given in Table

S4. Simulated data. To test the algorithm we simulated data based on the model
described in section [Materials and methods| For the simulations the template positions

{X(.C)} " the measurement errors {052} " and the state proportions {p(C) }C are fixed
j )

J
as Tables The translations {7}, are independently sampled from Gaussians:

T ~ N (0; diag (20nm, 1000nm, 1000nm)2) , (S4.1)
and the rotations are sampled from converged chains of a Markov Chain Monte Carlo

algorithm using the same random walk update as described in subsection
[single-state modell

S5. Implementation of pair-wise correction methods. We compared our method
to existing length inference techniques between two markers, namely by Churchman et
al from [5] and BEDCA, [13]. Here we describe our implementation of these methods:
Churchman et al. [Isotropic measurement errors only]

Mazimum likelihood estimate (MLE): we used the in-built Matlab functions simu-
lannealbnd then fminsearch on the 3D likelihood as specified in Eq (6) in [5]. For
error estimates we calculated the Hessian of the likelihood and used its negative for the
inverse covariance matrix of the Gaussian approximation.

Mean and standard deviation of the full posterior: we used the same likelihood
function and assumed flat priors on the lengths |X; — X;| and measurement errors o;;.
The marginal distributions were computed using numerical integration on a rectangular
grid.
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BEDCA. This is the algorithm used in [13] and [24]; however we used different priors
analogous to the ones used in the triangle method (see Eq ) Specifically, measure-
ment errors have flat priors on the positive real axis (doj,q) and lengths have almost flat
priors on the positive real axis (o< x,,>0 - N (60;10'9) - dl;; for length I;; = | X; — X;).
Note, the latter gives (approximately) flat priors on the lengths (i.e. the length marginals
for triangles) but if the three lengths are used to form a triangle under an independence
assumption (rejecting those combinations that violate the triangle inequality), the prior

would lack the min ({l12,l13,l23}) term from Eq (S1.2) (see subsection

[marginals of lengths| for details).

S6. Small lengths are increasingly difficult to infer. Here we give an argument,
why for a given measurement error, shorter true lengths exhibit a much larger inference
error than longer lengths. This phenomenon has been reported in [20] for the length
correction based on [5] before.

There are two stochastically independent processes contributing to the distribution
of the vectors between two markers, X; — X;. First, the isotropic distribution of the
observed vectors in space (due to the rotations R™) and second, the measurement error
(a Gaussian measurement error assumption is not required). Computing the second
moment of the distance we obtain:

- 2 : 3
E, UXJ” - X7 } = trace (Covn (Xj” 7XZ,")) —
| X=X ?
12 2
= trace (X;;) + trace @ _
| X5 = Xl?
XX
= trace (3) + | X; — X,|?, (S6.1)

where the expectation and covariance are taken with respect to the marker specific
random variables (parametrised with n), i.e. measurement errors 77, rotations R"
and translations 7™; the template positions X; and measurement errors 0,4 are fixed.
In the second line ¥;; is the covariance matrix of the measurement error of the dis-
placement (in the setting described in section [Materials and methods| this would be
Y = diag (aiwy, O',iwy, O',iz;z) + diag (U?;wy, sz;wy, ajz-;z)) and the matrix in the last term is
the covariance of the Lebesgue measure on a sphere of radius | X; — X;|. Expression
is the 3D analogue to Eq (4) in [6]. To quantify how strongly |X; — X;| depends on the

measurement error, we take the derivative of (S6.1J):

trace (X;5)
‘8\/trace(2ij) |X] - Xl| - |X] — Xz| > 17 (862)
when the true length is much smaller than the measurement error. Thus, small changes
in the inferred measurement error lead to very large changes in the inferred true length,

with increasing effect for small lengths. See Fig[S6.1] for a graphical depiction.

S7. Computation of p values. For comparisons of posteriors, we define the overlap
probability
p = min (P [ljj:method 1 < lijimethod 2] s P [lijimethod 1 > lijimethod 2]) , (S7.1)

for length [;; inferred by methods 1, 2. If both methods had identical posteriors, we
have p = 50%.

S8. Triangle length means never violate the triangle inequality. For any (proper)
probability distribution on the triangle side lengths, I;; > 0, i,j € {1, 2,3}, the length
means necessarily satisfy the triangle inequality (provided they are finite). To prove this,
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Fig S6.1. Posterior distribution for measurement error and
length for 3D simulated data. Posterior based on N = 2000 sam-
ples simulated with an input (true) length of 15nm and input (true)
measurement error of 1/152 + 252nm =~ 29nm. Plotted is the likelihood
function, Eq (6) from . Probability density is colour coded as key. The
red line is Eq with the second moment (left hand side) estimated
from the data.

N w @
3 S a

measurement error (in nm)

N
o

we use Jensen’s inequality ( [3, Thm 3.1.3]) in combination with convexity of the max
function to write:

ZE[lz‘j] — 2max (Ely]) > ZE[ZU-] -2-E {Hggx (lz‘j)] =

i>i

S9. Effect of priors in two-state model. For the simulated two-state model and the
experimental two-state model with infused nocodazole cells we used informative priors
on the ¢ = 1 triangle state, specifically a box-prior on the side lengths and Gamma-
distributed prior on the precisions of the measurement errors (see Eq ) Here we
analyse the impact of this prior relative to a flat prior on the posteriors of the two-state

experimental Example 1 in Table 4| for the cases p°) ., = 20% and pZ) . = 40%;
(2)

infuse

results are summarised in Table SQ.IL For p q = 20% results are very similar (there

is a slightly higher confidence for the stronger state-1-prior). For pi(izuse q = 40% the data
is less informative, as there are fewer kinetochores n in the first state ( = 1; thus the

stronger prior has a greater impact, although results are still consistent.

S10. Inference results on subset of Nnfl-Ndc80C—Ndc80N. In subsection [Ex]
[perimental data for two-state mixture modelf we split the Nnfl-Ndc80C-Ndc80N (DMSO-
treated) dataset of subsection [Experimental data for single-state model|into two, one set
was used to determine a prior on state { = 1 for the second set that was used in the two-
state model inference. The entire dataset is composed of two independent experiments,
with the chronologically determined split occurring within the second experiment, giving
subsets of N = 382 (in 12 cells; for the prior) and N = 188 kinetochores (in 6 cells; for
the mixture analysis). The results of the single-state model on the first subset are shown
in Table rounding them gives the following parameters for an informative prior
for state ¢ = 1 in the two-state model (see Eq (8] for notation):
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Table S9.1.

Two-state experimental examples.

Comparison of the effect of the

“Eq (8) prior” for the two-state model to the flat priors (like for the single-state
model) on the inferred lengths, measurement errors and state proportions.

Table S10.1. Subset of Nnfl-Ndc80N-Ndc80N, DMSO, data presented in Exam-
ple 4 of Table

(lengths and errors in nm) I Nnfl-Ndc80C ‘ Nnfl-Ndc80N ‘ Ndc80C-Ndc80N ‘ ONnfl;zy ‘ ONnfl:z ‘ ONdc80C;zy ‘ ONde80C; 2 ONdc8ON;zy ONdc8ON;z p(C)
. : (2) _ .
Two-state experimental Example 3, p; 7 cq = 19.7%:
state ( = 1:
triangle, uninformative prior 28.5 £ 2.5 68.2 + 1.8 44.5 + 2.1 11.0 + 2.0 29.8 + 3.9 12.3+ 1.5 27.1+2.9 9.8 +2.2 27.2 + 3.7 (86.9 £ 7.5) %
triangle, Eq (H; prior 28.8 + 2.2 68.4+1.7 44.3 +2.0 105+1.5 | 26.9+38 | 123+1.3 | 28.2+24 | 10.0+1.5 | 27.6+3.0 | (86.3+£6.9)%
state ( = 2:
triangle, uninformative prior 16.3 + 9.0 16.4 + 9.5 12.7+ 7.7 21.1 +2.8 34.0 + 3.2 14.5 + 3.0 28.1 +£2.9 24.5+ 1.9 29.1 £ 2.9 (13.1 £ 7.5) %
triangle, Eq (H) prior 16.2 + 8.9 16.5+9.4 12.7 £ 7.6 212427 | 346432 | 145+29 | 281429 | 2464+1.9 | 28.9+29 | (13.7+6.9)%
Two-state experimental Example 3 (2) = 40.1%:
p p ’ pinfused -1 /0-
state ( = 1:
triangle, uninformative prior 28.1 £ 2.7 67.1 + 2.0 44.5 + 2.8 9.7+ 2.4 14.8 + 8.6 10.2 + 2.0 26.5 + 3.5 5.9+ 3.6 25.2 +£ 6.2 (48.1 £8.8) %
triangle, Eq prior 28.4 +2.3 66.8 + 1.9 42.7 £2.3 9.7+1.5 | 20.3+3.8 11.84+ 1.3 28.6 + 2.6 9.5+ 1.5 27.24+3.7 | (58.6 +£7.5)%
state ( = 2:
triangle, uninformative prior 17.8 £ 9.5 19.0 £+ 10.7 13.5 + 8.1 22.0 + 3.2 38.2 + 3.2 11.8 £ 3.5 27.3 4+ 3.0 26.8 4+ 1.9 31.6 + 3.2 (51.9 £ 8.8) %
triangle, Eq prior 17.5 + 9.1 16.9 + 9.9 14.3 + 8.2 22.0 + 2.7 38.7 + 3.2 12.8 + 3.6 26.5 4+ 3.4 26.2 + 2.0 30.8 + 3.4 (41A4i745)%
(1) _
INnf1-Ndesoc;o = 30nm (510.1)
(1) _
INnf1-Ndeson;o = 720m (510.2)
(1) _
lNchOCdecE;ON;O = 48nm (510.3)
(1)
ONnflzy0 = 10nm (510.4)
o 20nm (510.5)
Nnfl;z;0 — :
) = 13nm (S10.6)
UNchOC;a:y;O - .
(1) _
ONde80C:z:0 = 32nm (S10.7)
(1) _
ONde8ON:y:0 = 10nm (510.8)
(1) _
ONde8ON;z:0 = 29nm. (S10.9)

(lengths and errors in nm)

Nnfl-Ndc80C

Nnfl-Ndc80N

Ndc80C-Ndc80N

ONnfl;zy

ONnfl;z

INdc80C;zy

INdc80C;z

Single-state experimental example Nnfl-Ndc80C-Ndc80N, DMSO, first 382 datapoints:

ONdc80N;zy

ONdc80N;z

triangle

30.3+1.5

71.8+ 1.0

48.2 +1.3 10.4 £

1.0 19.8 + 2.9

13.3+0.8

32.0+1.8

9.7+ 1.0

29.1 +2.3

S11. Model comparison: Two-state vs single-state model. In subsection [Experi

[mental data for two-state mixture modell we analysed metaphase kinetochores in DMSO

with the two-state model (Examples 2, 3 in Table . Here we show, how the model
comparison with the single-state model was carried out: Apart from the state proportions
{p(C)}é, the single-state model is a nested sub-model of the two-state model (i.e. it

is absolutely continuous) with all state affiliations {¢"}, equal to the same state .
We can therefore compute the Bayes factor of these two models based on our MCMC
samples of the two-state model alone. Let ¢;s and ¢, denote the model parameters
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of the two- or single-state models, respectively, except for the state affiliations {¢"},, .
Their corresponding parameter spaces are denoted @5, ®,5). The Bayes factor is then
given by:

Pl {x}

)

P {{X;L} bus € By
Jn

Joes € Ous, {C7}, € {1, 2}N‘ two-state model}

single-state model]

P {{XJ"}] R brs € Pis, {C"},, € {1, 2}N‘ two-state model}

P {{X;L}qu €

single-state model] (N +1) fol (1- p(2))N dp(?)

1 P [{X]"} 0 € Ous, {(},, € {LZ}N’ two-state model]
_ ) jin
- N+1

. (S1L1)
P {{XJ”}] i drs € Pys, {C},, € {I}N‘ two-state model}

where the last identity comes from the fact that when we confine the multi-state model
to the case where all observations are in one state, {("}, € {1}", the likelihood times
the prior is the same as its single-state counterpart, apart from the extra factor from
the Dirichlet distribution, X, ¢p1] (1 — p(2))N -dp® (note we have the same priors
on lengths and measurement errors in both models). The right-hand ratio in Eq
can be estimated from our MCMC of the two-state model by counting how often the
chain is in the pure state 1. We abbreviate this ratio by w. Our discussion so far has
assumed a flat prior on the state proportion for the two-state model, x @ ¢jo,1) - dp?.
For analysis of a heterogeneous population with a minor sub-population, a flat prior on
the smaller interval [0, o] for « € [0, 1] appears more realistic. In this case the Bayes

factor in Eq (S11.1) changes to: % C W

From the Bayes factor we immediately get the probability of the two-state model
(assuming apriori equiprobable models):

P {two—state model, ¢ys € Py, {C"},, € {1, Q}N ‘{Xj”} ,a]
J,n

p =
P |single-state model, ¢ps5 € D5

v n N on
{Xj }jn] +P {two—stato model, ¢ys € Oy, {¢"},, € {1,2} ‘{Xj }jyn,a}
1—(1—a)N+!?
a-(N+1)
- 1—(1—a)N+!
L+ = we
This is plotted as a function of « in Fig|[S11.1| (for Example 3 in Table . The p value
in the main text is computed for o = 20%.

* We

(S11.2)

S12. Distribution of the state affiliations {¢"},. In the two-state model we not
only infer the state proportions {p(o} ¢ but also the state affiliations {¢™}, for each
individual measurement n € {1,..., N}. However, the latter do not show a clear bi-
modal distribution (as a histogram of the mean state affiliation for each measurement n)
that would allow a clear assignment of individual measurements to a state, see Fig
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prob. two-state model
o o o o o
(9,2} (o)) ~ @ ©

o
~

03 | | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

[0}
Fig S11.1. Model comparison between two-state and single-
state model for Example 3 in Table Dependence of the prob-
ability of the two-state model on the prior parameter «, as given in
Eq . The orange line denotes the mean over the five independent
runs, while the shaded area is the £1¢ range for each «.

400
[ Two-state simulated example 1

Two-state experimental example 3

300
o

© 200
100

0 I | I | | |

0 01 02 03 04 05 06 07 08 09 1
mean state affiliation ¢"
Fig S12.1. Mean state affiliations {("}, for the two-state Ex-
amples 1 in Table [2] and 3 in Table [dl Depicted are the means of
the state affiliations (over all Markov chain samples) for each of the
Nmix measurements.

S13. Additional supplementary images.
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Simulated Example 1 (isotropic measurement error)
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10000 samples. Five independent chains are overlain in separate colours.
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Experimental single-state Example 1: CenpC—CenpC—CenpC:
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Fig S13.2. Marginal posteriors of the triple labelled CenpC experiment
(Example 1 in Table . Panels are the same as in Fig Constructing a joint
distribution from the three pair-wisely inferred lengths assuming independence
yields 62% violations of the triangle inequality (red dots in panel d)).
Experimental single-state Example 5: Nnf1-Ndc80C-Ndc80N, nocodazole:
1400 1200 1400
ﬂ I triangle
1200 1000 EDCA 1200 [ BEDCA
1000 1000
800
800 800
g g 600 g
600 - 600
400 400 400
200 200 200
0 0 0
0 10 20 30 40 0 10 20 30 40 50 0 10 20 30
a) NNf1-NC Nnf1-NN NC-NN
Sum Eii/2 Sum ):112
2500 8
78 " Benea
2000 76 viol. triangle ineq. 76
30 74 74
. 1500 Z 72 2
g .
= ]
1000 Z 4 70 70
68 68
500 66
40\)\ B 3 T _ 66
30 2\\ /g 30 64 2 ‘20 30 o
0 .
0 50 100 150 0 710 62 10
Nnf1-NN Nnf1-NC Nnf1-NN Nnf1-NC

internal angle in degrees

c)

d)

Fig S13.3. Marginal inferred posteriors of the Nnfl-Ndc80C—-Ndc80N
experiment in nocodazole treatment (Example 5 in Table (3)). Panels are
the same as in Fig[3] Constructing a joint distribution from the three pair-wisely
inferred lengths assuming independence yields 57% violations of the triangle
inequality (red dots in panel d)).
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Table S14.1. Inferred measurement errors 0,4 for single-state
simulated Examples 1, 2 in Table [1] for each marker individu-

ally.
(lengths and errors in nm) I Olzy ‘ 012 ‘ 022y ‘ 02,2 ‘ 032y ‘ 03,2
Example 1 with isotropic measurement error:
true value 15 15 15 15 25 25

triangle, uninformative prior 15.0 £ 2.7 13.0 £ 4.0 13.24+ 2.8 18.5 £ 2.5 27.4+2.1 25.9+2.4

Example 2 with anisotropic measurement error:
true value 10 20 10 20 15 30

triangle, uninformative prior 9.8+ 1.3 18.3+2.4 9.3+1.2 22.7+£1.7 155+ 1.1 29.4 £ 1.7

Due to an indistinguishability for the pair-wise methods, these parameters can only be
inferred, if at least three markers J > 3 are used.

Table S14.2. Data sizes of experimental examples.

Single-state experimental examples (see Table [3| for results):
Example triple structure treatment | number of kinetochores N | number of cells
1 CenpC—CenpC—CenpC 1250 32
2 CenpC-Nd80C-Ndc80N DMSO 72 3
3 CenpC—Nd80C—-Ndc80N | nocodazole 118 5
4 Nnfl-Nd80C-Ndc80N DMSO 570 18
5 Nnfl-Nd80C-Ndc80N nocodazole 238 8
Two-state experimental examples (see Table IZ_L] for results):
Example triple structure pi(jzused number of kinetochores Ny ix number of kinetochores Ninform | number of cells
mixture dataset informing dataset
1 Nnfl-Ndc80C-Ndc80N 0.0% 188 238 14
Nnf1l-Ndc80C-Ndc80N 10.5% 210 216 14
Nnfl-Ndc80C-Ndc80N 19.7% 234 192 14
Nnfl-Ndc80C-Ndc80N 29.9% 268 158 14
Nnfl-Ndc80C-Ndc80N 40.1% 314 112 14
2 CenpC-Ndc80C-Ndc80N 0.0% 72 118 8
3 Nnfl-Ndc80C-Ndc80N 0.0% 570 238 26

The number of kinetochores and number of cells are given after image processing and quality control.
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Table S14.3. Inferred measurement errors o;.4 for single-state experimental
Examples 1-5 in Table [3| for each marker individually.

(lengths and errors in nm) I oCCiay ‘ lefele ‘ ONnfl;zy ‘ ONnfl;z ‘ ONC;zy ‘ ONC;2 ‘ ONN;zy ‘ ONN;z

DMSO-treated experimental single-state examples:

Example 1, A488, triangle, uninf. prior 13.1+0.3 25.4+0.9 / / / / / /

Example 1, A568, triangle, uninf. prior | 9.0+0.4 | 203+ 1.1 / / / / / /

Example 1, A647, triangle, uninf. prior 16.1 +0.4 404+ 1.0 / / / / / /
Example 2, triangle, uninf. prior 9.4+ 3.1 16.5 £ 7.7 / / 12.1 +£1.8 33.6 £4.1 13.0 £ 2.7 28.2+ 6.2
Example 4, triangle, uninf. prior / / 10.6 £ 0.8 25.1+ 2.0 13.1 £ 0.6 30.7+£1.5 9.5+0.9 27.6 £ 2.0

Nocodazole-treated experimental single-state examples:
Example 3, triangle, uninf. prior 13.8+3.3 16.3 £ 7.3 / / 182+ 2.2 35.5+ 3.9 18.44+2.6 39.1+£4.0

Example 5, triangle, uninf. prior / / 20.0 + 2.7 32.7+ 2.7 15.0 £ 2.5 26.6 £ 2.7 23.6 + 1.8 31.5+ 2.6

Here we abbreviate CC for CenpC, NC for Ndc80C and NN for Ndc8ON. The same fluorophores were used
across all examples to mark the various structures of the kinetochore (apart from the triple-CenpC,
Example 1, where A568 is the secondary antibody of the CenpC in the other examples). The table shows
consistency of the inference results of the same fluorophore between different examples. Here, the marker
for CenpC exhibits the smallest measurement error, being up to only half as large as some of the other
markers. Slight differences can be observed for the same fluorophores between DMSO- and
nocodazole-treated cells (Nnfl, Ndc80N).

Due to an indistinguishability for the pair-wise methods, these parameters can only be inferred, if at least
three markers J > 3 are used.
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