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ABSTRACT: Inferring the organization of fluorescently labeled nano-
sized structures from single molecule localization microscopy (SMLM)
data, typically obscured by stochastic noise and background, remains
challenging. To overcome this, we developed a method to extract high-
resolution ordered features from SMLM data that requires only a low
fraction of targets to be localized with high precision. First, experimentally
measured localizations are analyzed to produce relative position
distributions (RPDs). Next, model RPDs are constructed using
hypotheses of how the molecule is organized. Finally, a statistical
comparison is used to select the most likely model. This approach allows
pattern recognition at sub-1% detection efficiencies for target molecules, in large and heterogeneous samples and in 2D and 3D data
sets. As a proof-of-concept, we infer ultrastructure of Nup107 within the nuclear pore, DNA origami structures, and α-actinin-2
within the cardiomyocyte Z-disc and assess the quality of images of centrioles to improve the averaged single-particle reconstruction.

KEYWORDS: Super-resolution microscopy, Image analysis, Protein organization, Single molecule localization, Spatial pattern statistics,
Nanoscale structures

Single molecule localization microscopy (SMLM) ap-
proaches, which can achieve localization precisions below

20 nm laterally and 50 nm axially, at or near the molecular
scale1 can reveal the organization of nanostructures such as
supramolecular complexes and DNA assemblies. However,
interpreting image reconstructions (localization maps) gen-
erated by SMLM is not trivial as intrinsic noise arising from the
stochastic switching of fluorophores can obscure underlying
molecular order. This is most challenging when the fraction of
target molecules localized with high precision is low, a
common result of a low labeling density, low switching
efficiency, or high background signal in 3D imaging.2

Single-particle averaging and reconstruction techniques can
enhance the signal-to-noise ratio and reveal underlying
patterns of organization from SMLM data.3−8 Similarly, 1D
and 2D autocorrelation (e.g., Fourier-domain processing) of
SMLM reconstructions can reveal periodicity in a biological
structure.9,10 However, these methods require the target
molecule to be efficiently labeled, detected with high signal-
to-noise ratio, and the complex to be very highly ordered. To
perform averaging, they also require either consistent
orientation of the biological complex or classification and
alignment of the segmented regions of interest (ROIs), which
presents further challenges.2 This restricts the applicability of
existing methods to a small subset of nanostructures. Data
pixelation in these techniques is an extra processing step that

loses precision on the molecular localization coordinates from
SMLM.
To overcome these limitations, we developed a new

approach for pattern analysis and recognition of order in
SMLM data. It can assess any 2D or 3D SMLM data set for
regular structures through the analysis of relative positions
(RPs) of localizations. This technique (pattern extraction from
relative positions of localizations, or PERPL) extends previous
work using pair correlation11−13 by extending the analysis into
3D. Further, it compares experimental intermolecular distances
against models of ordered and disordered macromolecular
geometry and uses appropriate statistical methods to
determine the most probable model. It can be applied to
large, 3D data sets in their entirety, on a standard laptop,
making it a valuable addition to the SMLM analysis toolkit.

Results and Discussion. PERPL calculates the relative
positions (RPs) between single molecule localization coor-
dinates (XYZ) in 2D or 3D, calculates their distribution
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(RPD), and interprets this distribution using model distribu-
tions (Figure 1). The experimental RPD is generated from the
3D relative positions (ΔX, ΔY, ΔZ) between each localization
and all nearby localizations, within a chosen distance, for the
entire FOV. The localization data does not need to be
prealigned. The experimental RPD can be calculated for all
simple combinations of these dimensions (Figure S1,
Supporting Information). Peaks in the experimental RPD
indicate the presence of underlying molecular organization and
characteristic length scales across 1D, 2D, or 3D space (Figure
1C). The SMLM image reconstruction (Figure 1B) or lower-
resolution features of the sample can be used to choose
suitable dimensions to use in generating the RPD and
subsequent analysis.

To identify which patterns of molecular organization may be
present, in silico models of candidate structures are
constructed, and the RPD for these is calculated and then
compared to the experimental RPD. Starting models can be
generated using one or more of the following. The appearance
of molecules in the reconstructed FOV can provide
information about possible underlying symmetry (i.e., the
rotational symmetry for Nup107 in nuclear pores). The shape
of the experimental RPD and the positions of any peaks can
indicate the presence of characteristic features, including
possible repeated patterns and their length scale. Additional
experimental or published information on structural features of
a complex that contains the molecule of interest (e.g., electron
microscopy data) can also suggest starting models. A

Figure 1. Workflow in PERPL analysis. The figure demonstrates the workflow for PERPL analysis, with the series of steps shown on the LHS and
snapshot images on the RHS (for illustrative purposes only). A, B: Visualization of the localization data in XY for the full FOV (A) and a zoomed in
region (B). C: Experimental relative position distribution (RPD), histogram of interlocalization distances. Arrows indicate peaks resulting from
underlying molecular organization. D: Example in silico rotational symmetry models. E: Plots for different in silico model RPDs (colored lines),
fitted to the experimental RPD. F: Use of the Akaike information criterion to compare models and output of model parameters.
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parametric method of generating these candidate geometries in
silico allows for model fitting in subsequent steps (Supporting
Information).
The model RPD (a set of discrete 3D (or 2D) RPs) is

generated from a list of localization coordinates in the model
structure, in the same way as for experimental localizations. To
reflect experimental noise and biological variability, discrete
model distances are broadened using the theoretical distance
distribution between two Gaussian sets of localizations.14 This
includes broadening on a zero-distance term for RPs of
repeated localizations of the same molecule or localizations of
nearby unresolvable molecules. A background of disordered
localizations may also be included in the model, and examples
are provided (Supporting Information).
Akaike’s Information Criterion (AIC)15,16 is used to

determine which hypothesis (in silico model) best describes
the real structure, or disorder, underlying the data (exper-
imental RPD). AIC is a quantitative measure of information
loss when approximating real data with a model (Supporting
Information). The difference in AIC values between models is
related to the relative likelihood (Akaike weight) that each
model captures the reality underlying the experimental
data.16,17 We use the corrected AIC (AICc),18 which improves
on the accuracy of AIC for more complex models evaluated
from fewer data points. Using PERPL, we obtain fits of model
against experimental RPDs, relative likelihoods for the
selection of the most likely model, schematic plots of the
structural models, and fitted model parameter data (Figure S2,
Supporting Information).

Note, the AICc helps to determine which structural model
best explains the data, but this model may still be inaccurate, if
all of the candidate models are poor. However, it disfavors
overfitting by more complex models, and where necessary, the
structural models can also be compared by AICc against simple
models of disordered molecular positions. This results in a
level of confidence that the best structural model is more likely
than a random arrangement, or vice versa (Supporting
Information).
To demonstrate the method, we used PERPL to reveal the

underlying nanostructure of Nup107 (labeled at the C-
terminus21) in nuclear pores, from an experimental 3D
SMLM data set (Figure 2, Supporting Information). The
reconstructed image in XY shows multiple ring-like structures
oriented with their axis of symmetry nearly aligned with the Z-
direction (Figure 2A), together with structures separated in Z
(Figure 2H). Therefore, we investigated the distance

distributions across the XY plane (ΔXY = X Y( ) ( )2 2Δ + Δ
) (Figure 2B) and in Z (ΔZ) (Figure 2H). The analysis used a
maximum pairwise distance of 200 nm (in X, Y, and Z), a
distance slightly larger than the ring-like structures. The entire
16 × 17 × 0.9 μm 3D FOV, containing 36k localizations, was
analyzed in a few minutes on a standard laptop. Both XY and Z
distributions contain multiple peaks (Figure 2B,I) that imply
underlying sets of characteristic separations.
To determine the underlying organization, PERPL was used

to construct candidate model structures with rotational
symmetry in ΔXY (Figure 2C), based on the Nup107 image
reconstruction (Figure 2A). Models were parametrized for

Figure 2. PERPL analysis of Nup107 localizations. A: 2D image reconstruction of a 3D dSTORM data set for Nup107. Scale bar (inset): 200 nm.
B: Experimental RPD (XY, 1 nm bins) for all pairs of localizations within 200 nm in X, Y, and Z. Mean bin value scaled to 1.0. C: Diagram of in
silico model of 8-fold symmetric macromolecular geometry. D: Resulting RPD (XY-component). The model contains intervertex distances (b−e),
with vertices arranged symmetrically on a circle, components for repeated localizations of a single molecule (localization precision), unresolvable
substructure in a cluster (a), and a background term. E: The in silico model RPD fitted to the experimental distance histogram (pink is 95%
confidence interval). F, G: Inferred 8-fold structure in XZ (F), in agreement with EM data for Nup107 organization19 (G). H−L: Nup107
localizations rendered in XZ, experimental RPD in Z, two-layer model structure used to generate the model Z-RPD, fitted to the experimental RPD.
M: Inferred XYZ structure, projected in XZ (Gaussian smoothed according to the fitted broadening parameters in the models). N: EM data in
XZ.19 EM maps of the nuclear pore shown in (G) and (N) generated from PDB 5A9Q using UCSF Chimera.20
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diameter, degree of symmetry (5−11-fold, Figure S2), and
localization precision. A substructure term (a, circled in Figure
2C, and related peak in Figure 2D) was included to correct for
molecules too close to resolve or a spread of localizations
resulting from overlapping images of molecules.22 A back-
ground term was included to account for localizations
predominantly outside of a single ring-like structure.
A statistical comparison of model and experimental RPDs

(Figure 2E, Table 1) showed the model with 8-fold symmetry

was ∼4× more likely than the next most likely model (9-fold
symmetry). The 8-fold symmetric model, with a diameter of
95.4(1) nm (1 s.d. on values of the fitted parameters given as
variation in the last significant digit; Figure 2F, Table S1))
agrees well with particle average EM and SMLM data (Figure
2G).8,23

The XZ reconstruction (Figure 2H) together with the two
lobes in the ΔZ RPD (Figure 2I) suggested a two-layer
structure, where each layer has a thickness in the Z-direction
(Figure 2J). A model of this kind (Figure 2K), which included
a Gaussian spread within each layer, fit the experimental RPD
well (Figure 2L) and indicated that Nup107 (C-terminus)
would be found in layers separated by 58.2(1) nm (Figure 2M,
Table S2). Again, this model and the inferred structure agrees
well with EM data (Figure 2N).
Returning to our analysis of ΔXY RPDs, we next restricted it

to pairs of localizations within a single layer, by limiting ΔZ to
less than 20 nm. Using these within-layer RPs, the relative
likelihood of the 8-fold model increased to >1010× greater than
the next most likely (9-fold, Tables 1 and S3). Thus, iterative
model fitting and refinement can improve the interpretation of
localization data sets. Restricting ΔZ to less than 20 nm likely
removes uncertainty arising from the known angular offset
between the two layers.19

We next tested the ability of PERPL to reveal the underlying
DNA origami nanostructure from a 3D DNA-PAINT25 SMLM
data set (Figure 3A−D, Supporting Information), for which we
had no prior knowledge. The image reconstruction (Figure
3A) revealed geometric structures in different orientations on
an approximately square lattice. Therefore, we constructed in
silico models of simple geometric nanostructures and included
features reflecting the presence of localizations at nearby grid
points. Models included a triangular prism on a square lattice

(all sides equal), a triangular prism on a square lattice (unequal
sides), a cuboid on a square lattice, and a tetrahedron on a
square lattice. Since the geometric structures were not all
coaligned on any axis, we compared the Euclidean distances in
3D (ΔXYZ) between the experimental and in silico model
localizations, using a maximum pairwise distance of 250 nm (in
X, Y, and Z), just larger than the repeating feature size.
Comparing the model RPD with the experimental RPD

(Figure 3B, Table S4, Figures S3 and S4) suggests that the
most probable model to explain the data is a triangular prism
structure with sides of equal length on a square grid (Figure
3B−D, Figure S4). The providers of the experimental data set
confirmed that we had found the correct solution, constructed
similarly to a previously published DNA origami design.26

The estimated side length of 105.5(4) nm (Figure 3C, Table
S5) was slightly larger than the design length of 100 nm
(Figure 2D). The discrepancy in side length could arise from
several factors. First, we used an isotropic localization precision
in the model, because it allowed us to conveniently average
over all the orientations. However, localization precision is
likely worse in Z than in XY. Second, we expect that the
proximity of adjacent DNA origami structures is likely to result
in an extra distribution of characteristic distances within the
250 nm cutoff for XYZ pairwise distances. Accounting for both
of these would require a more complex model and would be
possible with further development of our approach.
We then used PERPL on a more challenging 3D

nanostructure within a biological sample, the Z-disc of
cardiomyocytes. This contains a tetragonal lattice arrangement
of actin filaments and ACTN2 (α-actinin-2) with characteristic
distances under 20 nm.27,28 ACTN2 in the Z-disc was labeled
with an Affimer,29,30 which binds to its second calponin
homology (CH) domain as demonstrated by X-ray crystallog-
raphy (Figure S5, Table S6). The resulting 3D dSTORM data
set contained 1.1 × 105 localizations, equivalent to detection of
∼1.5% of ACTN2 molecules in the Z-discs or ∼2.9% of Z-disc
lattice points (Supporting Information). The low fraction of
localizations per target molecule results from both the limited
labeling density and high background in such a thick, dense
structure, and as a result the 3D reconstruction did not show
an obvious underlying pattern (Figure 4A).
Using the cell axis as a reference direction (X) (Figure 4A),

distributions in ΔX (cell-axial, Figure 4B) and ΔYZ (cell-
transverse, Figure 4C) were analyzed (Figure 4B,D). For ΔX,

Table 1. Corrected Akaike Information Criterion (AICc)
Values18 and Relative Likelihoods (Akaike Weight,
Summing to 1)24 for Nup107 Analysis

ΔZ < 200 nma ΔZ < 20 nma

XY model:
rotational

symmetry order AICc Akaike weight AICc
Akaike
weight

5 −911.79 1.3 × 10−137 −862.91 9.6 × 10−99

6 −1168.39 6.8 × 10−82 −1074.15 7.1 × 10−53

7 −1337.76 4.1 × 10−45 −1219.24 2.3 × 10−21

8 −1541.69 0.79b −1314.29 1.0b

9 −1539.08 0.21 −1250.73 1.6 × 10−14

10 −1484.65 3.2 × 10−13 −1206.15 3.3 × 10−24

11 −1469.28 1.5 × 10−16 −1198.05 5.7 × 10−26

aResults for all pairs of localizations within 200 nm in XYZ or for ΔZ
< 20 nm. AICc results are comparable between models (rows) but not
between data filters (between the ΔZ < 200 nm and ΔZ < 20 nm
columns). bSelected model.

Figure 3. PERPL analysis of a DNA origami nanostructure. A: Image
reconstruction for the DNA origami sample (projection in XY). B:
Comparison of the experimental and model (red line) RPDs. C:
Diagram of the best-supported model (triangular prism). D: Actual
structure, as designed.
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we used only RPs with ΔYZ < 10 nm, and conversely for
analysis of ΔYZ, based on known dimensions of the Z-disc
lattice. The low signal-to-noise ratio of the experimental ΔX
RPD made it challenging to find characteristic distances. We
investigated a kernel density estimate of the ΔX values (Figure
S6), using the broadening function for distances in an in silico
model RPD.14 This smoothened RPD showed regular
variations approximately 20 nm apart and suggested that the
structure may contain a repeating distance.
To test this, we constructed models for localizations found

at multiples of a unit distance along the cell-axis (Figure S6),
including a background term generated from a random
uniform distribution of localizations across the Z-disc. As
controls, we included a model containing only the background
uniform distribution and one containing repeated localizations
of the same molecule. In the best model, the ACTN2-CH2
domain occurs every 18.5(1.0) nm along the cell-axis, with
98% confidence that this repeating pattern is a better model
than a random distribution for the true molecular arrangement
(Figure 4B, Tables S7 and S8). This compares well with the
19.2 nm periodicity of ACTN2 binding sites obtained from
EM (Figure 4E).28 Our analysis also demonstrated that the Z-
disc is most likely to contain five or six layers of ACTN2,

similar to previous EM results,27 although the differences
between these models were not great enough to robustly select
one model over the others (Table S7). This may be due to
natural variability of the Z-disc but also the quality of the data;
at greater distances across the finite (∼100 nm) Z-disc, the
number of RPs obtainable, and therefore the signal-to-noise
ratio, is reduced.
Data in the YZ plane (Figure 4C,D) was more challenging to

analyze, because localization precision is worse in Z than in X
and Y, and the lattice contains multiple local discontinuities
(Figure 4E).27 However, using a standardized kernel density
estimate of the RPD (Figure S7), the distributions expected for
broadened characteristic YZ distances fit the first two peaks
well (Figure 4D, Figure S7), and we inferred distances of
24.08(5) nm and 11.17(1) nm (Table S9). The expected
distance in YZ between parallel actin filaments is 24 nm,31 and
we interpret 11 nm as the distance between a pair of ACTN2-
CH2-Affimer labels, either side of an actin filament (Figure
4E).
Finally, we tested the ability of our software to define the

relative quality of particles to be selected for other analysis
methods (Figure 5), using SMLM data for the centriolar
protein Cep152. The particles (centrioles) had already been

Figure 4. PERPL analysis of 3D ACTN2 dSTORM data for adult rat cardiomyocyte, sparsely labeled. A: FOV for the 3D dSTORM data set, using
an Affimer to ACTN2. X: cell-axial direction (perpendicular to the plane of the Z-disc). Y: in the plane of the Z-disc. Inset: magnified region of the
image. B: Experimental RPD in X for pairs of localizations with ΔYZ < 10 nm. Model RPD shown by the red line with 95% confidence interval
(pink). Arrows indicate peaks with a repeat distance of 18.5(1.0) nm. C: Equivalent YZ view for the inset of (A). D: Result for the YZ analysis,
using the standardized kernel density estimate (KDE) (Figure S7). Inset shows the detailed view of the fit (red line) out to 30 nm and the positions
of two peaks for characteristic distances (see text). E: Diagram of the known structure from EM27 showing XY and YZ views, with the known
disorder in the square lattice in YZ.
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segmented from an SMLM image (Figure 5A,B; Supporting
Information) and classified as “top view” according to their
orientation.7 We calculated the ΔXY distribution per
segmented particle, including all pairwise distances, and fitted
the distribution of ΔXY in an in silico, 9-fold rotationally
symmetric model to this. This model (Figure 5C,D) did not
require a background term to fit RPs within the segmented
ROIs, and the amplitudes of the contributions of the
intervertex distances were allowed to vary independently,
since some vertices were obscure or missing in the single
particles.
Each experimental top-view particle was scored for

uncertainty in fitted amplitudes of the contributions of
intervertex distances. Where the uncertainty in two of the
four intervertex distance contributions was greater than 0.1×
their amplitude, the particle was discarded. Averaging the
remaining particles showed distinct clusters at each vertex and
a rounder structure for the complex (Figure 5E,F).
Conclusions. Here we have shown that PERPL is a useful

tool for understanding the underlying organization of
nanostructures in cells and in vitro, in multiple types of data
sets, using 2D and 3D RPs. It does not require a high labeling
density or a high detection rate, and data can be combined
from multiple images to provide sufficient data to generate the
RPD. Its ability to analyze the arrangement of sparsely
localized molecules makes it distinct from and entirely
complementary to particle averaging techniques. PERPL can
be used to analyze organization of any data where localization
coordinates are obtained after image acquisition and

processing techniques and is not restricted to SMLM data. It
may also be used to determine multiple characteristic distances
between localizations of two or more targets and can be
developed further to infer their spatial relationship within a
macromolecular complex. We further anticipate its use in
analyzing noise distributions in SMLM data sets, to aid
quantitative analysis of experimental localizations.
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(4) Löschberger, A.; van de Linde, S.; Dabauvalle, M.-C.; Rieger, B.;
Heilemann, M.; Krohne, G.; Sauer, M. Super-resolution imaging
visualizes the eightfold symmetry of gp210 proteins around the
nuclear pore complex and resolves the central channel with
nanometer resolution. J. Cell Sci. 2012, 125 (3), 570−575.
(5) Salas, D.; Le Gall, A.; Fiche, J.-B.; Valeri, A.; Ke, Y.; Bron, P.;
Bellot, G.; Nollmann, M. Angular reconstitution-based 3D recon-
structions of nanomolecular structures from superresolution light-
microscopy images. Proc. Natl. Acad. Sci. U. S. A. 2017, 114, 9273.
(6) Shi, X.; Garcia, G., III; Wang, Y.; Reiter, J. F.; Huang, B.
Deformed alignment of super-resolution images for semi-flexible
structures. PLoS One 2019, 14 (3), No. e0212735.
(7) Sieben, C.; Banterle, N.; Douglass, K. M.; Gönczy, P.; Manley, S.
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