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Abstract

Multivalent intrinsically disordered protein (IDP) complexes are prevalent in biology and act in regulation of
diverse processes, including transcription, signaling events, and the assembly and disassembly of com-
plex macromolecular architectures. These systems pose significant challenges to structural investigation,
due to continuum dynamics imparted by the IDP and compositional heterogeneity resulting from charac-
teristic low-affinity interactions. Here, we developed a modular pipeline for automated single-particle elec-
tron microscopy (EM) distribution analysis of common but relatively understudied semi-ordered systems:
‘beads-on-a-string’ assemblies, composed of IDPs bound at multivalent sites to the ubiquitous ~20 kDa
cross-linking hub protein LC8. This approach quantifies conformational geometries and compositional
heterogeneity on a single-particle basis, and statistically corrects spurious observations arising from ran-
dom proximity of bound and unbound LC8. The statistical correction is generically applicable to oligomer
characterization and not specific to our pipeline. Following validation, the approach was applied to the
nuclear pore IDP Nup159 and the transcription factor ASCIZ. This analysis unveiled significant composi-
tional and conformational diversity in both systems that could not be obtained from ensemble single par-
ticle EM class-averaging strategies, and new insights for exploring how these architectural properties
might contribute to their physiological roles in supramolecular assembly and transcriptional regulation.
We expect that this approach may be adopted to many other intrinsically disordered systems that have
evaded traditional methods of structural characterization.

© 2022 Elsevier Ltd. All rights reserved.

Introduction

The role of intrinsically disordered proteins (IDPs)
in organizing multivalent recruitment of regulatory
proteins has been established in a wide range of
systems, from metabolic enzymes, signal
transduction  scaffolds, kinases and gene
regulation.”® This range of functionality is made
possible by the unique degree of conformational

0022-2836/© 2022 Elsevier Ltd. All rights reserved.

plasticity exhibited by IDP platforms that can be
exploited for the recruitment of multiple binding part-
ners with temporally regulated assembly. With the
additional potential for tight control by post-
translational modifications, IDP systems provide
ideal substrates for their roles in cellular regula-
tion.">° Despite the prevalence of IDPs (constitut-
ing as much as 1/3 of the human proteome®) and
their critical roles in cellular regulation, these sys-
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tems remain some of the most mechanistically enig-
matic and poorly understood components of molec-
ular biology. This dearth in understanding stems
from the very same intrinsic and dynamic properties
that make multivalent IDP systems difficult targets
for quantitative and structural characterization.
The continuous and highly diverse conformational
heterogeneity, in combination with often transient
and/or multivalent binding properties that enable
rapid and responsive regulatory roles, are notori-
ously difficult to characterize, as these features
are often lost by ensemble methods of structural
characterization.

Our focus is on multivalent IDP strands which can
form a duplex ladder-like assembly, reversibly
cross-linked by the LC8 hub protein (DYNLL1)
that forms the ‘rungs’ of the ladder-like assembly
(Figure 1). Although the highly stable homodimer
LCS8 was originally characterized in complex with
dynein,”® a much broader role has been since well
established with over 100 IDP binding partners in
the cell,>'® impacting nucleopore assembly,11 12
regulation of mitochondrial ap J)t03|s signal
transduction,’® gene regulation’ and many
other processes.”'®'® The complex binding and
heterogeneity of LC8/IDP systems appears to be
at the heart of its diverse functional roles: composi-
tional heterogeneity is responsive to post-
translational modifications and local LC8 concentra—
tion — e.g., affecting spindle positioning in m|t05|s
and modular sensing for transcriptional activity,”’
while large-scale conformational heterogeneity pro-
vides plasticity that is required for dynamic molecu-
lar machines, such as the dynein motor complex.**

Despite these established features of LC8/IDP
systems, crucial structural and mechanistic
knowledge gaps remain due to the inherent
dynamical properties and transient formation of
multiple oligomeric states that are key to their
cellular function.**** Notably, quantification of
structural and compositional heterogeneity is lack-
ing. Indeed, the dynamic nature of the disordered
LC8/IDP complexes render structural determination
by crystallography intractable. Aggregation, limited
solubility, and conformational heterogeneity add to
the challenges for characterization by NMR.?
Previous analysis of the LC8/Nup159 system by
single particle EM has been successful at visualiz-
ing the fully assembled oligomer, where five LC8
dimers appear uniformly arranged into a Iadder-
like assembly in two-dimensional class averages.?
However, the underlying complexity of conforma-
tional and configurational states present in this sys-
tem were not characterized in this study.

Facing these limitations, we sought to develop an
accessible methodology based on oligomer
geometry to quantitatively characterize the
composition and conformational heterogeneity of
multivalent IDP complexes imaged by electron
microscopy. Significant developments have been
made in the field of high-resolution single-particle

CryoEM image analysis for the characterization of
conformational heterogeneity and continuum
dynamics (e.g., 28-34). Our approach does not
attempt to supplant these methods, but rather
develops a rapid and approachable tool tailored to
the class of ‘beads-on-a-string’ systems that lend
themselves to an intuitive and simple geometric
polymer description. This approach was developed
to be accessible to the broader field of IDP biolo-
gists, by not requiring access to high-resolution
CryoEM instrumentation or knowledge of sophisti-
cated image processing routines. Instead, our
methodology leverages the ease-of-use and high-
contrast of negative stain EM (NSEM) imaging
methods. We note that existing high-resolution
CryoEM single-particle analysis tools are most
effective at characterizing large complexes
(typically > 50-100 kDa) needed to generate the
necessary signal-to-noise in CryoEM images for
accurate 3D alignment and for resolving conforma-
tional heterogeneity. However, the small size of the
LC8 dimer (~20 kDa), coupled with the broad con-
tinuum of conformational states in LC8/IDP com-
plexes make these “beads-on-a-string” systems
challenging for current high-resolution methods in
CryoEM. While multimeric assembly of LC8/IDP
complexes may exceed this minimum size criterion
for CryoEM studies, these complexes are still chal-
lenged by issues associated with poor signal-to-
noise because the small LC8 dimers behave as
nearly independent complexes when tethered by
highly flexible linkers within the IDP.?*2* Recently,
we leveraged the high-contrast (and low-
resolution) method of NSEM to directly visualize
the highly heterogeneous multivalent LC8/IDP
assemblies formed by the transcription factor
ASCIZ, WhICh regulates LC8’s own cellular concen-
tration.?® However, this workflow was tremendously
labor-intensive and subject to manual interpreta-
tion. Furthermore, quantifying the continuum of con-
formational states that abrogated the utility of
ensemble 2D classification results could not be
readily assessed by such manual methods.

Here, we present an automated approach for
single-particle distribution analysis for quantifying
the conformational and compositional states of
LC8/IDP ‘beads-on-a-string’ that are resolved in
NSEM micrographs. The method extracts
geometric information describing conformational
states directly from individual particle images, in
contrast to single-particle class averaging
methods that remain common and necessarily
discretize continuum dynamics into separated
states. Furthermore, our method of compositional
analysis overcomes potential artifacts arising due
to low-affinity interaction that are characteristic of
LC8/IDP systems (Ky ~ 1-10 uM). This is done by
applying a statistical correction process to
estimate the effects caused by random proximity
of free LC8 particles to oligomers, leading to
apparent oligomer formation and/or lengthening.
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Figure 1. Overview of multivalent LC8/IDP systems. (A) Crystallographic structure of the LC8 dimer (blue
ribbon) bound to a duplex IDP (orange ribbon) (PDB ID 3GLW).?° Each LC8 protomer binds to a single IDP through a
ten residue binding region containing a characteristic QT-motif (dark orange stick representation). Unresolved regions
of the crystallized IDP construct are indicated by dotted line. (B) Schematic representation of the IDP constructs under
investigation, corresponding to the synthetic four-site IDP (syn-4mer), Nup159 and drosophila ASCIZ (dASCIZ). LC8
binding QT-motifs are indicated in dark orange and LC8 binding regions are indicated by blue bars (presented to
scale). Sequence numbering for each IDP construct and QT-motif is indicated. (C) lllustration of various modes of
assembly, ranging from (left) free IDP (orange) and free LC8 dimers (blue), to (middle) sub-stoichiometric and
stoichiometric assemblies of LC8 bound to IDPs in a duplex fashion. In addition (right), putative modes of off-register
(or daisy-chain) assembly are illustrated, where >2 IDPs are linked together by LC8 dimers.

We emphasize that the random proximity problem
will plague any approach to characterizing the
connectivity of multivalent IDP oligomers in cases
like ours where the connecting IDP ‘strings’ are
invisible to EM imaging. Likewise, the statistical
correction algorithm is a generic solution and can
be applied to oligomer populations generated by
other software. To our knowledge, the proposed
correction procedure addresses an important and
unmet challenge to the field.

The methodology was developed and validated
using both synthetic data, and an artificial LC8/
IDP system designed with 4 equivalent LC8
binding sites (termed syn-4mer). We then applied

our approach to two biological IDP systems, the
nuclear pore protein Nup159 and the transcription
factor ASCIZ (Figure 1(B)). This approach
recapitulated previous results for ASCIZ obtained
by intensive manual methods, while further
correcting over-estimation of small oligomeric
species due to random proximity. For Nup159, we
demonstrate a high-degree of conformational and
configurational heterogeneity that had been
obscured by previous ensemble methods of EM
image analysis,”’ and predict the presence of off-
register type assemblies (Figure 1(C)). Ultimately,
we expect that this method may be generalized to
obtain quantitative measurements on structure/
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assembly of many other ‘beads-on-a-string’ type
multi-valent IDP systems. As these tools do not
depend on sophisticated single particle CryoEM
technology and/or computationally demanding
image analysis methods, they should be accessible
to a broad range of IDP biologists. Importantly, the
particle picking, oligomer-candidate scoring, oligo-
mer assignment, and statistical-correction proce-
dures are modular in nature, allowing them to be
implemented within other pipelines as needed, or
allowing the swap-in of improved methods on a
piecewise basis into the current pipeline.

Results

Ensemble characterization of a synthetic 4-site
IDP construct by single-particle EM
classification

To develop and validate our automated image
analysis pipeline, we designed a synthetic 4-site
LC8/IDP system (termed syn-4mer) (Figure 1(A,
B)). The QT-binding motif used in this IDP
construct is based on a peptide sequence from
the protein CHICA,*® selected for the reasonable
binding affinity (Ky ~ 0.4 uM for the single site pep-
tide). Each QT-motif is separated by a model flexi-
ble linker design (Methods). A tight LC8/syn-4mer
interaction was validated by isothermal titration
calorimetry (Ky of ~40 nM) and analytical ultra-
centrifugation (AUC) (Supplemental Figure 1). For
initial structural characterization, the purified com-
plex of LC8/syn-4mer was negatively stained and
single-particles were visualized by EM (Figure 2
(A) and Supplemental Figure 2). As expected under
the dilute conditions required for NSEM (i.e., below
the K, of 40 nM), a mixture of free LC8 dimers and
assembled LC8/syn-4mer complexes were readily
observed. Free LC8 dimers appear as small punc-
tate densities (~5 nm diameter), while assembled
oligomers appear as chains of 2—4 LC8's separated
by a characteristic spacing (4.7 + 0.43 nm) dictated
by the designed syn-4mer IDP.

For ensemble analysis, a total of ~4150 LC8/syn-
4mer oligomers and free LC8 particles were hand
selected and extracted from 34 micrographs using
EMAN2, and subjected to reference-free 2D
classification procedures (Figure 2(B, C)).*° Similar
results were obtained using other common single
particle analysis software.®’*® The most well
resolved classes depict free LC8 and various LC8/
syn-4mer assemblies, consisting of two, three or
four LC8 dimers arranged in a nearly linear fashion
(Figure 2(B)). In addition to these ‘ideal’ classes,
other conformational states are resolved, depicting
arched and/or corrugated assemblies that are most
recognizable in complexes with four bound LC8
dimers (Figure 2(C)). Such variability is consistent
with the range of conformational states expected
to be accessible by the flexible linkers connecting
neighboring LC8 binding sites. However, the degree
of conformational heterogeneity resolved in 2D

class averages appears to represent only a fraction
of conformational states observed in the raw EM
micrographs during manual inspection. The limita-
tions of this ensemble approach are further appar-
ent in several of the resulting 2D class averages,
where LC8 densities often appear weak or blurred
due to the underlying heterogeneity present in the
images contributing to the ensemble representa-
tions (asterisks in Figure 2(C) and Supplemental
Figure 2). Similar features were present in our pre-
viously reported 2D class averages of LC8/ASCIZ
system,?® and other IDP assemblies.***' Such arti-
facts are characteristic of EM 2D class averages
where connected proteins, or domains, exhibit
uncoupled and/or continuum dynamic behavior.

This analysis demonstrates that while the
ensemble approach of 2D class averaging
significantly improves the overall signal-to-noise of
highly populated states, the resulting average
representations may only depict a fraction of the
underlying structural heterogeneity that can be
observed at the single-particle level for such highly
disordered beads-on-a-string type assemblies that
adopt an array of small population states. While
additional insights  into  the  underlying
conformational heterogeneity may be obtained by
characterizing a much larger image dataset, such
brute-force approaches would still be challenged
by the continuum dynamics that are characteristic
of IDPs.

Automated single-particle distribution analysis
resolves the continuum of conformational
states in the LC8/syn-4mer system

The limitations of class averaging methods
applied to multivalent IDP complexes described
above inspired the development of an automated
image analysis pipeline that provides oligomer
species populations and geometric conformational
distributions as assessed at the single-particle
level. Our single-particle distribution analysis
builds on two pillars: First, we employ a
straightforward, interpretable scoring function
based on geometric criteria and signal intensity
reported by the particle picker*” that is trained on
a small set of manually selected oligomers. Our
workflow employed an existing particle picker
(DoG Picker),** which we found well suited for the
selection of individual LC8 dimers (see Methods).
However, different particle picking software of
choice could be adopted and integrated in a modu-
lar way. Second, we developed and applied a novel
self-consistency analysis capable of correcting
naively assigned oligomer populations based on
the possibility of random proximity of oligomers
and free LC8 particles. Without this correction, pop-
ulations would be systematically biased toward lar-
ger oligomers due to coincidental proximity of free
LC8 particles.

To facilitate this approach, we treated each LC8
dimer (a.k.a. bead) independently, that is by not
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Figure 2. Ensemble versus automated single-particle characterization of LC8/IDP oligomers. (A) Micrograph
of negatively stained LC8/syn-4mer complexes. Representative complexes indicated by white box. Scale
bar = 50 nm. /nset, indicates the number of micrographs collected for traditional ensemble analysis (n = 34). (B)
Representative two-dimensional (2D) class-averages depict free LC8 (top) and a range of assembled LC8/syn-4mer
complexes (2—4-mers) present in the image dataset that were well-resolved. (C) 2D class-averages of assembled
LC8/syn-4mer complexes displaying varying degree of conformational heterogeneity. Asterisks indicate densities of
LC8 that display blurred features that are less well-resolved, indicative of unresolved conformational/configurational
heterogeneity. Scale bar = 10 nm in panels B and C. (D) Micrograph of negatively stained LC8/syn-4mer complexes
as shown in panel A, with auto-picked LC8 densities highlighted as white circles and the single-linkage clusters
indicated with blue lines, shown as edges from a Voronoi partitioning of cluster centers. Scale bar = 50 nm. Inset,
indicates the number of micrographs collected for automated single-particle distribution analysis (n = 5). (E) Zoom
view from panel D, showing the automated classification and geometric analysis workflow. Individual LC8 dimers are
selected in an automated fashion (white circles) and classified by our scoring function (represented by orange line).
Geometric descriptions of the assigned oligomers are then extracted for analysis (e.g. LC8 to LC8 separation
distances (d) and bend angles (®)). Scale bar = 10 nm. (F) lllustrative representation of classified LC8/syn-4mer
oligomers obtained by automated single-particle distribution analysis (n = 100 for each class of oligomer). Individual n-
mers are aligned along the connection of the first two LC8 dimers (represented as grey circles). The conformational
heterogeneity of identified oligomers is illustrated by the variability in separation distances (d) and bend angles (®).
(G) Violin plots showing the distribution of separation distances (d) and bend angles (180 — ®) of all 2-mers, 3-mers,
and 4-mers. The solid line indicates the median and the dotted lines indicate the corresponding first and third
quartiles. A full table of statistics is reported in Supplemental Table 2. (H) lllustrative interpretation of syn-4mer duplex
(orange ribbon) with four assembled LC8 dimers (blue) obtained by ensemble 2D classification methods. (I)
lllustrative interpretation of syn-4mer duplex (orange ribbon) with four assembled LC8 dimers (blue) obtained by
automated single-particle distribution analysis, demonstrating the wide spectrum of conformational states accessible
by the IDP scaffold.

assuming the assembly state prior to analysis cost of introducing false positive picks of the
(Figure 2(D) and Supplemental Figure 2, white  carbon background). Such false positive picks
circles). Individual LC8 dimers were identified from  were effectively filtered by the geometric
NSEM micrographs in an automated fashion using  constraints of the training set, and the combination
DoG Picker. Best results were obtained with the  of distance filtering and statistical correction
automated picker set to a low threshold (see procedures described below. The obtained
Methods), to avoid false negative picks (at the  coordinates for each LC8 dimer (i.e., particle pick)
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were then subjected to single-linkage clustering. A
scoring function was then applied to all possible
oligomers within a cluster, with priority given to the
largest possible oligomer that scored above a
defined threshold. The score threshold was set to
a low (permissive) value based on calibrated
bead-to-bead distances and angles obtained from
a training dataset of hand-selected oligomers
(Supplemental Figure 4). Finally, a distance
filtering step is applied to avoid assignments within

crowded regions of the micrograph, by setting a
minimum distance of 9 nm between assigned
oligomers and other neighboring LC8 particles
(Supplemental Figure 5).

This approach was applied to a test dataset of
~17 k isolated LC8 particles retrieved from only 5
micrographs (Figure 2(D-G)). The output of this
automated analysis provides a quantitative
geometric description of the conformational state
of each of the ~1,000 assigned oligomers, defined
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by the center-to-center distance (d) separating
neighboring LC8 dimers, and the bend angle (0)
defined by three neighboring LC8 ‘beads’
(Figure 2(E—G)). The resulting coordinates were
plotted to visualize a representative ensemble of
conformational states present in each oligomer
class (Figure 2(F)). The distribution of separation
distances (d) and bend angles (0) for each class
was very similar, and consistent with the
symmetrical design of the syn-4mer IDP (Figure 2
(G)). In each class, the average separation
distance (d) was equal to ~4.8 nm (0.5 nm),
while the average bend angle (0) was ~29° (+20°).
The LC8-to-LC8 separation distances are
consistent with those obtained in 2D class
averages and with the length of the synthetic IDP,
designed with 15 residues separating each QT
recognition motif (Figure 1(B)). A fully extended
polypeptide of 15 residues would be expected to
extend ~5.3 nm (i.e., ~3.5 A per residue), while a
completely random polypeptide chain would be
expected to follow a random-walk distribution,
resulting in an average separation distance of
~1.4 nm (3.5 A * \/Nesiaues).~ Thus, the center-
to-center distance distribution obtained for the
LC8/syn-4mer complexes suggests that the IDP
adopts a primarily extended state, with only partial
random character. Such characteristics are consis-
tent with atomic models of LC8/IDP complexes
where 10 amino acids of the QT recognition motif
adopt an extended conformation when bound to
LC8, but with a 5 residue linker between recognition
motifs remaining flexible (Figure 1(A) and Figure 2
(H, ). This short flexible linkage is sufficient to facil-
itate the high degree of bend angles that lead to the
continuum of conformational states presented in
Figure 2(F, 1), and minimum end-to-end distances
between terminal LC8s that reach ~10 nm for the
fully assembled 4-mer (Supplemental Figure 4).

<

In comparison to the results obtained by
ensemble 2D class averaging methods, the single
particle distribution approach applied here
harvested a much greater degree of
conformational states (distribution of bend angles),
providing a much closer reflection of the
heterogeneity observed in the raw micrographs.
The conformational flexibility of this IDP complex
is dramatized by a series of movies concatenating
snapshots of oligomer images extracted from the
micrographs (Supplemental Movies 1 and 2). This
range of conformational motion would be difficult if
not impossible to extract from class-averaging
methods due to the extremely large datasets
required. At the same time, geometric descriptions
of the formed assemblies may be readily analyzed
for quantitative measures and/or comparison
between systems to assess the effects of LC8
assembly onto a variety of biological IDP scaffolds.

Statistical correction for unbound LC8
particles refines species population profiles: 4-
site system

An additional strength of our single-particle
workflow is the ability to extract quantitative
counts of identified species populations, which
presents both new challenges and opportunities.
Of particular interest is the question of whether
off-register (or daisy-chain) type assembly occurs
in LC8/IDP systems (Figure 1(C)), which may be
inferred by the presence of species with five or
more assembled LC8 dimers in the syn-4mer
dataset. However, oligomer assignments based
purely on visible geometry (labeled ‘initial
assignments in Figure 3(A)), must be considered
naive because they cannot account for the
possibility of random association among oligomer
and/or free LC8 species. For example, a bona fide

Figure 3. Self-consistent statistical correction of unbound LC8 particles. (A) Initial oligomer assignments of
the experimental micrograph are corrected to account for random proximity effects resulting from free LC8 particles.
Accepting at first the initial oligomer assignments (black filled circles), the free LC8 population (white filled circles) is
randomly re-scattered to create a synthetic micrograph, from which new oligomer populations are obtained (grey filled
circles). Deviations between pre-corrected and initial assignment populations are used to ‘correct’ the initial oligomer
counts for the next round of re-scattering (cyan filled circles). The re-scattering and correction procedure is then
iterated until self-consistency is obtained. (B) The pre-corrected (gray) and corrected (cyan) populations of oligomers
and free LC8 as a function of iteration number during the statistical correction simulation of one example micrograph
with LC8 dimers bound to syn-4mer. At every iteration, the pre-corrected populations are from the synthetic
micrograph and the corrected populations are the putative oligomers from the experimental micrograph after pruning.
The dashed black lines indicate the corresponding populations of initial oligomer assignments in the experimental
micrograph, to which the gray lines are expected to converge. Note that, in this example, the significantly
overestimated number of 2-mers (and the vastly underestimated number of free LC8) is corrected within the first 10—
20 iteration cycles. (C) The fractional population distribution of LC8/syn-4mer oligomeric states obtained by manual
inspection (light gray), by automated ‘pre-corrected’ single-particle distribution analysis (dark gray) and by statistical
correction (blue). Total number of classified states are indicated above each bar. Error bars correspond to the
effective standard deviation as described in Methods.
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LC8/syn-4mer with four LC8's randomly deposited
on the EM grid in close proximity to a free LC8
dimer may be naively interpreted as evidence for
off-register assembly because the IDP itself is not
directly resolved by NSEM. Therefore, the
invisibility of IDPs stringing together LC8 particles
requires additional analysis of particle positions,
extending ideas of correlation and Ripley’'s K
function analysis.**

To provide an estimate for the actual number of
the underlying oligomers, the experimental
process of randomly depositing single LC8
particles onto the EM grid was iteratively
simulated and the degree of artifactual oligomer
creation was evaluated to obtain a self-consistent
estimate of the true underlying oligomer
populations (Figure 3(A)). In every stage of the
iterative process, synthetic micrographs are
generated by randomly positioning the population
of free LC8 particles while the positions of initially
assigned oligomers remain fixed, and the resulting
synthetic micrograph is re-classified and scored.
This re-scattering procedure inevitably alters the
outcome of the classification process, as
oligomers may be lengthened or created by
random proximity of free LC8. By comparing these
results to initial assignments, the putative list of
oligomers can be iteratively refined, as detailed in
Methods and Supplemental Figure 6. Self-
consistency is assessed by agreement of the pre-
corrected populations from the synthetic
micrographs (fluctuating gray lines in Figure 3(B))
and the initial populations from the experimental
micrograph (dashed black lines). The statistical
correction procedure was validated on synthetic
datasets where the ground truth is known by
construction (see Supplemental Table 3).

The results of the statistical correction analysis
applied to the syn-4mer dataset are presented in
Figure 3(B, C). Populations of 3-mers and 4-mers
are only mildly perturbed as compared to the
naive predictions; however, the population of 2-
mers decreases dramatically, indicating a
significant fraction of the original assignments
reflected random proximity of free LC8 under
these experimental conditions. Of greater interest,
the analysis suggests that the population of 5-
mers (i.e., evidence of off-register/daisy-chain
assembly) that were originally assigned are likely
artifacts of random proximity between assembled
4-mers and free LC8 particles. In other words, we
find it unlikely that off-register binding occurs in the
4-site system at the concentrations used for EM,
fitting with the solution-state analysis by AUC that
shows a homogeneous population assembly
formed at much  higher  concentrations
(Supplemental Figure 1). We further note that
near-equal populations of 2-, 3-, and 4-mers are
consistent with a simple sequential binding model,
given the dilute LC8 concentration used for NSEM

and measured K, value (Supplemental Theoretical
Discussion — Case A).

Validation of the single-particle distribution
analysis routine

The oligomers initially assigned by our scoring
algorithm were validated by comparison to
manually assigned oligomers in two phases: (i)
assessment of whether the automated pipeline
recovered oligomers assigned manually by the
microscopist, and (ij) microscopist assessment of
the quality of additional automated assignments
not originally selected by the microscopist
(Supplemental Figure 3). Our assessment
explicitly acknowledges that we lack “ground truth”
oligomer assignments because it is impossible to
unambiguously distinguish the small LC8 dimer
from background noise, or to distinguish visually
between random proximity and true
oligomerization. The latter point, in fact, motivated
the statistical correction analysis (described in the
previous section). However, because our
correction procedure is based on statistical
inferences and not on observable structural
features, the results of this approach could not be
validated in a similar way.

The first validation analysis revealed that the
automated pipeline recovered ~90% or more of
manually assigned 2-mer, 3-mer, and 4-mer
oligomers (Supplemental Figure 4). A lower
proportion (~75%) of manually assigned 5-mers
were recovered, but as shown (Figure 3), it is
likely that the naively assigned 5-mers are the
result of random proximity of smaller oligomers
with free LC8s. Note that our development and
validation process included examination of hyper-
parameters for scoring and distance thresholding
(Supplemental Figures 4D, 5, and 10D), which
reveal that relative oligomer populations are fairly
insensitive to these parameters near the chosen
values.

In addition, our automated analysis revealed the
presence of oligomers beyond those identified by
the microscopist. The second phase of validation
revealed a range of phenomena that could be
attributed to the  discrepancy  between
microscopist-identified  complexes and the
automated procedure (Figure 4). Most notably,
among the discovered complexes (i.e., those not
originally identified by the microscopist), 40% or
more were found by the microscopist to be
acceptable upon inspection (Figure 4(A, B)), with
the remainder judged to be invalid (Figure 4(C,
D)). The invalid complexes, in turn, were
approximately evenly split into two cases: in the
first group, some of the assigned LC8 density(s)
were judged to be too ambiguous to permit
confident identification of an oligomer (ie.,
containing poorly resolved or weak LC8 particle
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A  Validated B  Putative

C Ambiguous

Figure 4. Validation of automated LC8/IDP oligomer assignments. (A) Representative images of validated LC8/
syn-4mer oligomers that were assigned by both the microscopists and the scoring function. (B) Representative
images of putative complexes assigned by scoring function and deemed to be acceptable by the microscopist upon
re-evaluation. (C) Representative images of complexes assigned by scoring function and deemed to be too
ambiguous to confidently assign by the microscopists upon re-evaluation (e.g., containing weak LC8 density and/or
neighboring LC8 densities that were not autopicked). (D) Representative images of complexes assigned by scoring
function and deemed to be too falsely assigned by the microscopist upon re-evaluation (e.g., containing autopicked
densities corresponding to background carbon). Scale bar for all panels = 20 nm. In all panels, raw images are shown
in the left column and autopicked results obtained by DoG Picker*? shown by white circles.

density) (Figure 4(C)). The second group of invalid
assignments was characterized by overall
unconvincing picks of single LC8 particles (i.e.,
deemed to be falsely picked particles that were
not clearly distinguishable from background noise)
(Figure 4(D)).

Hence, it appears that most automated oligomer
assignments that were deemed by the
microscopists to be erroneous stemmed from
unreliable particle picks, rather than from intrinsic
problems with the oligomer identification
algorithm. Although significant care was taken to
optimize the automated particle picking
parameters used in this study, spurious
background picks were unavoidable and the
automated approach we employed compared
favorably to a variety of other established particle
picking tools (see Methods). Indeed, the
identification of such small ~20 kDa particles in
NSEM micrographs is often ambiguous via
manual inspection as well. Importantly, the
population of spurious background picks leading
to erroneous assignments is relatively small and
may be further filtered by selecting a more
stringent scoring threshold or through the use of a
more effective particle picking tool for the system
under investigation; the particle picker is a fully
modular component of our pipeline.

Single-particle distribution analysis of LC8/
Nup159

With the protocol for single-particle distribution
analysis validated using the LC8/syn-4mer
system, we went on to examine more
heterogeneous and biologically relevant LC8/IDP
assemblies. The first case was the nuclear pore
protein Nup159, an IDP which binds up to 5 LC8
dimers in a duplex fashion (Figure 1)."**” In con-
trast to the LC8/syn-4mer system, LC8/Nup159 dis-
plays a high-degree of compositional heterogeneity
even under saturating conditions, as assessed by
AUC (Supplemental Figure 1). For our comparative
analysis by NSEM, we performed both ensemble
2D class-averaging and the single-particle distribu-
tion analysis protocol on a dataset obtained from 30
micrographs (Figure 5 and Supplemental Figure 7).
Scoring and distance thresholds were defined as
described in Methods and Supplemental Figure 8.

2D classification analysis of ~5875 hand-
selected oligomers resolved a range of species,
representing free LC8 dimers to fully assembled
LC8/Nup159 complexes with 5 bound LC8 dimers
(Figure 5(A) and Supplemental Figure 7). The
fully-assembled complex appears similar to what
was previously described by Stelter et al.,*” with five
LC8 dimers arranged in an ordered and nearly lin-
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Figure 5. Quantitative characterization and statistical correction of LC8/Nup159 complex assemblies. (A)
Representative 2D class-averages depicting, (left column) free LC8 and a range of assembled LC8/Nup159
complexes ranging from 2-mers to 5-mers present in the image dataset that were well-resolved, and (right column)
complexes displaying varying degrees of conformational heterogeneity. Asterisks indicate densities of LC8 that
display blurred features that are less well-resolved, indicative of unresolved conformational/configurational
heterogeneity. Scale bar = 10 nm. (B) Schematic illustrating the complete modular single-particle distribution
analysis pipeline, including an automated particle picking module, followed by an initial oligomer assignment module
and finally the statistical correction of oligomer assignment module. (C) lllustrative representation of classified LC8/
Nup159 oligomers obtained by automated single-particle distribution analysis (n = 100 for each class of oligomer).
Individual n-mers are aligned along the connection of the first two LC8 dimers (represented as grey circles). The
conformational heterogeneity is illustrated by the violin plots showing the distribution of separation distances (d) and
bend angles (180 — ®) of all oligomers identified from a total of 30 micrographs. The solid line indicates the
corresponding median and the dotted lines indicate the corresponding first and third quartiles. A full table of statistics
is reported in Supplemental Table 2. (D) The fractional population distribution of oligomeric states obtained by
automated single-particle distribution analysis prior to correction (gray) and following statistical correction (blue). Total
number of classified states are indicated above each bar. Error bars correspond to the effective standard deviation as
described in Methods.

ear fashion, with each LC8 dimer separated by 4.5 Indeed, such results from natural IDP sequences
+ 0.66 nm. However, in addition to these well- are not surprising, given the characterized differ-
resolved oligomeric assemblies, many of the other  ences in binding affinities and minimal cooperativity
2D class averages demonstrate the presence of = among the various binding motifs presented in
underlying conformational and/or compositional Nup159.%°

heterogeneity, resulting in the appearance of The results of our automated single-particle
blurred LC8 densities and arranged in a non-linear  distribution analysis once again revealed the
fashion (Figure 5(A), asterisks and Supplemental extent of significant conformational heterogeneity
Figure 7). In some of the smaller order oligomer  that is apparent in the raw micrograph images
classes, the separation distance between neighbor-  (Figure 5(B—D) and Supplemental Figure 7). The
ing LC8 densities appears much greater than the  quantified separation distances between LC8
spacing in the higher order oligomers (compare particles were similar among the classified
images in rows 1,2 with those in rows 4,5 in Figure 5 oligomer states, ranging from 50 = 1.0 to
(A)). Such observations raise the possibility that oli-  5.28 + 1.0. Again, such distances are consistent
gomers may form in a non-sequential fashion. with the length of linkers separating the 10-residue
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long QT-motifs (2—15 residue linkers, see Figure 1)
and the expected percentage of disordered versus
structured IDP character that is induced by LC8
binding. The longer linker region within the
Nup159 IDP (separating motifs 2 and 3), as
compared to the syn-4mer, appear to result in a
broader distribution of bend angles, which range
from 39° + 26 to 44° + 27 in the Nup159/IDP
assemblies (Figure 5(C)). The result of this
flexibility is an apparent continuous ensemble of
conformational states supported by the IDP
scaffold, and in the distribution of end-to-end
distances measured between terminal LC8 dimers
(Supplemental Figure 8).

The population counts of oligomeric assemblies
decay significantly with increasing size, with the 2-
mer state being the most populated (Figure 5(D)).
Such behavior is expected for the moderate
binding affinity between LC8 and the Nup159 IDP
(Kg ~ 3 uM) and the sample dilution to nanomolar
level*; see Supplemental Theoretical Discussion
— Case B. In addition to the expected stoichiome-
tries of 2—5-mers, the initial automated assignment
of oligomeric states also identified a significant pop-
ulation of 6-mers (i.e., Nup159 bound to 6 LC8
dimers) (Figure 5(C)), again indicating the possible
existence of off-register/daisy-chain type assem-
blies even at these low concentrations (see Fig-
ure 1). Remarkably, application of our statistical
correction protocol does not rule out the existence
of the off-register 6-mer species in this system (Fig-
ure 5(D) and Supplemental Figure 8). The signifi-
cance of this intriguing finding is further discussed
below. On the other hand, similar to the LC8/syn-
4dmer system, the corrected population of 2-mers
is significantly reduced from the initial population
based only on visible features. Indeed, the forma-
tion of randomly proximal 2-mers is expected when-
ever there is a substantial population of free LC8
particles. In contrast to the syn-4mer dataset, how-
ever, the relative population of 2-mers is not signif-
icantly altered following our statistical correction
protocol (Figure 5(D)).

Single-particle distribution analysis of LC8/
dASCIZ

To further assess the effectiveness of our
heterogeneity analysis, we characterized the
transcription factor ASCIZ, which regulates
synthesis of the LC8 protein to which it binds in a
multivalent fashion. Drosophila ASCIZ (dASCIZ)
has seven LC8 binding sites (Figure 1). We have
shown that the LC8/dASCIZ assembly exhibits
significant compositional and conformational
heterogeneity by NSEM, NMR and analytical ultra-
centrifugation®® and by native mass spectrometry.”*
Manual analysis of the NSEM data was used to
obtain a quantitative assessment of oligomer popu-
lations, and while conformational heterogeneity
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could be deduced from the raw micrograph images,
a quantitative procedure to characterize these
states was not practical.

To facilitate comparison of results to the syn-4mer
and Nup159 systems described here, we re-
analyzed the LC8/dASCIZ NSEM dataset using
the same workflow, as described in Methods
(Figure 6 and Supplemental Figures 9 and 10).
Ensemble 2D classification analysis appeared to
resolve only a subset of oligomeric states
(Figure 6(A) and Supplemental Figure 9), while
fully assembled 7-mers were not identified under
the dilute conditions required for NSEM (Figure 6
(C)). These results are consistent with our
previous analysis, and the characterized negative
cooperativity that is present in this system.*® Fur-
thermore, the same features of blurred LC8 densi-
ties described for the syn-4mer and Nupi159
systems resulting from the underlying conforma-
tional/compositional heterogeneity of this system
are readily identified in the results of 2D class aver-
aging (Figure 6(A), asterisks and Supplemental Fig-
ures 8), as has previously been described.”
Examples with larger distances between bound
LC8 densities may reflect unoccupied binding sites
as observed with Nup159.

Our single-particle distribution analysis once
again provides a much more detailed and
quantitative picture of the underlying
conformational and compositional heterogeneity
present in the LC8/dASCIZ system. Due to
complications associated with the extreme level of
heterogeneity in this sample, our prior manual
analysis was limited to <350 total oligomers
(extracted from ~300 micrographs),”® whereas the
present automated pipeline yielded over an order
of magnitude more oligomers from the same set
of micrographs (Figure 6(C)). Geometric distribu-
tions of LC8 bound to dASCIZ portray a system with
significant structural variability (Figure 6(B)).
Remarkably, despite the presence of a variety of lin-
ker lengths separating the 10-residue QT-motifs
(ranging from 1 — 28 flexible residues), separation
distances between bound LC8's are similar to the
syn-4mer and Nup159 assemblies, ranging from
5.8 + 1.4 to 6.1 + 1.7 nm (Figure 6(B)). The end-
to-end distance of terminal LC8 dimers becomes
widely distributed with increasing valency, and
reaches a minimum of ~10 nm for assembled 6-
mers (Supplemental Figure 10). This continuum of
states is facilitated by the accessible bend angles,
which are slightly more narrowly distributed as com-
pared to Nup159, and more similar to the syn-4mer
assemblies, ranging from 30° + 23 to 36° + 26 (Fig-
ure 6(B)). The mechanistic explanation for this
behavior is not yet clear, but might reflect some
intrinsic behavior of the IDP sequences or commu-
nication between LC8 binding sites that is responsi-
ble for the characterized negative cooperativity
displayed by dASCIZ.
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Figure 6. Quantitative characterization and statistical correction of LC8/dASCIZ complex assemblies. (A)
Representative 2D class-averages depicting, (left column) free LC8 and a range of assembled LC8/dASCIZ
complexes ranging from 2-mers to 3-mers present in the image dataset that were well-resolved, and (right column)
complexes displaying varying degree of heterogeneity. Asterisk indicate densities of LC8 that display blurred features
that are less well-resolved, indicative of unresolved conformational/configurational heterogeneity. Scale bar = 10 nm.
(B) lllustrative representation of classified LC8/dASCIZ oligomers obtained by automated single-particle distribution
analysis (n= 100 for each class of oligomer, except for the 6-mer class which was limited to n = 37). Individual n-mers
are aligned along the connection of the first two LC8 dimers (represented as grey circles). The conformational
heterogeneity is illustrated by the violin plots showing the distribution of separation distances (d) and bend angles
(180 — ®) of all oligomers identified from a total of 302 micrographs. The solid line indicates the corresponding
median and the dotted lines indicate the corresponding first and third quartiles. A full table of statistics is reported in
Supplemental Table 2. (C) The fractional population distribution of oligomeric states obtained by manual inspection
(light gray), automated single-particle distribution analysis prior to correction (dark gray) and following statistical
correction (blue). Total number of classified states are indicated above each bar. Error bars correspond to the
effective standard deviation as described in Methods. The populations obtained by manual inspection are based on a
subset of only 50 micrographs.

Population profiles of the assembled oligomeric process. The rapidly declining populations with
states determined by manual assessment, by the  oligomer length (Figure 6(C)) are in qualitative
initial automated process, and after statistical agreement with a simple sequential binding model
correction are in rough agreement (Figure 6(C)). given that [LC8]i,t < Ky for our dASCIZ construct
Notably, neither the manual nor the statistically = (Supplemental Theoretical Discussion — Case B).
corrected counts tally any fully saturated 7-mers,
let alone larger potentially off-register species. In
all cases, the 2-mer population is the most Discussion
abundant species, representing almost 80% of the
population by our automated workflow, while 3- The continuum dynamics (conformational
mers and 4-mers make up the majority of other  fluctuations) of IDP systems makes them
species detected. This assessment is consistent  generally difficult to structurally characterize with
with results for 2D class averages, where well-  precision, and the emerging class of semi-ordered
resolved classes corresponded to only the 2-mer  beads-on-a-string systems, such as the LC8-
and 3-mer populations (Figure 6(A)), lending  organized systems studied here, compound the
further validity to the results of the presented challenges. The LC8 dimer ‘beads’ are too small
automated approach and statistical correction  for current high-resolution CryoEM methods,
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forcing the use of NSEM in this work where the IDPs
themselves are not directly detectable. Adding to
these challenges, multivalent LC8/IDP systems
exhibit substantial compositional heterogeneity,
originating from their relatively low binding
affinities. Class-averaging methods common in
EM analysis may be inappropriate for such
systems because they discretize heterogeneity by
construction. We have therefore developed a
single-particle distribution analysis pipeline. Such
tools are expected to become increasingly
valuable given that the multivalent systems
studied here appear to exploit weak, reversible,
multivalent binding in support of diverse nano-
architectural and sensory roles, with the full scope
of functions still being revealed.*c*°

The idea to extract single-particle information
directly from individual electron micrograph
images is not new,”>*°*! but here we exploit geo-
metric characteristics of polymeric systems to cre-
ate an intuitive and accessible automated
approach applicable to the growing, important class
of beads-on-string systems.”® > We show that the
“functional form” of polymeric conformational prop-
erties in terms of bead-bead distances and three-
bead angles, enabled adequate training based on
only a few dozen manually picked oligomers. The
automated approach then generated thousands of
candidate structures that represented the full breath
of conformational states observed in the single-
particle population, which can be analyzed and/or
filtered as needed. The statistical correction pro-
cess allowed the microscopists to gain a more faith-
ful visualization of the underlying compositional
heterogeneity that may be obscured by large popu-
lations of unbound ligand/proteins. In this way, we
were able to address possible off-register binding
(Figure 1), an emerging phenomenon.* For exam-
ple, for Nup159, it is possible that off-register bind-
ing is required to bridge the IDP dimers into the 8-
fold symmetry of the nuclear pore complex and sta-
bilize the higher order assembly®® — providing an
intriguing basis for future investigation. However,
for other LC8/IDP systems, the potential for such
types of off-register assembly may require suppres-
sion for LC8 to orchestrate its physiological roles.

The pipeline presented here, which is largely
modular, can be improved in future studies. With
respect to the particle picking software used,
better optimized single-particle picking algorithms
and/or application to systems with stronger signal-
to-noise would enhance oligomer assignment
quality most directly.>*°*°¢ Technical aspects of
the scoring and statistical correction procedures
might also be improved, such as giving preference
to pruning low-scoring oligomers/particles as part
of the statistical correction procedure. The oligomer
scoring function could also include the possibility of
LC8 “beads” appearing in a non-sequential fashion,
e.g., accounting for cases where an LC8 dimer is
missing in the middle of an oligomer. At the same
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time, it may be possible in some systems to corre-
late the extracted values of bead-to-bead distances
with the known lengths of the IDP linkers, allowing
identification of occupied binding sites. The mathe-
matical implementation of the scoring function
potentially can be optimized using Z scores instead
of CDF scoring.

Importantly, the methods developed here are
readily extensible to other heterogeneous and
dynamic multivalent IDP systems. It should be
straightforward to generate synthetic micrographs
for self-consistent analysis within the statistical
correction procedure  demonstrated here.
Likewise, determining and scoring geometric and
intensity criteria should also present few obstacles
for other systems.

Materials and Methods

Design of a synthetic 4-site LC8-binding
protein

For algorithm development and training, we
designed a novel LC8-binding peptide (termed
syn-4mer) using a series of 4 repeats of the amino
acid sequence RKAIDAATQTE, taken from the
tight-binding LC8 motif of the protein CHICA
(Uniprot Q9H4H8), which has a 0.4 puM affinity to
LC8, making it one of the tightest-known LCS8-
binding motifs.® The motif is spaced by uniform dis-
ordered linker sequences, totaling 3 linkers, and
flanking GSYGS sequences were added to the N-
and C-termini of the constructs to allow for quantifi-
cation by absorbance at 280 nm. The final
sequence is: GSYGSRKAIDAATQTEPKETRKAI-
DAATQTEPKETRKAIDAATQTEPKETRKAIDAA
TQTEGSYGS. In bold is the 10 amino acid seg-
ment that packs as a beta strand when bound to
LCS8.

Protein expression and purification

A gene sequence for the LC8-binding syn-4mer
peptide was purchased as a block (integrated
DNA technologies, Coralville, lowa) and cloned
into a pET24d expression vector with an N-
terminal Hisx6 affinity tag and a tobacco etch virus
protease cleavable site. The protein was
expressed in ZYM-5052°° auto-induction media at
37 °C for 24 hr. Cells were harvested, lysed by son-
ication and purified in denaturing buffers containing
6 M urea on TALON resin. The 4-mer was dialyzed
into non-denaturing buffer (25 mM tris pH 7.5,
150 mM NaCl) and further purified by gel filtration
on a Superdex 75 Hi-load column (GE Health), in
the same buffer. Domains of yeast Nup159 (resi-
dues 1096—1178) and drosophila ASCIZ (dASCIZ,
residues 241-388), full length LC8 of Saccha-
romyces cerevisiae and LC8 of Drosophila melano-
gaster were all expressed and purified as previously
described.?®* All proteins were stored at 4 °C and
used within one week of purification.
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SEC-MALS

Size-exclusion chromatography (SEC) coupled to
a multiangle light scattering (MALS) instrument was
performed using an analytical SEC column of
Superdex S200 resin (GE Healthcare) on an
AKTA-FPLC (GE Healthcare), then routed through
a DAWN multiple-angle light scattering and
Optilab  refractive  index system  (Wyatt
Technology). The column was equilibrated to a
buffer of 25 mM tris (pH 7.5), 150 mM NacCl, and
5 mM BME, then injected with 100 pL of LC8/syn-
4mer complex in the same buffer at an estimated
2 pM particle concentration (16 pM LC8 + 4 pM
syn-4mer, assuming 2:8 binding stoichiometry).
We estimated the molar mass using the ASTRA
software package, with a Zimm scattering model.

Isothermal titration calorimetry

Isothermal titration calorimetry was carried out at
25 °C using a VP-ITC microcalorimeter (Microcal) in
a buffer of 25 mM tris (pH 7.5), 150 mM Nacl and
5 mM BME. A cell containing 9 uM syn-4mer was
titrated with a solution of 300 uM LC8, across 32
injections of 8 uL. Peaks were integrated and fit to
a single-site binding model in Origin 7.0.

Analytical ultracentrifugation

Samples of the syn-4mer peptide in complex with
LC8 were prepared for sedimentation velocity
analytical ultracentrifugation (SV-AUC) by mixing
excess (8:1) LC8 with syn-4mer, then purifying the
complex by gel filtration on a Superdex 200
column in a buffer of 25 mM tris (pH 7.5), 150 mM
NaCl, and 5 mM pB-mercaptoethanol. The
estimated concentration of the syn-4mer/LC8
complex applied to SV-AUC was at a 4:1 ratio of
syn-4mer (13.8 uM) and LC8 (55 uM). The SV-
AUC titration of LC8 into Nup159 was performed
by mixing Nup159 (12.5 uM) and LC8 at LCS8:
Nup159 ratios of 0.5:1 to 8:1 in a buffer of 50 mM
sodium phosphate (pH 7.5), 50 mM NaCl, 5 mM
TCEP and 1 mM sodium azide. SV-AUC was
performed on a Beckman Coulter Optima XL-A
ultracentrifuge, equipped with  optics for
absorbance. Complexes were loaded into two-
channel sectored centerpieces with a 12-mm path
length and centrifuged at 42,000 rpm and 20 °C.
We collected 300 scans at 280 nm with no
interscan delay, and fit data to a c(S) distribution
using SEDFIT.>’ Buffer density was calculated
using Sednterp.*®

LC8-IDP complex preparation for EM

LC8/syn-4mer complexes were prepared for
electron microscopy studies by mixing excess
(8:1) of the purified LC8 with the syn-4mer peptide
and purifying the complexes by size-exclusion
chromatography (SEC; Superdex 200, in a buffer
of 25 mM tris pH 7.5, 150 mM NaCl and 5 mM
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BME). The Nup159 complex was formed by
mixing equimolar amounts of LC8 and Nup159,
without further purification. Negative stain EM
grids were prepared by diluting the LC8
complexes to a final particle concentration of
16 nM (presumed to be fully bound complexes) in
SEC buffer. A 3 ul drop of sample was applied to
a glow-discharged continuous carbon coated EM
specimen grid (400 mesh Cu grid, Ted Pella,
Redding, CA). Excess protein was removed by
blotting with filter paper and washing the grid two
times with dilution buffer. The specimen was then
stained with freshly prepared 0.75% (wt vol™")
uranyl formate (SPI-Chem).

Electron microscopy

Negatively stained specimens were imaged on a
120 kv TEM (iCorr, FElI) at a nominal
magnification of 49,000x at the specimen level.
Digital micrographs were recorded on a 2 K x 2 K
CCD camera_(FEI Eagle) with a calibrated pixel
size of 4.37 A pixel™' and targeted a defocus of
1.5 — 2 um. For the syn-4mer/LC8 specimen, a
dataset of 34 micrographs was collected and
picked in an automated fashion to select the
center of ~4-5 nm densities, corresponding to
individual LC8 dimers, using DoG Picker.*” We note
that a variety of alternative automated particle pick-
ing tools were assayed for this workflow,3*°*%°
which included traditional blob-pickers, template-
based methods, as well as neural net particle pick-
ing algorithms. Following this initial screen, DoG
Picker was selected due to the ease-of-use and per-
formance as compared to these alternative
methods.

DoG Picker settings were optimized for radius
equal to 8 pixels and optimal thresholds ranging
from 4.04.4, resulting in ~2000-3700 particle
picks per micrograph with minimal contribution
from background, assessed manually. Best results
were obtained with the automated picker set to a
low threshold, to avoid false negative picks (at the
cost of introducing false positive picks of the
carbon background). Such false positive picks
were effectively filtered by the geometric
constraints of the training set, and the combination
of distance filtering and statistical correction
procedures described below. From this dataset, 4
micrographs were set aside for training that
contained a total of 14,306 LC8 particles. A
separate validation set of 5 micrographs was
prepared similarly using DoG Picker, yielding
17,245 particles. A dataset of 104 micrographs of
the Nup159 construct were collected under
identical conditions, that yielded a total of 246,328
particles by automated selection using DoG
Picker. For the dASCIZ construct, our previously
collected dataset of 305 micrographs was re-
processed and used for automated analysis,*®
yielding 557,134 LC8 particles by DoG Picker.
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For use in method development and validation
studies, the syn-4mer training dataset was curated
by the microscopist familiar with the LC8-IDP
structure to manually classify a representative set
of LC8 oligomers as 2-mers, 3-mers, 4-mers, etc.
To minimize ambiguity, the microscopist selected
complexes that were well separated from
neighboring particles on the micrograph. This
procedure resulted in a curated set of 54
oligomers of varying valency (containing 216 LC8
particles in total) that were used for calibration of
our automated analysis workflow.

For further comparative analysis, additional
single-particle datasets were obtained by manual
selection from the ctf-corrected (phase-flipped)
micrographs for 2D classification and averaging in
EMAN.*® Obtained image stacks contained 4151
putative oligomers extracted with a box size of 96
for the LC8/syn-4mer dataset, 5875 oligomers and
a box size of 96 for the LC8/Nup159 dataset, and
2434 complexes with a box size of 160 for LC8/dAZ-
CIS dataset. Image datasets were subjected to
unsupervised 2D classification without further pro-
cessing and by using default parameters in EMAN
v2.31.

Automated identification and population
counting of oligomers

The automated pipeline for identifying beads-on-
a-string LC8/IDP oligomers employed three
stages: (i) clustering (ii) oligomer identification
based on a scoring function (Figure 2(E, F)), and
(iii) distance-filtering to disregard crowded regions
of micrographs (Supplemental Figure 5). Single-
linkage clustering®™ of all LC8 coordinates from
the auto-picked micrographs was first performed.
In this clustering method, data points separated by
less than a given distance are grouped together into
sets of particles capable of forming an oligomer
based on their inter-particle coordinates. The link-
age distance was set to a value that is larger than
the separation of neighboring LC8 binding sites on
the IDP, as derived by the distribution of separation
distances obtained in the curated training set (see
Supplemental Figures 3, 7, 9). In particular, the
clustering threshold was set to 7 nm for the 4-site
IDP, 8 nm for the Nup159 system, and 15 nm for
the ASCIZ system.

A scoring algorithm was developed to classify the
heterogeneous oligomer populations. The scoring
algorithm is informed by the particle intensity (/),
i.e., the average pixel value within a picked
particle as reported by the DoG picker*? and the oli-
gomer geometry, i.e., particle-to-particle separation
distance, (d) and angle (®) defined by three adjoin-
ing particles. The oligomers obtained from the hand
curated training data were used to calibrate these
features from their distributions in the training data.
The distributions of these three metrics (Supple-
mental Figure 4) provided parameters to score
new oligomers, as described in Eq. (1) below.
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Note that our approach could readily be modified
to use a different particle picker in a modular way,
allowing the incorporation of technical advances or
system-specific optimizations. Also note that the
scoring function below does not directly use the
signal/noise (S/N) ratio, although the intensity
value reported by DogPicker that we do employ in
our scoring function is a proxy for the S/N ratio
given that the particle picks themselves are
developed based on comparison to background.

The scoring function was designed to treat all
three metrics on an approximately equal basis,
and to correlate scores both with trends observed
in the training data (e.g., lower scores for
anomalously large three-particle angles) and with
physical expectations (e.g., higher scores for
stronger-intensity particles). A convenient, but not
unique, means of fulfilling both criteria arises from
using the training-data cumulative distribution
functions (CDFs) for /, d, and ® within their 0.5—
99.5 percentile region. To give a higher score to
small distances and angles between two or three
given particles, we used 1-CDF as the probability
scores P4 and P, for these two metrics, whereas
the CDF was used as the probability score P, for
the intensity / of a given particle. The total score
for any n-mer is the normalized sum over all of its
sequential intensity, distance, and angle log-
probability scores:

Score = ﬁ {; log(P,(i)) + ; log (Pa(j,j+1))

k=1

)

Here P = CDF or 1-CDF as noted above. Note
from the summations in Eq. (1) that fewer terms
occur for each succeeding metric, giving the
metrics implicit weights which can be optimized
explicitly in future work. Further details are given
in Supplemental Pseudocode 1.

To obtain oligomer assignments from the
clustered particles, our program considers every
possible combination of particle sequences (or
oligomeric states) within a cluster and scores
them independently. The potential oligomers were
then ranked by their length and their total score,
giving precedence to longer assemblies
(regardless of score) over shorter ones, and the
highest-ranked non-overlapping oligomers in each
cluster were saved. Finally, a score threshold
value was applied to discard oligomers with a low
total score, for instance oligomers that consist of
several low-intensity particles and with geometry
that is unfavorable compared to the training set
statistics. Based on Supplemental Figure 4, a
small (i.e., more permissive) threshold value of
0.05 was selected for the analysis of LC8/syn-
4dmer and LC8/Nup159 and, based on
Supplemental Figure 10, a threshold value of 0.3
was applied to the analysis of LC8/dASCIZ, which



B. Mostofian, R. McFarland, A. Estelle, et al.

Journal of Molecular Biology 434 (2022) 167520

contains a significantly longer IDP. Further details
are given in Supplemental Pseudocode 1.

In order to prevent assignments in crowded,
ambiguous regions of the micrograph, oligomer
assignments were filtered by a distancing criterion,
counting only those oligomers that were separated
at least by a specified distance from any other
LC8 particles. For consistency with manual
evaluation, an initial set of micrographs with
automatically assigned oligomers at different
distance thresholds were examined by a
microscopist to identify an optimal value for this
filtering distance. The threshold was set to 9 nm
for the syn-4mer and Nup159 systems and to
14 nm for the dASCIZ system. The corresponding
fractional populations of all three systems are not
significantly different at slightly larger or smaller
filtering distance thresholds (+2 nm) as shown in
Supplemental Figure 5. To facilitate direct
comparison of oligomeric state populations from
the corresponding manually and automatically
assigned micrographs, the same threshold was
applied to the manual dataset of syn-4mer and
dASCIZ systems. Further details are given in
Supplemental Pseudocode 2.

Correcting oligomer populations through self-
consistent statistical re-scoring

In any system where the IDP ‘string’ (which
connects protein ‘beads’) cannot be directly
resolved by EM, artifacts will arise which require
correction. This is because proximity of beads
cannot be distinguished from true association on
the IDP based on micrographs alone. Our
approach described here provides a generic
solution to this problem, which is not restricted to
our pipeline but which could be applied to
oligomers inferred from micrographs by other
software. We are not aware of any prior solution
to the challenge posed by random proximity.

In further detail, the accuracy of oligomer
prediction depends not only on the correct
assignment of oligomers but also on the
identification of artifactual structures that should
not be counted — i.e., spurious oligomers resulting
from random proximity of free LC8 particles not
bound to any IDP. Random proximity would
extend actual n-mers to be wrongly counted as
(n + 1)-mers or longer. Recall that the IDP
“strings” themselves are not visible in the
micrographs. To provide an estimate for the actual
number of the underlying real oligomers, the
experimental process of random placement of
single LC8 particles was iteratively simulated and
the degree of artifactual oligomer creation was
evaluated in order to obtain a self-consistent
estimate of the underlying populations.

The iterative correction procedure (Supplemental
Figure 6 and Pseudocode 3) is initialized by
randomly relocating all free LC8 particles, ie.,
those that were not assigned to be part of a
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putative oligomer during the initial identification
and scoring process. This population of free
particles is then positioned randomly and
independently, but with a minimum distance of
2 nm from any other particle present on the
micrograph, which roughly corresponds to the
minimum distance of LC8 particles observed
experimentally. This procedure produces a
synthetic micrograph that includes all predicted
oligomers from the original experimental
micrograph, but with the single LC8s rearranged.
Applying the same scoring and counting rules
described above to this synthetic micrograph
leads to different oligomer assignments due to the
random relocation of free LC8 particles that can
lead to the appearance of both new oligomer
creations (randomly placed LC8s that meet our
scoring criteria of an oligomer) and putative
oligomer extensions (randomly placed LC8s that
are now located near the terminus of a previously
assigned n-mer). Another effect of this process is
that oligomers that were previously counted in the
experimental  micrograph may now be
“disqualified” because of the distancing criterion
that is applied (to avoid assignments in crowded
regions). At the same time, other oligomers which
did not meet the distancing criteria in the original
assignment process, because they were “blocked”
by a nearby free LC8 particle(s), may now be
“released” and counted.

The process just described is iterated until self-
consistency is obtained between population counts
from the synthetic micrographs, as compared to
the originally assigned micrograph. Specifically, at
each iteration i, the naive count of each n-mer
oligomer species (abbreviated by n) in the
synthetic micrograph is compared with that in the
experimental micrograph to obtain the difference
A;i(n). If at iteration k, the cumulative sum of these
differences over all previous iterations was a
positive integer, i.e., Zf‘ZOA,(n) > 0, suggesting
that the number of directly counted n-mers in the
given synthetic micrograph exceeded those in the
experimental micrograph, then that many putative
n-mers were selected at random and pruned.
Pruning of oligomers was performed by stripping
one of their terminal particles and adding it to the
set of free particles at iteration (k + 1), thereby also
reducing the number of putative n-mers and
increasing that of putative (n-7)-mers. This
operation was performed at every iteration in a
cascading fashion from longer oligomers to shorter
oligomers and the 2-mers were pruned by splitting
and adding both particles to the set of free LC8s. If
Zf:oA,(n) < 0, then no pruning and updating of
putative oligomer counts was performed. This
iterative process was conducted until the counts of
all oligomer species in the synthetic micrograph
matched those in the experimental micrograph. At
that point, the updated population of putative
oligomers can be considered corrected with
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respect to artifacts arising from the large number of
free LC8 particles. If continued, the populations
fluctuate among a set of values consistent with the
originally assigned dataset.

Convergence was reached within 100 iterations
for the syn-4mer system and within 200 iterations
for the Nup159 and dASCIZ systems (Figure 3
and Supplemental Figures 7, 9). For each system,
the naive and corrected oligomer populations
were obtained as the arithmetic mean over the
last 50 iterations and the total population counts
over all analyzed micrographs were converted into
fractional populations. Error bars are derived as
the square-root of the sum of all per-micrograph
variances computed from the last 50 iterations,
representing the effective standard deviation — i.e.,
the scale of variation of the obtained mean values
from the correction procedure. A flowchart
describing the statistical correction procedure is
provided in Supplemental Figure 6 and a
pseudocode is provided in Supplemental
Pseudocode 3.

Timing of computations

Clustering, scoring, and distance-filtering require
~5 minutes per micrograph in a serial calculation.
Each iteration of the statistical correction
procedure takes an additional ~5 minutes, also in
serial. Additional optimization and parallelization
could be performed but was not necessary to
gather the present data. Note that multiple
individual micrographs can be analyzed in parallel
with the current code.

Code and data availability

All codes are available at https://github.com/
ZuckermanLab/EM_OligomerAnalysis. Electron
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request to E.B.
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