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SUMMARY
Atomic forcemicroscopy (AFM) is a powerful and increasingly accessible technology that has awide range of
bio-imaging applications. AFM is capable of producing detailed three-dimensional topographical images
with high signal-to-noise ratio, which enables the structural features of individual molecules to be studied
without the need for ensemble averaging. Here, a software tool Trace_y, designed to reconstruct the
three-dimensional surface envelopes of individual helical filament structures from topographical AFM im-
ages, is presented. Workflow using Trace_y is demonstrated on the structural analysis of individual helical
amyloid protein fibrils where the assembly mechanism of heterogeneous, complex and diverse fibril pop-
ulations due to structural polymorphism is not understood. The algorithms presented here allow structural
information encoded in topographical AFM height images to be extracted and understood as three-dimen-
sional (3D) contact point clouds. This approach will facilitate the use of AFM in structural biology to under-
stand molecular structures and behaviors at individual molecule level.
INTRODUCTION

Atomic force microscopy (AFM) is a powerful multimodal tech-

niquewith imaging applications ranging from arrays of living cells

to single molecules.1 AFM is an increasingly accessible method

that has been used to study molecular dynamics2 and molecular

responses to force.3 It is also used for nanoscale imaging of bio-

logical molecules and structures in air or in liquid.4–6) AFM topo-

graphical imaging operates by sensing the physical contact

between the probe, typically consisting of a sharp conical tip

attached to a cantilever, and the specimen surface, to generate

a three-dimensional (3D) height map of the sample surface.7

While the imaging resolution of AFM is limited by the physical

size of the AFM probe tip, molecular images acquired using

AFM operating in non-contact mode with chemically functional-

ized probe tips is capable of reaching atomic resolution on sam-

ples of small planar molecules.8 Imaging resolution using un-

modified probe tips can also be enhanced to sub-nanometers

through recent image analysis advances.9 For structural biology

applications, AFM offers several capabilities complementary to

techniques, such as cryogenic electron microscopy (cryo-EM),

X-ray crystallography, and nuclear magnetic resonance spec-

troscopy. These include the ability of imaging in ambient condi-

tions and in liquid environment, allowing imaging of biological

samples such as live cells in a close to native environment.10–12

A key, sometimes overlooked, capability of AFM is that topo-

graphical images acquired by AFM can achieve a high signal-
Structure 33, 363–371, Fe
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to-noise ratio, which enables structural features of individual

molecules to be studied without the need for ensemble aver-

aging.13,14 This means that relevant structural information can

be gained potentially from a single observation of a molecule

on a single image. Therefore, this capability could offer new,

exciting opportunities in elucidating rare molecular structures

in complex, heterogeneous samples, and offer new information

in the cases where the heterogeneity of molecular populations

or the structural variations between individual molecules hold

important biological relevance.

Amyloid fibrils represent a group of filamentous protein struc-

tures where the heterogeneity of the complex andmixed amyloid

populations as well as the structural variations between the indi-

vidual fibrils or even within individual fibrils hold relevant informa-

tion regarding their biological impact.15 Amyloid fibrils are typi-

cally ordered helical nano-structures around 10 nm wide and

between few nm to several microns long. They are assembled

from monomeric proteins or peptide precursors. Some amyloid

structures are associated with devastating neurodegenerative

disorders including Alzheimer’s and Parkinson’s diseases.16–20

In contrast, some amyloid fibrils have been identified to fulfill

essential biological functions, providing scaffolding, adhesion

and protection for organisms from bacteria to fungi, and more

recently discovered to provide regulatory control of memory21

and for viral infection.22 The formation of these functional amyloid

fibrils is assumed to be tightly controlled. In contrast, the assem-

bly of pathologically associated amyloid, even from a single type
bruary 6, 2025 ª 2024 The Author. Published by Elsevier Inc. 363
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of precursor, can result in highly heterogeneous molecular mix-

tures, as well as a spectrum of different individual filament struc-

tures called polymorphs. Thus, it is clear that amyloid structural

polymorphism is common for disease associated amyloid and

this polymorphism phenomenon has been suggested to be a

property differentiating disease associated amyloid from func-

tional ones.15 AFM imaging has previously been used to charac-

terize the morphological features of individual fibrils in a sam-

ple13,23–26 and the size distributions of amyloid populations.27–31

Recent advances in cryo-EM and solid-state nuclear magnetic

resonancespectroscopy (ssNMR)haveprovidedatomic-detailed

structures showing multiple polymorphic forms for fibrils formed

of identical precursors.15 However, to resolve the extent of the

polymorphic diversity and the roles polymorphs play in biology,

onemust be able todetermine the structures of individual amyloid

fibril particles,32 andmonitor their individual interactions in a com-

plex and heterogeneous population to sufficient detail so that the

diverse amyloid assembly landscapes, their polymorphic extents

andbiological properties linked to theheterogeneouspopulations

can be mapped.

Here, an open-source image analysis software Trace_y (avail-

able at https://github.com/wfxue/Trace_y), featuring a collection

of algorithms for 3D contact point reconstruction (CPR)14 and

structural analysis of individual helical filaments, is presented.

The individual filament structural analysis workflow using

Trace_y is demonstrated here on the analysis of helical amyloid

protein fibrils formed from the 42 residues long amyloid b 1–42

peptide (Ab42) associated with Alzheimer’s disease, where het-

erogeneous, complex and diverse fibril populations can assem-

ble from a single monomer amino acid sequence in the same

sample due to structural polymorphism.33–35 Individual filament

level structural analysis approach through 3D CPR-AFM, rece-

ntly developed to utilize the high signal-to-noise topographical

imaging capability of AFM,13,14,35 has the potential to tackle

the challenges presented by the structural analysis of complex

and heterogeneous samples such as polymorphous amyloid fi-

brils.36 The Trace_y software and the workflow for individual fila-

ment structural analysis presented here also demonstrate that

the three-dimensional information encoded in AFM height im-

ages can be understood as 3D point clouds, which is a type of

spatial information that could be integrated with other structural

analysis methodologies.37

RESULTS

Overview of the Trace_y workflow and its algorithms
The purpose of the workflow presented here is to recover the 3D

structural information of individually observed helical filaments

encoded in topographical AFM height images. Figure 1 shows

an overview of the workflow with a flowchart highlighting the

key steps and the algorithms in the workflow with the example

application to an individual fibril formed from the human Ab42
sequence.35 The input for the workflow is an AFM height image

where each pixel in the image contains the information of its

x/y coordinate in the image lattice as well as the pixel value rep-

resenting the recorded z coordinate of AFM probe tip when inter-

mittent contact between the tip and the molecular surface of the

sample was detected. Due to the physics behind AFM, topo-

graphical height images have high vertical (z axis) signal-to-noise
364 Structure 33, 363–371, February 6, 2025
ratio, with the noise typically in the order of sub-Ångströms range

on current commercial instruments. One challenge of 3D struc-

tural reconstruction using AFM height image is that the recorded

x, y, and z coordinates of the tip are not the actual tip-sample

contact points,14,38 which are not known. This issue is commonly

referred to as the tip-sample convolution artifact. An important

step in the workflow, therefore, is to deconvolute the image to

recover the actual tip-sample contact points. Once the coordi-

nates for tip-sample contact points are recovered, full 3D surface

envelopes can be rendered for structures with helical symmetry,

despite that only the top surface of the sample is accessible to

the AFM tip, because structural information on the whole of a he-

lical surface can be gained from a single direction of observation

perpendicular to its helical axis due to their periodic twist around

the helical axis. This requires the knowledge on the location of

the helical axis, the handedness of the twist, and the pitch of

the helical structure, all of which can be gained or estimated

from the height images (Figures 1C–1E). The output of the work-

flow is a 3D contact point cloud of the surface of the helical fila-

ment, which can be further visualized as a 3D surface envelope

model of the filament structure. The algorithms performing the

key steps of the Trace_y workflow are explained in the following

sections and exemplified on a fibril formed from recombinant hu-

man Ab42 (Figures 1B and 1C).

Individual filament tracing and estimation of the
helical axis
A semi-automatic fibril tracing algorithm was developed to allow

the user to select and to trace segments of individual filaments

observed on AFM height images. Since the central contour line

of a filament appearing in a height image typically corresponds

to the projection of the filament’s helical axis on the x/y plane,

an accurate estimate of the central contour line of the selected

filament is needed. Therefore, a curved Gaussian wall39 model

(Equation 1, STAR Methods) was used and fit by least-squares

method to regions of the height image (image squares with

edges twice the span of filament’s apparent width) cropped

along the coarse user-selected contours of the filament (Fig-

ure 2). This approach allows the x/y coordinates of points on

the central contour line of the filament to be determined with

sub-pixel accuracy because the coordinates are estimated using

information from the entirety of the local features rather than few

individual pixels. The z coordinate of the filament helical axis was

subsequently estimated as half of the average peak height (for

example, the peaks values at locations marked with triangles

in Figure 1D). This simple estimate assumed a rigid fibril that

rests on the support surface without substantial deformation

during deposition and by the peak probing force during imaging.

3D contact point reconstruction by image deconvolution
The 3D coordinates of tip-sample contact points were next re-

constructed by modeling rigid-body interactions between the

AFM probe tip and the sample filament using the image decon-

volution strategy as previously described.14 Briefly, the tip ge-

ometry and approximate magnitude of image dilation due to

tip-filament convolution was first estimated. A rounded cone

tip model made by the rotation of the half cross-section

described by Equation 2 around the y axis is used and the tip

radius was estimated using an iterative approach where image

https://github.com/wfxue/Trace_y


Figure 1. The Trace_y workflow demonstr-

ated on an individual Ab42 amyloid fibril

(A) Flowchart overview of the Trace_y workflow

for analyzing the structure of an individual helical

filament.

(B) Topographical AFM height images of helical

twisted Ab42 fibrils. The right image is identical to

the left image, except with an example fibril and its

central contour line highlighted (red line). The white

crosses indicate user defined start and endpoint of

the traced fibril segment. The scale bar represent

500 nm in both images.

(C) Digitally straightened fibril image showing the

fibril highlighted in (B) and its central line height

profile.

(D) A zoomed image showing the first 400 nm

segment the same fibril shown in (C). Its central line

height profile (blue line) is shown together with a

digitally smoothed line (red line), where the peak

positions were determined (blue triangles). The fil-

led blue triangles indicate reference locations with

one helical pitch distance in between each filled

blue triangles.

(E) Power spectrum of 2D Fourier transform of the

fibril image data is shown to the left compared with

a spectrum calculated from a simulated topograph

image shown to the right. The black arrows indicate

identical locations in both power spectra and show

major peak locations.

(F and G) Topographic AFM height image (F)

simulated from the 3D fibril envelope model (G) of

the same fibril in (B) together with a zoomed in

image showing the first 400 nm segment.

(H) The cross-sectional contact-point density map

of the same highlighted fibril from (B). The density

map is constructed using the whole of the filament

segment shown in (B) and the scale bar indicates

distance of 10 Å.
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dilation caused by the contact between the tipmodel and the cir-

cular cross-section of a featureless cylinder is matched to the

experimentally observed dilation for the analyzed filament. This

procedure is illustrated by Figure 3A, where least-squares

regression analysis is performed with a calculated convoluted

cross-section (red lines and crosses) of a featureless cylinder

(black) fit to the observed convoluted cross-section of the fila-

ment averaged through the length of the filament along its esti-

mated helical axis (blue circles). This approach is able to provide

a useful initial tip radius estimate using the helical axis coordi-

nates as input since the cross-section of a helical structure

with its cross-section rotating around its helical axis approaches

a circular shape when averaged over the length of its helical axis.
St
The initial tip radius estimate, and subse-

quently also an estimate of the magnitude

of the dilation for each pixel coordinate,

can be further optimized in a later optional

step byminimizing the difference between

the image data of the filament and a simu-

lated image back-calculated using the

surface envelope model of the same fila-

ment. An important advantage of this

sample feature-based blind tip radius esti-
mation approach is that additional dedicated tip characterization

step, which can additionally blunt the tip during characterization,

can be avoided.

Once the tip radius is estimated, deconvolution of the image

data by CPR using the same principles of rigid-body interactions

between the AFM probe tip and the sample filament used in the

previous step14 was subsequently carried out to recover the 3D

coordinates of tip-sample contact points (Figures 3B–3D). This

step outputs a point cloud containing the estimated tip-sample

surface contact points by moving the 3D x/y/z coordinates of

the recorded tip positions off the x/y pixel lattice of the image

to the appropriate sub-pixel locations estimated by CPR step.

Figure 3B shows the AFM height image of a segment of the
ructure 33, 363–371, February 6, 2025 365



Figure 2. Tracing of individual filaments and estimation of helical axis coordinates by regression analysis using a curved Gaussian

wall model

(A) Example topographical AFM height images of helical twisted Ab42 fibrils. The same 23 2 mm image as Figure 1B is shown. The white box indicates 13 1 mm

magnified area shown in (b) and scale bar indicating 500 nm.

(B) 1 3 1 mm magnified area indicated by the white box in (A), with the scale bar indicating 250 nm.

(C and D) 22 3 22 pixel area indicated in the image data in (B) shown as a 2D height image and as a 3D surface, respectively.

(E and F) Best fit curved Gaussian wall model of the same area indicated in the image data in (B) shown as a 2D height image and as a 3D surface,

respectively.

(G and H) Pixel level residuals between the image data and the best fit model shown as a 2D height image and as a 3D surface, respectively.

In (C–H), white cross indicates an estimated point of the helical axis x/y coordinates. Scale bar indicate 10 nm in (C, E, and G).

ll
OPEN ACCESS Resource
example Ab42 filament where each pixel is shown as a point in 3D

space. All of the points have their x/y coordinates in the pixel lat-

tice of the image, and the pixel lattice along the x axis is partic-

ularly visible from the viewing angle used in Figure 3B. Figure 3C

demonstrates the tip-sample contact point cloud after image de-

convolution by CPR where the data points are no longer bound

to the x/y pixel lattice and instead echo the actual sample sur-

face coordinates. The points that are localized at the top of the

filament (red points in Figure 3D) were then selected to be

used in subsequent steps to create a surface envelope model

of the individual filament. In summary, the CPR step recon-

structed the 3D contact points between the AFM tip and the fila-
366 Structure 33, 363–371, February 6, 2025
ment, creating a point cloud that represents the top of the indi-

vidual filament being analyzed.

Visualization of the filament cross-section and
construction of 3D surface envelope model
The point cloud data that represents the structure of the filament

top obtained from the CPR step was next used to create a 3D

surface envelope model of the filament for visualization. The he-

lical properties of the individual filament being analyzed were

first determined by manual inspection. This is shown for the

example Ab42 filament in Figures 1C–1E. Since topological

AFM height images are not transmission images, only one
Figure 3. Cantilever tip radius estimation

and contact point reconstruction result in a

3D point cloud that represents the tip-fila-

ment surface contact points

(A) Initial estimation of the tip radius by least-squ-

ares fit of calculated image dilation (red crosses,

red solid line and red dotted lines) from a feature-

less cylinder (black line representing the cross-

section of the cylinder) to observed average dila-

tion along the fibril (blue circles).

(B) The fibril image in Figure 1D shown as

points in 3D space representing the pixels’ x/y/z

coordinates.

(C) The point cloud output of CPR showing the x/y/z

coordinates of the points in (B) moved to estimated

tip-filament surface contact points.

(D) Contact points on the top of the helical filament

subsequently used for construction of 3D surface

envelop is show as red points.



Figure 4. Construction of filament 3D sur-

face envelope by point cloud registration in

a helical coordinate system

(A) Schematic of the helical coordinate system

used to align contact points in a point cloud rep-

resenting a helical filament. The x/z plane of this

coordinate system is set to rotate around the heli-

cal axis aligned to the y axis with the same twist

angles q as observed for the filament.

(B) The local twist angle q (blue cross) of the

example filament shown in Figure 1C measured

using its height profile (e.g., filled blue triangles in

Figure 1D). Red line represents the q function along

the whole filament constructed by spline interpo-

lation with the measurement points (blue cross).

(C) The cross-sectional contact-point density map

of the same example filament. An example density

map pair generated by randomly selected half-sets

of the contact point cloud used for FRC measure-

ment is shown.

(D) The spatial resolution of the contact-point

density map shown in Figure 1H estimated by FRC (blue line) and the ½ bit information criterion40 (red line with the FRC crossing point indicated by the arrow).

(E) 3D surface envelope model of the example filament (the first 400 nm segment as shown in Figure 1D) with surface color indicating distance to helical axis.

(F) The same 3D surface envelope model of the example filament as (E) but with color indicating helical twist mapped to its surface to highlight local helical

structural features.
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side of the helical filament is observed. Hence, the helical hand-

edness of the filament twist is typically readily visible by the tilt

direction of the striation pattern (exemplified by the white lines

in Figure 1D). For left-hand twisted filaments, the tilt of the

pattern goes from bottom left to top right whereas the tilt of

the pattern goes from bottom right to top left for right-hand

twisted fibrils when the filaments image is aligned horizontally.

The handedness can also be deduced by 2D Fourier transform

of the filament image (Figure 1E). For vertically aligned filaments

images, the main peaks in the 2D Fourier transform power spec-

trum image follow the same bottom left to top right or bottom

right to top left tilt patterns relative to the image center for left-

handed or right-handed twists, respectively (arrow heads in Fig-

ure 1E for the example Ab42 filament). The helical pitch of the

filament can be deduced from the z-height peak patterns of

the central contour line of the filament image, and the peaks in

the 2D Fourier transform of the filament image. In this case, a

direct determination of the helical pitch by spotting repeating

patterns in the z-height profile or estimating the magnitude of

the tilt of the pattern in 2D Fourier transformed image may not

be straightforward as the differences expected for different

cross-sectional symmetries may be small. Therefore, a best

guess of the cross-sectional symmetry and resulting helical

pitch was used for the initial 3D model building, and the validity

of this initial guess was checked by comparing simulated image

and its 2D Fourier transform power spectrum with the image

data of the filament in a subsequent step. This is illustrated for

the example Ab42 filament in Figure 1D where the helical pitch

was estimated to be the peak-peak distances of every-other

peak in the central line z-height profile of the filament (e.g., filled

blue triangles in Figure 1D), possibly due to a C2 cross-sectional

symmetry or a 21-screw axis symmetry. This guess for the

example filament was validated because the simulated image

based on the 3D model constructed using the guessed pitch

values (Figure 1F) matched well with the image data, and the

location of the main peaks in the 2D Fourier transformed image
matched with those in the 2D Fourier transformed power spec-

trum image of the data (arrow heads in Figure 1E).

Once the helical pitch and twist handedness is determined for

the individual filament being analyzed, the point cloud data repre-

senting the structure of the filament top is moved from its original

AFM height image coordinate system to a helical coordinate sys-

tem (Figure4A)where thehelical axisof thefilament is alignedwith

the y axis and the x/z-axes (the cross-sectional plane) rotateswith

the same rate along the helical axis as the helical filament being

analyzed. In this case, the x/z plane rotates with a q rotation angle

that is locally estimated, referenced onto the same peaks used to

calculate the local helical pitch values (filled blue triangles in Fig-

ure 1D). For the example Ab42 filament, the q rotation angle at

any given y coordinate along the helical axis is shown in Figure 4B

where thebluecrossesare the local referencepointsat full integral

number of complete turns around the helical axis, and the red line

represents the interpolated q valuesalong thehelical axis by cubic

splines interpolation. The cross-sectional envelope of the helical

filament was then visualized on the helical x/z plane when the

point cloud was registered onto the rotating x/z-frame. Figure 1H

shows the visualization of the cross-sectional envelope of the

example Ab42 filament segment as a density map of the contact

points in the x/z-plane constructed using a non-parametric

Gaussian kernel density estimator41 (Equation 3). The spatial res-

olution of this density map was subsequently estimated by a

Monte Carlo (MC) approach where the points in the point cloud

were randomly split into two equal sized sets. The density map

of each set of points were separately constructed (an example

pair is shown in Figure 4C) and their Fourier ring correlation

were evaluated using the ½-bit information criterion40 (Equations

4 and 5, respectively). For the example Ab42 filament segment

shown in Figure 1H, evaluated using 500MC cycles, the resulting

spatial resolution estimate was around 13.1 Å (Figure 4D).

Finally, the 3D surface envelope of the whole of the filament

was also visualized. This was achieved by least-squares spline

fitting an average cross-sectional envelope represented by a
Structure 33, 363–371, February 6, 2025 367



Table 1. Summary of existing open-source AFM data analysis software relevant and useful for individual filament level structural

analyses, and comparison with Trace_y

Software tool Web URL Capability Status and reference

Gwyddion http://gwyddion.net General image visualization and processing

software for AFM topological height images

as well as data from a range of other

AFM imaging modes.

Gwyddion is originally described in

Necas & Klapetek (2012)45 and was

updated to version 2.66 as of May 2024.

FiberApp https://github.com/

ivan-usov/FiberApp

Analysis software tool for AFM topological

height images with emphasis on filament

tracing and statistical analysis of the

filaments.

FiberApp is described in Usov & Mezzenga

(2015)46 and was last updated in 2018.

TopoStats https://github.com/

AFM-SPM/TopoStats

Processing and analysis software tool

for AFM topological height images with

emphasis on linear or circular DNA

contour tracing and extraction of

statistical information.

TopoStats is described in Beton et al.

(2021)44 and was updated to

v2.2.1 as of June 2024.

NanoLocz https://github.com/

George-R-Heath/NanoLocz

Processing and analysis software tool for

High-Speed AFM topological height images

and videos with emphasis on particle

tracking and localization-AFM (L-AFM)

analysis.

NanoLocz is described in Heath

et al. (2024)47 and was updated

to v1.20 as of May 2024

Trace_y https://github.com/

wfxue/Trace_y

AFM image analysis software tool with

emphasis on individual helical filament

structures described in this report.

Generates 3D contact point clouds from

AFM height images and performs tracing

and 3D structural reconstruction of

helical filaments.

Described in this report, and current

version 7 as of November 2024
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cubic spline curve in the x/z-plane at gridded y coordinates of the

point cloud data along the helical axis. A moving window

approach to select only points in the point-cloud local to each

evaluated y coordinate (within ±1 helical pitch distance in their

y coordinate along the helical axis) were used to construct

cross-sectional envelopes that takes into account local structural

variations as previously described.14 The final 3D surface enve-

lope of a 400 nm segment of the example Ab42 filament is shown

in Figures 4E and 4F. For multimodal visualization of structural,

nano-mechanical, or physicochemical properties, the filament

3D model surface coordinates can be correlated and color-

coded according to data from other AFM channels, for example

stiffness, deformation, or infrared absorption. Here, the example

filament model was colored by its local structural features, spe-

cifically by the perpendicular distance to the helical axis in Fig-

ure 4E to highlight its helical properties and by its local twist angle

per unit length in Figure 4F to highlight the structural variations in

its twist along this single individual filament.

DISCUSSION

Atomic forcemicroscopyhas recently embarkedona renaissance

in terms of its application in imaging of biological/soft materials

and in molecular and structural biology, driven by the recent de-

velopments in high-speed AFM instrumentation42 and several

new emerging image analysis algorithms and tools9,14,43–47 (Ta-

ble 1). AFM imaging has already led to new structural insights

for example with bacterial cell walls,11 ion channels,48 DNA,49

and intrinsically disordered proteins.50 Despite the limitations of

the AFM physics due to the nanometer size of the probe tip and
368 Structure 33, 363–371, February 6, 2025
that only the surface features of molecules of interest are probed,

AFM is capable of time-resolved imaging with �100 ms temporal

resolution in aqueous conditions, allowing the dynamics of mole-

cules to be studied under ambient conditions. AFM is also

capable of high signal-to-noise topology imaging with typically

sub Ångström noise and �1 Å resolution in the z height-axis.

This feature allows for structural analysis of individual molecules

without cross-molecule averaging.13,14,35 This allows the struc-

tural variations between individual molecules in a population or

within the same molecular assembly to be resolved and quanti-

fied.13,35 For example, the structural population distribution of

polymorphous Ab42 amyloid fibrils has been recently resolved,

and the heterogeneity of the population under different conditions

aswell as the dissimilarities between individual filament structures

in the population distribution was quantified. Individual filament

level analysis also resulted in the ability to analyze and identify

rare fibril species within the heterogeneous Ab42 amyloid popula-

tions.35 Thus, the two notable features of AFM, the abilities to

study individual molecules and their dynamics, fill an important

gap in the type of molecular structural information that can be

gained, and create an unique niche for AFM in structural biology

where methods, such as cryo-electron microscopy, nuclear mag-

netic resonance spectroscopy, and X-ray crystallography all pro-

vide ensemble averaged structural information.

Here, the high signal-to-noise topology imaging feature of AFM

is exploited to allow 3D structural studies of individual helical fil-

aments such as amyloid protein fibrils. Recent structural analysis

of individual amyloid fibrils formed from a tau sequence37,51 and

from a b2-microglobulin variant52 by AFM carried out in parallel

with cryo-electron microscopy has validated that the 3D surface

http://gwyddion.net
https://github.com/ivan-usov/FiberApp
https://github.com/ivan-usov/FiberApp
https://github.com/AFM-SPM/TopoStats
https://github.com/AFM-SPM/TopoStats
https://github.com/George-R-Heath/NanoLocz
https://github.com/George-R-Heath/NanoLocz
https://github.com/wfxue/Trace_y
https://github.com/wfxue/Trace_y
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envelopes of the individual filaments analyzed by Trace_y indeed

match with the cryo-electron microscopy derived maps of iden-

tical filament species. These cases demonstrated the accuracy

of the Trace_y 3D-reconstruction algorithm and provided vali-

dating evidence for structural analysis helical amyloid fibrils using

Trace_y. The Trace_y 3D-reconstruction algorithm requires heli-

cal filaments of at least one to two helical pitch in length, and only

partial reconstruction of the top surfaces can be achieved at in-

dividual filament level by CPR-AFM for very short filaments or fil-

aments without sufficient helical twist where one helical pitch or

more in length is not observed. Currently, the Trace_y workflow

assumes no substantial deformations of the filaments at low im-

aging forces used in the experiments. Inclusion of possible defor-

mations models, particularly in the helical axis of the filament

used to axis-align the 3D point clouds of the filaments, could

further improve the accuracy of the 3D reconstruction.

TheTrace_y software and theworkflowbasedon3DCPR-AFM

presented here is a post-experiment analysis approach. As such,

it iswidely applicable for theanalysis of topographical AFMheight

images. Importantly, the application of Trace_yonhelical amyloid

fibrils demonstrated here show unequivocally that 3D structural

reconstruction is possible using AFM image data as input. The

CPR approach allows this by unlocking the 3D information en-

coded in the topological images and show that this information

can be understood and visualized as 3D contact point clouds.

Contact point clouds can be quantitatively analyzed once aligned

to an appropriate and meaningful coordinate system and/or to

each other, this is a process also referred to as point cloud regis-

tration. Indeed, point cloud registration is a principal problem that

features prominently in pattern recognition and computer vision

fields. In the case of Trace_y, the current presented version of

the 3D reconstruction workflow and the algorithms that underpin

the key steps of the workflow establishes many opportunities for

further developments, refinements and improvements at each

and every step by the bio-AFM community. For example, refine-

ments to thehelical axis estimate andsubsequently thealignment

of the cross-sectional axes will improve the overall quality of the

3D point cloud in representing the surface envelope of the helical

structures of interest. Integrative approaches involving spatial 3D

data sources from cryo-EM,molecular PDBmodels fromNMRor

X-ray crystallography studies, or predicted molecular models or

designs (e.g., by AlphaFold53 and Rosetta54) can further extend

the use of the 3D point cloud data and provide models by which

the point clouds can be compared to or registered onto. In addi-

tion, itmaybepossible tomapchemical or nanomechanical infor-

mation onto the 3D surface envelopes (e.g., using analogous

approach as demonstrated in Figures 4E and 4F) reconstructed

from multi-modal AFM-IR, AFM-Raman, or AFM nano-me-

chanics experiments. Therefore, these opportunities may make

it possible to distinguish between different conformational or

ligand binding states of biological molecules or complexes, facil-

itating the analysis of protein structure and function to highdetails

on a single, individual molecule level.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Trace_y (version 7) This paper https://github.com/wfxue/Trace_y

MATLAB (release 2024a) MathWorks https://www.mathworks.com/

products/matlab.html

Other

Bruker MultiMode 8 scanning probe

microscope with Nanoscope V controller

Bruker https://www.bruker.com/en/products-and-

solutions/microscopes/materials-afm.html
METHOD DETAILS

AFM specimen preparation
The 3D contact-point reconstruction AFM (CPR-AFM) workflow to analyse the 3D surface envelopes of individual helical filaments

using Trace_y is demonstrated on amyloid fibrils formed from the 42 residues long Amyloid b 1-42 peptide (Ab42). Helical filaments

formed from Ab42 is associated with neurodegenerative diseases such as Alzheimer’s disease (AD), in which extracellular deposits

known as plaques containing Ab42 amyloid fibrils are found in brains of patients.55 Here, fibrils were formed in vitro from recombinant

Ab42
56 in 20mMHEPES buffer under quiescent conditions at pH 7.4 and 37�C.35 The fibrils were deposited onto freshly cleaved mica

discs as previously described.35

Topographical AFM image data acquisition
Ab42 amyloid fibrils were imaged by AFM using a Multimode 8 SPM with a Nanoscope V controller (Bruker) operating under peak-

force tapping mode as detailed previously.13 Briefly, ScanAsyst silicon nitride probes (Bruker) with nominal tip radius of 2 nm and

nominal spring constant of 0.4 N/m were used. Topographical height images with a scan size of 4 3 4 mm and 2048 3 2048 pixels

or 83 8 mm and 40963 4096 pixels were collected, maintaining a pixel density of 0.512 pixels/nm. A scan rate of 0.305 Hz was used

for the 43 4 mmand 0.2 Hz for the 83 8 mmscans. The fibrils were probed gently using�400 pN of peak-force, with a noise threshold

setting of 0.5 nm and the Z limit was of 1.5 mm were used.

Initial image processing
Nanoscope analysis software supplied with theMultimode 8 SPM instrument (version 1.5, Bruker) were used for the initial processing

of the z-height image data. Line flattening was performed to remove tilt and scanner bow by fitting a 3rd-order polynomial baseline to

each scan line of the z-height channel image. For background flattening, the thresholding option in Nanoscope analysis was used and

the thresholding level wasmanually adjusted prior to the polynomial fit. The height channel of the data was then imported into Trace_y

for the subsequent steps of the workflow.

QUANTIFICATION AND STATISTICAL ANALYSIS

The algorithms in the Trace_yworkflowwere implemented inMatlab (2024a, TheMathWorks, Natick,MA) and include graphical user-

interface for various steps in the workflow that requires user inputs. Equation 1 describes the Gaussian wall model39 used to deter-

mine a point’s coordinates bx and by along the central filament contour.

z = h$exp

�
� 1

2s2

�
ðx � bxÞsin f+ðy � byÞcos f+cððx � bxÞcos f+ðy � byÞsin fÞ2

�2
�

(Equation 1)

In Equation 1, h is the height of the Gaussian wall, s is the standard deviation of the Gaussian cross-section, f is the angle of the

filament on the x/y-plane and c is the curvature parameter. The 3D reconstruction of tip-sample contact points were performed by

image deconvolution as previously described (example in Figure 3).14 For the deconvolution procedure, a rounded cone tip model

made by rotation of the half cross-section described by Equation 2 around the y-axis is used.

y =

8<
:�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � x2

p
+

r

sin a
; 0% x < r cos a

x cot a; xR r cos a

(Equation 2)
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In Equation 2, a is the half-angle of the tip cone and was set to 18� here (estimated from the tip geometry information provided by

the manufacturer). The r parameter is the tip-radius. The cross-section contact-point density maps (Figures 1G and 4C) was con-

structed using a non-parametric bivariate Normal kernel density estimator (Equation 3).

bfHðx;HÞ =
1

n

Xn

i = 1

KHðx � xiÞ; KH =
1

2p
jHj� 1=2e� 1

2
xTH� 1x (Equation 3)

In Equation 3, bfH is the estimated contact-point density, x are the x, z coordinates vectors. KH is the Normal kernel distribution, and

H is the bandwidth parameter. For the bandwidth parameter, a scalar bandwidth parameter estimated with a non-parametric

method41 times the identity matrix is used. The spatial resolution for the cross-section contact-point density map were estimated

using Fourier ring correlation (Equation 4) evaluated with the ½-bit information criterion (Equation 5).40

FRC1;2ðriÞ =

P
r ˛ ri

F1ðrÞ$F2ðrÞ�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�P
r ˛ ri

jF1ðrÞj2
�
$
�P

r ˛ ri
jF2ðrÞj2

�r (Equation 4)
T1=2�bitðriÞ =

0:2071+1:9102$
1ffiffiffiffiffiffiffiffiffi
nðriÞ

p
1:2071+0:9102$

1ffiffiffiffiffiffiffiffiffi
nðriÞ

p (Equation 5)

In Equations 4 and 5, FRC1,2 denotes the Fourier ring correlation for each ring ri in the Fourier space of density images 1 and 2, and n

denotes the number of pixels in each ring. The Software package containing the code, and stand-alone executable of Trace_y (cur-

rent version 7) prepared using Matlab Compiler (Matlab 2024a), can be downloaded from the GitHub (https://github.com/wfxue/

Trace_y).
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