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Abstract 22 

Technological advances in transmission electron microscopes and detectors have turned 23 

cryogenic electron microscopy (cryo-EM) into an essential tool for structural biology. A 24 
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commonly used cryo-EM data analysis method, single particle analysis, averages 25 

hundreds of thousands of low-dose images of individual macromolecular complexes to 26 

determine a density map of the complex. The presence of symmetry in the complex is 27 

beneficial since each projection image can be assigned to multiple views of the complex. 28 

However, data processing that applies symmetry can average out asymmetric features and 29 

consequently data analysis methods are required to resolve asymmetric structural 30 

features. Scipion is a cryo-EM image processing framework that integrates functionalities 31 

from different image processing packages as plugins. To extend its functionality for 32 

handling symmetry mismatches, we present here a Scipion plugin termed LocalRec 33 

implementing the localized reconstruction method. When tested on an adenovirus data 34 

set, the plugin enables resolving the symmetry-mismatched trimeric fibre bound to the 35 

five-fold vertices of the capsid. Furthermore, it improves the structure determination of 36 

the icosahedral capsid by dealing with the defocus gradient across the particle. LocalRec 37 

is expected to be widely applicable in a range of cryo-EM investigations of flexible and 38 

symmetry mismatched complexes.  39 
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Highlights 50 

● LocalRec plugin implements the localized reconstruction method in Scipion 51 

software framework 52 

● Localized reconstruction of the symmetry-mismatched adenovirus fibre reveals 53 

its domain organisation 54 

● Individual refinement of adenovirus capsid subunits improves the resolution  55 

● Composite models of complex assemblies such as adenovirus capsid and fibres 56 

can be generated from several sub-volume reconstructions 57 
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1. Introduction 62 

Cryogenic electron microscopy (cryo-EM) is a powerful technique of structural biology. 63 

When combined with single particle analysis (SPA), it facilitates the study of biological 64 

macromolecules and their complexes by yielding three-dimensional (3D) reconstructions, 65 

which are 3D maps of the macromolecular electrostatic potential (referred to here as 66 

density maps). If the resolution of the density map is sufficient, typically better than 4.0 67 

Å, it is possible to derive an atomic model of the complex to gain insights into its function. 68 

Because cryo-EM images suffer from low signal-to-noise ratio, in order to reach sufficient 69 

signal at the target resolution tens or hundreds of thousands of images of the target protein 70 

or complex (so-called ‘particles’) are required. The required number of particles is 71 

reduced by the presence of symmetry in the complex as each individual particle 72 

effectively contributes several symmetry-related views of the complex. However, when 73 

symmetry is utilized in calculating the density map, features that do not follow the 74 

assumed symmetry are incorrectly averaged. Conversely, if the assumption of a certain 75 

symmetry is only an approximation, it may reduce the attainable resolution of the whole 76 

complex. 77 

To handle symmetry mismatches, several approaches have been developed 78 

(Huiskonen 2018; Goetschius, Lee, and Hafenstein 2019). These include standard 79 

asymmetric refinement (SAR) (Guo et al. 2013) and symmetry relaxation (Morais et al. 80 

2001) in addition to symmetry expansion, focused classification (S. H. W. Scheres 2016; 81 

Grigorieff 2016) and multibody refinement (Nakane et al. 2018). The SAR approach 82 

handles symmetry mismatches simply by ignoring any symmetry in the complex. This 83 

method is computationally expensive since it searches for orientation parameters over the 84 

full angular space, and the signal from the dominant symmetry can bias these orientation 85 

parameters. Assuming that the asymmetric substructure is locked into the complex, the 86 
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performance of SAR can be improved using the symmetry relaxation technique. This 87 

approach uses the alignment information from a previous refinement run using the 88 

dominant symmetry and limits the search space to n discrete orientations related to the 89 

“symmetry mates” of the particle (e.g. 60 symmetry mates in the case of icosahedral 90 

symmetry). Although this method is efficient and less likely to get trapped in a local 91 

minimum, it is limited to structures with a single symmetry-mismatched subunit. To 92 

overcome this limitation, the combination of symmetry expansion and focused 93 

classification/refinement can be used for structures with more than one symmetry-94 

mismatched substructure. This approach treats asymmetric units or smaller subunits of 95 

the complex as if they were individual particles, by expanding symmetry to generate all 96 

symmetry-related orientation parameters for each particle. A mask defining a single 97 

subunit is then applied on the volumes during classification and/or refinement and this 98 

way each subunit gets analysed independently from other subunits. Even though this 99 

method has been widely used for asymmetric reconstruction, expanding symmetry 100 

increases the number of particles by a factor of symmetry order (e.g. 60 for icosahedral 101 

symmetry) which can be computationally expensive for large complexes such as viruses. 102 

Additionally, the center of mass of the subunit should be moved to the center of the 103 

subunit for proper local alignment. 104 

To overcome some of the limitations of earlier methods for handling symmetry 105 

mismatches, we have previously published a method called localized reconstruction (Ilca 106 

et al. 2015). In this method, smaller image areas (sub-particles), corresponding to 107 

different symmetry-related subunits, are extracted from particle images and then 108 

processed as if they were individual particles. The orientation of each sub-particle is 109 

calculated using the orientation and symmetry of the original particle. Furthermore, if the 110 

sub-particle is symmetric itself, it can be aligned to its own symmetry convention. As the 111 
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sub-particles are located at different heights in the original particle, their defocus value is 112 

adjusted accordingly. In contrast to the “expand symmetry and focused 113 

classification/refinement approach”, localized reconstruction requires less memory as the 114 

sub-particles can be considerably smaller than the original particle. The original 115 

implementation of localized reconstruction, however, offered no graphical user interface 116 

and was linked to a single specific software, limiting its wider applicability.  117 

Here, to increase the accessibility of the localized reconstruction method, we have 118 

integrated the method as a plugin called LocalRec to the Scipion software framework (de 119 

la Rosa-Trevín et al. 2016). The Scipion framework integrates different protocols from 120 

several well-established SPA packages, including those handling symmetry-mismatches 121 

(Table 1). Using the Scipion LocalRec plugin, one can define and extract sub-particles, 122 

and follow conventional SPA workflows using a range of state-of-the-art methods in 123 

order to resolve the symmetry-mismatched subunit. In addition, we introduce a new 124 

protocol for creating a composite map of the particle from several subunit reconstructions, 125 

similar to the ‘block-based’ reconstruction method (Zhu et al. 2018). We demonstrate 126 

different functionalities of the plugin by improving the resolution of the adenovirus 127 

subunits after tackling their inherent flexibility and/or associated symmetry-mismatches. 128 

In general, LocalRec plugin is expected to increase the applicability of the localized 129 

reconstruction method and to ease its integration with other methods via its incorporation 130 

into Scipion. 131 

  132 

 133 

 134 

 135 
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2. Materials and Methods 136 

2.1. Icosahedral reconstruction of adenovirus 137 

To test the developed Scipion protocols, we used a dataset of 1,326 cryo-EM micrographs 138 

of human adenovirus subspecies D serotype 26 (HAdV-D26) that has been published 139 

earlier (Yu et al. 2017). The micrographs (pixel size 1.31 Å), 8,684 particle coordinates 140 

and a 3D reconstruction of the particle (EMD-8471) were imported using 141 

scipion - import micrographs, scipion - import coordinates and scipion - import volumes 142 

protocols, respectively. Contrast transfer function (CTF) parameters were estimated using 143 

protocol grigoriefflab - ctffind4 (Rohou and Grigorieff 2015). The remaining processing 144 

steps were performed using RELION 3.0.7 and associated Scipion protocols. Particles 145 

were extracted from micrographs using relion - particles extraction using both the 146 

original sampling (particle box size 1,200×1,200 pixels) and a downsampling factor of 3 147 

(box size 400×400 pixels). The down-sampled particles were refined using relion - 3D 148 

auto-refine to determine their alignment parameters (origins and orientations in 149 

icosahedral I1 convention). The 3D reconstruction of the particle was low-pass filtered to 150 

40 Å to serve as an initial model. The resolution of this initial refinement using the down-151 

sampled particles (7.9 Å) was limited by the Nyquist frequency. The alignment 152 

parameters from the down-sampled particles were assigned to the original particles using 153 

scipion - alignment assign protocol for high-resolution reconstruction. This was 154 

performed using relion - 3D auto-refine. For computational efficiency, orientation and 155 

origin search was skipped by limiting the alignment to one orientation and translation. 156 

Protocol relion - post-processing was used to estimate the resolution based on Fourier 157 

shell correlation between two independent half-maps. The reconstruction statistics are in 158 

Table 2.  159 
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2.2. Localized reconstruction of the adenovirus fibre 160 

For the localized reconstruction of the trimeric fibre, we subtracted the signal contributed 161 

by the hexons from raw 2D images. To do this, we fitted the asymmetric unit atomic 162 

model (PDB:5TX1; all chains except penton base and fibre protein chains N and O) to 163 

the icosahedral map and segmented the associated density using the split map function in 164 

UCSF Chimera. The extracted density was imported to Scipion and 165 

xmipp3 - create 3d mask protocol was used to create an icosahedrally symmetric binary 166 

mask defining all capsid components except penton bases and trimeric fibres. The mask 167 

was used for partial signal subtraction in relion - subtract projection protocol to calculate 168 

a set of particles lacking these components in the particle projection images (Bai et al. 169 

2015). 170 

To define the twelve fibre sub-particles within each particle image, we used the 171 

unit vector [0.000, 0.5257, 0.8507] defining the upper, front-most five-fold vertex for the 172 

icosahedrally symmetric reconstruction in the I1 symmetry convention (Supplementary 173 

Figure 3). The sub-particle alignment parameters were calculated using 174 

localrec - define subparticles protocol using this vector and length of 444 Å, centering 175 

the sub-particles in the middle of the penton base. Sub-particle orientations were defined 176 

relative to the Z-axis using the ‘align subparticles’ option. This protocol created 521,040 177 

sub-particles (60×8,684). Protocol localrec - filter subparticles reduced the number of 178 

sub-particles to 69,590 by removing overlapping sub-particles on the five-fold symmetry 179 

axes (4 out of 5 for each vertex) and selecting sub-particles located within 0–40° from the 180 

particle side view to exclude those fibres that overlapped significantly with residual 181 

capsid and genome density in the projection image. We set the box size to 280×280 in 182 

localrec - extract subparticles protocol to extract sub-particle images from the subtracted 183 

particle images. A low-resolution initial volume (10 Å) was calculated using 184 
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relion - reconstruct protocol. A 3D classification focused on the trimeric fibre was then 185 

carried out using relion - 3D classification protocol to classify the sub-particles into three 186 

classes. In order to determine which of the five possible C5-related views of the template 187 

matched the observed sub-particle the best, we relaxed the symmetry of the five-fold 188 

symmetric penton base (C5) to no symmetry (C1) using our symmetry relaxation by 189 

multimodal priors (Ilca et al. 2019) in custom RELION based on version 3.0.6 (available 190 

from https://bitbucket.org/LSB-Helsinki/relion-3.0). For this classification, we used a 191 

regularisation parameter T=4 and no shifts or further rotations were allowed. It is worth 192 

mentioning that symmetry relaxation used here is a multimodal prior model since one 193 

prior is centered at each symmetry-related orientation of a sub-particle using the option -194 

-relax_sym C5. A total of 41,638 sub-particles were selected from the class with the 195 

majority of sub-particles (57% of total). To calculate two half-maps in addition to the 196 

final map at the appropriate resolution in one step, we used relion - 3D auto-refine 197 

protocol, where no shifts or rotations were allowed (alternatively one could reconstruct 198 

the two half-maps and the final map using relion - reconstruct). The structure was 199 

resolved to 7.6-Å resolution as estimated by FSC (0.143 threshold) using 200 

relion - postprocessing. The reconstruction statistics are in Table 2. 201 

Atomic model of the fibre knob (PDB:6FJO) was fitted into the localized 202 

reconstruction as a rigid body using UCSF Chimera. The fit was performed using the 203 

global search function of ‘Fit in Map’ with 100 random initial placements to prevent any 204 

bias. This global fitting was followed by a local optimization to fit the model using cross-205 

correlation metric. 206 
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2.3. Reconstruction of the adenovirus capsid from separate sub-207 

particle reconstructions 208 

We reconstructed HAdV-D26 asymmetric unit by combining four localized 209 

reconstructions, each centered at one of the four unique hexons that are not related by 210 

icosahedral symmetry. Four vectors were defined from the particle centre to the centre 211 

point of each hexon protein. The centre point was first calculated by fitting an atomic 212 

model of the hexon and calculating its centre of mass in UCSF Chimera. The four vectors 213 

were stored as Chimera marker files. Protocol localrec - define subparticles was used to 214 

calculate the location and orientation of each subparticle in each particle. It is worth 215 

noting that, unlike in the case of the trimeric fibre sub-particles (section 2.2), aligning the 216 

hexon sub-particles along the Z-axis was unnecessary. A total of 521,040 sub-particles 217 

(60 from each particle) for each hexon were extracted from particle images (8,684) pixels 218 

using localrec - extract subparticles protocol (box size of 256×256 pixels). A localized 219 

reconstruction was calculated for each hexon using relion - reconstruct limiting the 220 

resolution to 10 Å. The box size was sufficiently large to include the penton protein in 221 

the case of the localized reconstruction of the peripentonal hexon (hexon 1). 222 

To account for potential flexibility of the HAdV-D26 capsids, the four localized 223 

reconstructions were further refined by performing a local search around the priors (0.9 224 

degree initial angular sampling, 1.8 degree sigma for the angular search range, 1 pixel 225 

initial translational sampling, 5 pixel sigma for translational search range) using 226 

relion - 3D auto-refine protocol. Resolution estimation by FSC and amplitude weighting 227 

was carried out using relion - post-processing protocol. Because the density of the 228 

particle extends outside of the localized reconstruction box, care must be taken to mask 229 

the halfmaps with a spherical mask containing a soft edge that reaches zero density value. 230 

We created a spherical mask using xmipp - create 3D mask with a radius of 80 pixels and 231 
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a soft edge using sigma width of 4 pixels. This mask was applied to the halfmaps in the 232 

FSC calculation. For an unbiased comparison, a representative volume of the same size 233 

(corresponding to hexon 1) was extracted from the icosahedral reconstruction and the 234 

FSC was calculated using the same mask and box size. Reconstruction statistics are 235 

presented in Table 2. To create a composite model of the capsid, the individual hexon 236 

reconstructions were combined using localrec - stitch subparticles protocol. The default 237 

mask (radius 128 pixels) was used. Icosahedral symmetry was imposed and the composite 238 

volume box size of 1,200×1,200 was used. 239 

3. Results 240 

We describe a plugin named LocalRec for the Scipion software framework (de la Rosa-241 

Trevín et al. 2016). The plugin implements the localized reconstruction method we have 242 

proposed earlier (Ilca et al. 2015) in addition to new functionalities which are described 243 

in section 3.1. We demonstrate different uses of the LocalRec plugin using previously 244 

published cryo-EM images of HAdV-D26 as a test case (Yu et al. 2017). To illustrate 245 

integration with standard single particle analysis (SPA) workflows, we first reconstruct 246 

the structure of the icosahedrally symmetric capsid of adenovirus (section 3.2). We then 247 

use LocalRec to tackle its symmetry-mismatched trimeric fibres (section 3.3) and 248 

corresponding deviation from icosahedral symmetry (section 3.4) before building a 249 

composite model of the entire particle (section 3.5). 250 

3.1. LocalRec plugin for localized reconstruction in Scipion 251 

We chose to implement the method in Scipion for several reasons. First, the Scipion 252 

framework has been designed with integration and extensibility at its core. As a result, 253 

we could focus on developing new methods and analysis tools, while benefiting from 254 

existing functionalities. Scipion provides developers with many reusable functions and 255 
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classes for handling and visualizing EM data that facilitate the implementation of new 256 

plugins. For instance, since our protocol for defining sub-particles uses the built-in 257 

graphical user interface for picking particles, the user can visualize sub-particles within 258 

particles as if they were particles within micrographs (Supplementary Figure 1). 259 

Additionally, if in the future new visualization tools are implemented in Scipion, they 260 

will be available to our plugin without any extra work. The same applies if new protocols 261 

(that produce or consume the same type of data) are integrated from other packages, they 262 

could be used together with the protocols provided by the LocalRec plugin. Moreover, 263 

Scipion currently provides not only a variety of tools for dealing with symmetry-264 

mismatched structures (Table 1), but also allows to perform higher-order analysis such as 265 

examining possible flexibilities within subunits. Due to the variety of available tools and 266 

the flexibility of the framework, users are never locked into a fixed processing pipeline 267 

or a single software package. 268 

The LocalRec plugin includes four protocols: 1. localrec - define subparticles to 269 

calculate the coordinates of the sub-particles within each particle and calculate their 270 

alignment parameters (section 3.1.1), 2. localrec - extract subparticles to extract sub-271 

particle images from the particle images (section 3.1.2), 3. localrec - filter subparticles to 272 

remove sub-particles that are too similar according to certain alignment parameters 273 

(section 3.1.3) and 4. localrec - stitch subparticles to build a composite volume from 274 

several subvolumes (section 3.1.4). Protocols 1–3 are new implementations of our 275 

localized reconstruction method published earlier (Ilca et al. 2015). Protocol 4 is a new 276 

addition to LocalRec plugin and analogous to the ‘block-based’ reconstruction method 277 

(Zhu et al. 2018). A typical workflow utilizing these protocols and their integration with 278 

standard SPA protocols in Scipion framework is shown in Figure 1. In sections 3.1.1, 279 
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3.1.2, 3.1.3 and 3.1.4, we describe these protocols and provide guidelines on how to 280 

parametrise each protocol. 281 

3.1.1 Defining the sub-particles for each particle 282 

Any structure of interest can have one or more subunits that can be subjected to SPA 283 

routines independently of the rest of the complex (Ilca et al. 2015; Huiskonen 2018). For 284 

instance, in adenovirus, a trimeric fibre is bound to each of the twelve pentons located at 285 

the icosahedral vertices (Yu et al. 2017). To analyse such subunits, we wrote 286 

localrec - define subparticles protocol. This protocol uses as inputs the particle alignment 287 

parameters, the symmetry of the particle and a vector that specifies the position and view 288 

direction of one of the subunits. In addition, an angle around the view vector can be 289 

specified. The vector can be defined in two mutually exclusive ways. First, the terminal 290 

point of the vector can be defined as a string [x, y, z] (in ångströms; the initial point of 291 

the vector is assumed to be at [0, 0, 0]). If the specified vector is a unit vector (or any 292 

other vector with an arbitrary length), the length of the final vector (and thus the 293 

coordinates of the terminal point) can be specified with the “Alternative length” 294 

parameter in ångströms. Second, one can define the initial and terminal points of the 295 

vector in UCSF Chimera by placing two markers on the particle map. The first marker, 296 

specifying the initial point, is typically placed at the center of the particle map and the 297 

second marker, specifying the terminal point, is always placed on the sub-structure of 298 

interest (Ilca et al. 2015). For improved accuracy, the second marker should be placed at 299 

the centre of mass of the substructure, which in turn can be calculated by first fitting an 300 

atomic model of the subunit if such a model is available. In either case, these two markers 301 

can be saved as a Chimera marker file (CMM) and imported in the protocol instead of 302 

giving the vector terminal point coordinates (and alternative length) manually. 303 



 

13 

Irrespective of how the vector has been defined, its initial and terminal point coordinates 304 

(Å) are converted to pixels internally in the protocol. We would like to note that the 305 

absolute length of the vector itself has no significance as only the direction of the vector 306 

and its terminal point coordinates are used to calculate the sub-particle alignment 307 

parameters. 308 

The algorithm first multiplies symmetry matrices related to the dominant 309 

symmetry group by each particle transformation matrix to generate an intermediate 310 

matrix. Euler angles for a sub-particle can be drawn out directly from this intermediate 311 

matrix. To calculate shifts, first, the position of the sub-particle within the particle image 312 

is calculated by multiplying shift values for x, y, and z (from the last column of the 313 

intermediate matrix) by the length of the input vector and adding it to the particle origin 314 

coordinates. Then, the decimal parts of x and y values (dec(x) and dec(y)) are considered 315 

as sub-particle small shifts relative to the sub-particle origin (originX = –dec(x) and 316 

originY = –dec(y)) while the integer parts (int(x) and int(y)) are assigned to the sub-317 

particle coordinate relative to the particle image (coordinateX = int(x) and coordinateY = 318 

int(y)). This allows retaining sub-pixel accuracy after extraction of sub-particles from 319 

particle images. Sub-particle coordinates of each particle can be visualised using the 320 

Scipion particle picker graphical user interface (Supplementary Figure 1). 321 

To take the defocus gradient across the particle into account, the height of the 322 

subunit within the particle (Δz) is subtracted from the defocus value of the particle (z) to 323 

get the defocus value of the sub-particle (z’). This is particularly necessary for large 324 

complexes such as viruses where the defocus values of the sub-particles coming from the 325 

near side and far side of the particle are significantly different from the average defocus 326 

value of the particle (DeRosier 2000; Miyazawa et al. 1999). The effect of this correction 327 

is evident for instance when comparing the sub-particle-based density maps calculated 328 
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for the adenovirus capsid with (z’=z–Δz) and without the correction (z’=z) and when the 329 

correction is applied in the opposite direction (z’=z+Δz), a case that would occur if the 330 

handedness of the particle reconstruction is inverted relative to the correct handedness 331 

(Supplementary Figure 2). 332 

Two parameters of this protocol require special attention: 333 

1. Align sub-particles: This parameter should be set to ‘yes’ if the user intends to 334 

take possible cyclic symmetry of the subunit into account in the subsequent steps. 335 

If set to ‘yes’, an additional transformation is applied to the particle transformation 336 

matrix that brings the original view vector of the sub-particle along the z-axis 337 

(standard symmetry convention for cyclic symmetries) and further use of 338 

symmetry is possible. If set to ‘no’, the sub-particles will not be further aligned. 339 

Any localized reconstruction of the subunit will then be in the same orientation as 340 

the corresponding subunit in the original structure, and further use of the 341 

symmetry is not possible. These two alternatives are demonstrated for localized 342 

reconstructions of adenovirus penton base–fibre complex (Supplementary Figure 343 

3). 344 

2. Consider alternative handedness: If set to yes, the opposite hand of the particle 345 

reconstruction is assumed to be correct. As a consequence, the defocus gradient 346 

correction will be applied in the opposite direction than normally. This allows 347 

carrying out localized reconstruction without the need to repeat the reconstruction 348 

of the particle to yield a map with correct handedness first. Instead, all maps can 349 

be mirrored before starting their interpretation and building of atomic models. A 350 

test using adenovirus capsid localized reconstructions demonstrated that it is 351 

important to apply this correction consistently with the particle reconstruction 352 
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handedness, as the effect is noticeable at the relevant resolution and sample 353 

thickness (Supplementary Figure 2). 354 

3.1.2 Removing sub-particles with overlapping alignment 355 

parameters 356 

The defined sub-particles can overlap each other in the projection image of the particle 357 

and furthermore they may have overlapping view directions. To illustrate the latter point, 358 

we consider the pentons of the adenovirus: icosahedral symmetry produces 60 sub-359 

particles, but if our vector of choice defines the penton base residing on the icosahedral 360 

five-fold symmetry axis, we will have 12 sets of 5 sub-particles that differ only in their 361 

rotation around the axis. It is often beneficial to filter out such overlapping sub-particles 362 

(in our example case to yield only one penton sub-particle per vertex). We wrote 363 

localrec - filter subparticles protocol to carry out this task. This protocol provides a set 364 

of four filters to exclude sub-particles not intended for further processing based on their 365 

alignment parameters. These filters are:  366 

1. Angle to keep unique sub-particles: This filter selects a unique sub-particle within 367 

an angular distance which is useful when some sub-particles are on the symmetry 368 

axis and when it is not desired to pick such sub-particle several times (e.g., a sub-369 

particle on a five-fold vertex of an icosahedrally symmetric virus). This filter 370 

calculates and examines the angle between the view vectors calculated for each 371 

pair of sub-particles and discards one of them if the angle is less than this 372 

parameter value. 373 

2. Minimum distance between sub-particles: This filter controls the minimum 374 

distance between two sub-particles in the particle image to prevent overlapping 375 

sub-particles contributing to localized reconstruction. This filter calculates the 376 
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Euclidean distance between each sub-particle pair in the particle image and rejects 377 

all sub-particles within this minimum distance. 378 

3. Angle to keep sub-particles from side views: To select side-view sub-particles 379 

within a specified angular distance and discard the rest of the sub-particles. This 380 

parameter is useful when top views of sub-particles overlap with other density. A 381 

sub-particle will be selected if its view direction is within this angular distance 382 

from the side view. 383 

4. Angle to keep sub-particles from top views: Analogously to the previous filter this 384 

filter selects those sub-particles that are within the given angular distance from 385 

the top view. 386 

3.1.3 Extracting sub-particle images for single-particle analysis 387 

The sub-particles are extracted from the particle images using 388 

localrec - extract subparticles protocol (Figure 1). This protocol is similar to the 389 

protocols that extract particles from micrographs, such as xmipp3 - extract particles and 390 

relion - particles extraction. As the gray values of the particle image have already been 391 

normalized during the extraction of particles from the micrographs, the sub-particles are 392 

not further normalized. The only inputs to this protocol are the particle images, the 393 

coordinates of the sub-particles and the size of the sub-particle image in pixels. Any sub-394 

particle images that extend outside of the particle image will get discarded. In such cases, 395 

and in order to retain these subparticles, the particle images should first be extracted using 396 

a larger image box. 397 

It is worth mentioning that the extraction protocol retains the assignment into 398 

random half sets. This is crucial, as sub-particles coming from the same particle may have 399 

shared pixels due to overlaps and this could lead to overestimation of resolution by FSC. 400 
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As all the sub-particles coming from a certain particle image inherit the half-set 401 

assignment of that particle, they all contribute to the same half-map from localized 402 

reconstruction, and this problem can be avoided.  403 

 After sub-particle images have been extracted, they can be subjected to common 404 

SPA protocols, typically using their alignment parameters as prior information. These 405 

include 3D classification (such as relion - 3D classification) and 3D refinement (such as 406 

relion - 3D auto-refine). As part of these protocols, the sub-particles can be subjected to 407 

further methods to tackle their conformational heterogeneity (such as relion - multibody). 408 

These approaches are demonstrated in sections 3.3 and 3.4 on adenovirus fibres and 409 

capsid, respectively. 410 

3.1.4 Combining individual sub-particle reconstructions into a 411 

composite map 412 

Localized reconstruction of sub-particles creates several separate subvolumes, each 413 

representing a subunit or some other local region in the particle. We developed a method 414 

for building a composite volume of the particle from its subunits and implemented it as a 415 

LocalRec protocol named localrec - stitch subvolumes (Figure 1, Supplementary Figure 416 

4). The number of input subvolumes is unlimited, so the full volume can be broken into 417 

an arbitrary number of subvolumes to capture the inherent flexibility and/or symmetry 418 

mismatches among the subunits. 419 

The protocol requires two half-maps for each input subunit from a refinement 420 

protocol (e.g. relion - 3D auto-refine) and the related vectors defining the position of the 421 

subunits relative to the entire particle. These vectors can be read from 422 

localrec - define subparticles protocols. Supplementary Figure S4 outlines the different 423 

steps of this algorithm. We tested both linear and bilinear interpolation schemes and chose 424 
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the linear interpolation as default since it is faster and was determined to be accurate 425 

enough for this application. This algorithm is computationally expensive since each half-426 

map of each subvolume and the associated mask go through several interpolation steps. 427 

To increase computational efficiency, we used Scipion’s in-built parallelization strategy 428 

to run independent steps simultaneously. For example, the symmetrization of masks and 429 

subvolumes are independent tasks and can be performed in parallel as long as there is 430 

enough memory available. The protocol outputs two half-maps of the final composite 431 

volume, so the user can assess the resolution based on FSC using, for instance, 432 

relion - post-processing and/or relion - local resolution protocols. Alternatively, if the 433 

half-maps are not needed, the protocol can be run on the final maps alone to produce a 434 

single composite volume. In section 3.5 we demonstrate the use of this protocol on 435 

adenovirus.  436 

3.2 Icosahedral reconstruction of human adenovirus serotype 26 in 437 

Scipion 438 

To test the developed Scipion protocols, we used hAdV-D26 as subject specimen. We 439 

first reconstructed the icosahedrally symmetric structure of the viral capsid using 440 

established packages, mainly RELION and related Scipion plugins (see Methods). The 441 

density of the capsid was resolved to 3.8 Å resolution (FSC=0.143 criterion; 442 

Supplementary Figure 5A; Table 2), displaying the features of hexons, pentons and minor 443 

proteins consistent with the 3.7-Å resolution reconstruction published earlier (Yu et al. 444 

2017). As expected, the trimeric fibres bound to the penton protein at each of the twelve 445 

vertices were not properly resolved due to their flexibility and symmetry-mismatch. This 446 

symmetry-mismatch arises from the three-fold symmetry of the trimeric fibre and the 447 

five-fold symmetry of the penton protein. 448 
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Adenovirus (hAdV-5) capsid has been crystallized and its structure determined to 449 

3.5-Å resolution by X-ray diffraction, suggesting that the structure is relatively rigid 450 

(Reddy et al. 2010). However, it is not clear what is limiting the resolution of the X-ray 451 

structure and the icosahedral cryo-EM reconstructions to 3.5–3.7 Å resolution. The 452 

thickness of the specimen, leading to a defocus gradient across the structure, may limit 453 

resolution, but this effect becomes a limiting factor only at resolution 3.0 Å or better 454 

(DeRosier 2000). Thus, we hypothesized that the resolution of the hAdV-D26 capsid in 455 

solution may also be limited by flexibility leading to deviations from perfect icosahedral 456 

symmetry. Below we demonstrate how the developed LocRec plugin allows resolving the 457 

trimeric fibre (section 3.3), improving the resolution of the capsid (section 3.4) and 458 

building a composite map from the different localized reconstructions of capsid subunits 459 

and fibres (section 3.5). 460 

3.3. Localized reconstruction of the trimeric adenovirus fibre 461 

Using localized reconstruction in conjunction with symmetry relaxation in RELION (see 462 

Methods), we resolved the structure of the trimeric fibre to 7.3 Å resolution (Figure 2, 463 

Supplementary Figure 6). For this reconstruction, it was beneficial to subtract the 464 

contribution of hexons in the images (Bai et al. 2015). Without subtraction, the resolution 465 

of the fibre map was lower (8.8 Å; not shown) than with subtraction (7.3 Å). The 466 

subtraction also improved the B-factor of the map from 370 Å2 to 342 Å2. This suggests 467 

that the subtraction improved the alignment and/or classification accuracy of the fibre 468 

sub-particles. Although the resolution was limited, presumably due to flexibility or 469 

conformational variability, the map at 7.3-Å resolution was of sufficient quality to 470 

provide a domain level description of the fibre and allowed fitting of an atomic model. 471 

The shaft consists of eight repeats (Figure 2A) which is in agreement with previous results 472 
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(Yu et al. 2017). The fibre shows clear three-fold symmetry despite the fact no symmetry 473 

was imposed on the map (Figure 2B, Supplementary Figure 6B). To further validate the 474 

quality of the fibre knob density, we fitted a crystal structure of the HAdV-D26 fibre knob 475 

domain (PDB:6FJO; Figure 2) (Baker et al. 2019). The structure fitted well to the fibre 476 

knob density (model-to-map cross correlation 0.94), providing further validation of the 477 

reconstruction. Furthermore, we could locate three elbow-shaped fibre N-terminal tails 478 

(FNTs) that connect the center of the fibre to the PB subunits (Figure 2B). The fiber is 479 

tilted ~5 degrees away from the five-fold axis, presumably due to the quasi-equivalent 480 

binding modes of the FNTs (Supplementary Figure 6F).  481 

In conclusion, localized reconstruction and symmetry relaxation allowed 482 

resolving the symmetry mismatch in the adenovirus penton, and at least partially dealing 483 

with the flexibility of the fibre revealing its tilted conformation. Furthermore, our results 484 

confirm the proposed three-pronged fibre claw arrangement for FNTs and the eight-repeat 485 

model of the hAdV-D26 fibre shaft.  486 

3.4. Improved reconstruction of the adenovirus capsid 487 

Localized reconstruction of hexons 1–4 yielded maps at 3.1 Å resolution (FSC at 0.143 488 

threshold; see Methods; Figure 3A; Supplementary Figure 5B–E; Table 2). For map 489 

validation, we fitted the individual HAdV-D26 hexons 1–4 (PDB:5TX1) onto the hexon 490 

density maps as rigid bodies. Model-to-map FSCs at 0.5 threshold were 3.4, 3.3, 3.2 and 491 

3.2 Å for hexons 1–4, respectively. Visual examination of the maps and the fitted atomic 492 

models showed most side chains agreeing well with the density (a representative area is 493 

shown in Supplementary Figure 5B–E). For comparison, we fitted the hexons 1–4 494 

(PDB:5TX1) to the corresponding hexon densities in the 3.8-Å resolution icosahedral 495 

reconstruction yielding map-to-model FSC 3.9, 3.9, 3.8 and 3.8 Å (at 0.5 threshold). 496 
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Visual comparison of the map quality in the icosahedral reconstruction (Supplementary 497 

Figure 5A) and the hexon localized reconstructions (Supplementary Figure 5B–E) 498 

revealed a comparable level of detail. Some areas were resolved better in the localized 499 

reconstructions of the individual hexons than in the icosahedral reconstruction, reflecting 500 

the improvement in resolution from 3.8 Å to 3.1 Å in the former. 501 

The localized reconstructions of the hexons (hexon 1 map containing also the PB) 502 

were merged together to create a volume for the asymmetric unit (Figure 3B). 503 

Symmetrization of this volume yielded a composite map of the entire adenovirus capsid 504 

(Figure 3C). This composite map is comparable to the conventional icosahedral 505 

reconstruction but benefits from the improved resolution for the hexons (Supplementary 506 

Figure 6). 507 

In conclusion, the developed localized reconstruction protocols are accurate and 508 

able to resolve high-resolution detail. Furthermore, calculating a composite model of the 509 

capsid using the four hexon localized reconstructions allowed building a complete density 510 

map of the capsid. All maps created by the LocalRec protocol provided a similar or higher 511 

level of detail compared to conventional icosahedral reconstruction. 512 

3.5. Composite model of the adenovirus virion 513 

A composite model of the entire HAdV-D26 particle consisting of the capsid with twelve 514 

fibres was generated from hexons and trimer fibre localized reconstructions (Figure 4). 515 

Applying symmetry on the trimeric fibre poses a challenge. Icosahedral symmetry of the 516 

capsid corresponds to 60 symmetry operators, however only 12 trimeric fibres bind each 517 

capsid. Applying these operators on the fibre localized reconstruction would result in an 518 

average of five fibre densities at each five-fold symmetric vertex of the capsid. To tackle 519 

this, we defined a subset of the symmetry operators, corresponding to one fibre per vertex 520 
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(Figure 4A). It is worth noting that for any given HAdV-D26 particle image, alignment 521 

parameters were determined here only for a subset of its fibre sub-particles (as those fibre 522 

sub-particles that overlapped with the rest of the particle were excluded from alignment). 523 

In theory, the number of different types of possible HAdV-D26 particles, when it comes 524 

to their fibre orientations, is very large (512 including those related by symmetry). Here, 525 

for the purpose of creating one model and for simplicity, the symmetry operator for each 526 

five-fold vertex was chosen randomly. Combining the twelve fibres with the capsid 527 

composite model (Figure 4B) allowed creating a representative composite model of the 528 

HAdV-D26 particle (Figure 4C). In conclusion, this approach allowed combining the 529 

high-resolution structure of the capsid subunits with the lower resolution map of the fibre 530 

with its correct symmetry. 531 

4. Discussion 532 

Many symmetrical biological complexes contain additional subunits that do not follow 533 

the dominant symmetry. In such complexes, imposing the dominant symmetry averages 534 

out the symmetry-mismatched subunits. In the last few years, cryo-EM packages have 535 

started to include increasingly sophisticated tools for asymmetric single-particle image 536 

analysis (Huiskonen 2018; Goetschius, Lee, and Hafenstein 2019). The stand-alone 537 

Python implementation of localized reconstruction (Ilca et al. 2015) and its derivatives 538 

have been used in several studies such as determining the structure of flexible clathrin 539 

cages (Morris et al. 2019), classifying different dsRNA genome organisations in a virus 540 

capsid (Ilca et al. 2019), estimating the occupancy of receptor KREMEN1 bound to 541 

coxsackie virus A10 (Zhao et al. 2020), as well as tackling the asymmetric binding of 542 

prefoldin to TRiC/CCT chaperonin (Gestaut et al. 2019), the flexibility-induced blurring 543 

of Tra1 within the chromatin modifying complex SAGA (Sharov et al. 2017) and the 544 

“variable domains” of translation initiation factor eIF2 (Adomavicius et al. 2019). 545 



 

23 

 Here, we wrote a plugin named LocalRec to include the localized reconstruction 546 

method in the Scipion software framework, to extend its functionalities and to improve 547 

its accuracy. The plugin was implemented using mainly Scipion core functions and 548 

avoiding dependencies to other software packages, thus facilitating streamlined updates 549 

of the code in the future. 550 

 We used the LocalRec plugin to determine the structure of HAdV-D26 trimeric 551 

fibre to 7.3-Å resolution. The same structure has been studied earlier using localized 552 

reconstruction (Yu et al. 2017). In contrast to our density map of the fibre, in the earlier 553 

structure, the knob density did not show clear three-fold symmetry and two extra, artificial 554 

FNT densities were visible in addition to the three true FNT densities. This suggests that 555 

the earlier methods used to determine the orientation of the spike were suboptimal, 556 

leaving many fibre sub-particles misaligned. Here the LocalRec plugin together with the 557 

symmetry relaxation we implemented in RELION allowed determining the three-fold 558 

features of the trimeric fibre. 559 

 The alignment of individual building blocks separately, followed by stitching 560 

them back together, allows both correcting for flexibility and the defocus gradient, which 561 

is especially critical for large structures such as viruses. Earlier this method has been used 562 

for instance to improve the resolution of herpes simplex virus 1 capsid from 4.2 Å to 563 

3.5 Å (Dai and Zhou 2018). Further alignment of capsid building blocks may be  564 

especially useful in resolving structures with noticeable quasi-symmetry, where the 565 

subunits deviate significantly from their ideal positions (Huiskonen 2018). For instance, 566 

both sindbis virus (Chen et al. 2018) and Rift Valley fever virus (Halldorsson et al. 2018) 567 

show significant conformational flexibility in the outer glycoprotein shell and localized 568 

reconstruction has been employed to improve the resolution of the capsomers. In such 569 

cases, the asymmetric unit can be divided into as many sub-particles as is required to deal 570 
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with deviations from perfect symmetry. After aligning the sub-particles, the entire particle 571 

can now be built from its sub-particle localized reconstructions. Here the adenovirus 572 

capsid, a fairly rigid structure, provided a control case to demonstrate the accuracy of the 573 

implemented protocols. 574 

5. Conclusion 575 

The localized reconstruction method has previously been demonstrated to be useful in a 576 

wide variety of cases (Halldorsson et al. 2018; Morris et al. 2019; Ilca et al. 2019; Gestaut 577 

et al. 2019; Pang et al. 2019; Sharov et al. 2017; Zhao et al. 2020). The development of 578 

LocalRec plugin for Scipion, a common and well-established software framework (Rosa-579 

Trevín et al. 2016), is expected to facilitate further adaptation and development of this 580 

method. By seamless integration to all existing single particle methods available in 581 

Scipion, LocalRec will expedite investigations of biomolecular mechanisms that often 582 

involve symmetry-mismatched components, flexible subunits and transient interactions.  583 
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Figure Legends 601 

Figure 1. Localized reconstruction workflow in Scipion. For a list of LocalRec and 602 

associated protocols the user can select “Localized Reconstruction” from the dropdown 603 

menu (1). The protocols are grouped thematically in the left hand side menu for 604 

convenient access (2). A typical Scipion workflow combining several LocalRec and 605 

associated protocols (blue boxes) is illustrated (3). 606 

 607 

Figure 2 Localized reconstruction of the adenovirus penton. (A) A localized 608 

reconstruction of the trimeric fibre bound to the underlying penton base is shown from 609 

the side as a cut-open (left) and complete (right) surface model. The former surface model 610 

shows several cavities (1–8) likely corresponding to the eight repeating structural motifs 611 

proposed to make the shaft region. The latter surface model shows an atomic model of 612 

the knob region (PDB:6FJO) fitted into the density as a rigid body. The model is rendered 613 

as ribbon and the different subunits of the trimer are colored blue, teal and purple. (B) 614 

Top view of the fibre, cut at different heights (as shown in A), shows the knob region 615 

(top) and the shaft–penton base contact region (bottom). The schematic diagram 616 

illustrates how the three-fold symmetric fibre (triangle) is shifted relative to the centre 617 

point (red dot) of the five-fold symmetric penton base (pentagon). The bottom panel 618 

shows the three elbow-like densities (elbow 1–3) connecting the fibre to the penton base. 619 

Two of them (elbow 1 and 2) bind to neighboring penton subunits and the third (elbow 620 

3) is distal to the first two. (C) Resolution assessment of the penton by Fourier shell 621 

correlation. The effect of masking (Masked) was tested by phase randomisation 622 

(Randomized; starting at 1/18.3Å spatial frequency and dropping to zero as expected) to 623 

yield the final corrected FSC curve (Corrected). The resolution at which this curve 624 

intersects the threshold (dashed line at 0.143) is indicated. 625 
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 626 

Figure 3. Localized reconstructions of adenovirus capsid subunits. (A) Localized 627 

reconstructions of the four hexons forming the asymmetric unit. Each map has a part of 628 

density for neighboring hexons. Hexon 1 (cyan) also includes the penton protein (purple). 629 

(B) Composite model of the asymmetric unit calculated by combining individual hexon 630 

localized reconstructions in panel A. (C) Composite model of the full adenovirus capsid 631 

after applying icosahedral symmetry on the asymmetric unit in panel B. 632 

 633 

Figure 4. Composite model of the adenovirus virion. (A) Application of twelve 634 

transformations on the localized reconstruction of the fibre. The fibre has been masked to 635 

remove the penton base. (B) Masked reconstruction of the capsid with hexons and 636 

pentons. (C) A composite model created by overlaying the twelve fibres and the capsid 637 

map.  638 

 639 

 640 

 641 

 642 

 643 

 644 

 645 

 646 

 647 
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Tables 648 

Table 1. Protocols in Scipion for handling symmetry mismatches 649 

Software 
package / 
plugin 

Version Scipion protocol(s) Description References 

XMIPP 3.1 xmipp3 - 
break symmetry 

Given an input set of particles with 
angular assignments assigns each 
particle a symmetry-related orientation 
randomly 

(de la Rosa-
Trevín et al. 
2013) 

XMIPP 3.1 xmipp3 - 
subtract projection 

Subtracts map projections from the 
experimental particle images  

(de la Rosa-
Trevín et al. 
2013) 

RELION 3.1 relion - 
expand symmetry 
 

Given an input set of particles with 
angular assignments, for each particle 
generates all symmetry-related 
particles 

(Sjors H. W. 
Scheres 2012) 

LocalRec 2.1 localrec - 
define subparticles 

Determines the coordinates, 
orientations and defocus values of the 
sub-particles 

This study 

LocalRec 2.1 localrec - 
extract subparticles  
 

Extracts sub-particle images from each 
particle image  

This study 

LocalRec 2.1 localrec - 
filter subparticles 
 

Excludes unwanted sub-particles based 
on alignment information 

This study 

LocalRec 2.1 localrec - 
stitch subvolumes 

Assembles a full volume from the sub-
volumes generated by localized 
reconstruction 

This study 

RELION relax 
(custom 
version) 

relion -  
3D classification 
relion -  
3D auto-refine 

Relaxes the dominant symmetry by 
considering multimodal priors centered 
at the symmetry mates 

(Ilca et al. 
2019) 

 650 

  651 
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Table 2. Reconstruction parameters 652 

 Capsid  Trimeric fibre Hexon 1 Hexon 2 Hexon 3 Hexon 4 

 EMD-11008 EMD-11009 EMD-11010 EMD-11011 EMD-11012 EMD-11013 

Pixel size (Å) 1.31 1.31 1.31 1.31 1.31 1.31 

Box size (pixels) 1,200 140 256 256 256 256 

Number of particles 8,684 41,638 521,040 521,040 521,040 521,040 

Symmetry I1 C1 C1 C1 C1 C1 

Resolution (Å) 3.8 / 3.9* 7.3 3.1 3.1 3.1 3.1 

B-factor (Å2) 136 342 111 110 109 109 

* Local resolution of the hexon 1 in the icosahedral capsid after extracting a box with 653 
the same dimensions as the localized reconstructions (256×256×256). 654 

 655 

  656 
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Supplementary Figure Legends 657 

Figure S1. Visualization of sub-particles within the adenovirus particles in Scipion. 658 

(A) Scipion’s graphical user interface for particle picking showing a list of adenovirus 659 

particles and tools for editing and visualizing sub-particles. A particle can be chosen from 660 

the list to visualize the calculated sub-particles. (B) Choosing a particle form the list opens 661 

a new window with corresponding particle image where the sub-particle positions are 662 

highlighted. It is possible to change size, color and style of the visualization. Here twelve 663 

sub-particles, corresponding to the five-fold vertices of the icosahedral capsid, are 664 

indicated by green boxes. 665 

 666 

Figure S2. Correction of the defocus gradient in the localized reconstruction of 667 

adenovirus asymmetric unit. (A) Applying the defocus gradient correction in the wrong 668 

direction leads to a blurry reconstruction. This situation may arise if the handedness of 669 

the model used for alignment of the original particles is wrong. The option “Consider 670 

alternative handedness” of the localrec - defined subparticles protocol can be used to 671 

remedy the situation without the need to rerun the alignment. (B) The same area is shown 672 

as in A. The correction has now been applied in the correct direction and high-resolution 673 

signal has been restored.  674 

 675 

Figure S3. Alternative alignments of the localized reconstructions. (A) A wire model 676 

of an icosahedron shown in I1 symmetry convention and a vector defining one vertex. 677 

(B) Adenovirus fibre–penton complex reconstructed from sub-particles defined using the 678 

localrec - define subparticles protocol and a vector defining the same vertex as shown in 679 

A. The symmetry axis of the penton is in the same orientation as the vector shown in A. 680 

Note that as the symmetry mismatch has not been resolved in this reconstruction, any 681 
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three-fold symmetric features are lacking in the fibre. (C) The same reconstruction as in 682 

B but calculated from sub-particles using the additional ‘align sub-particles’ option. As 683 

the complex is now aligned on z-axis, further alignments and/or reconstruction 684 

considering either the five-fold symmetry of the penton or the three-fold symmetry of the 685 

fibre is possible. Note that while icosahedral symmetry is depicted here, the protocol 686 

supports all cyclic, dihedral and point group symmetries supported by Scipion. 687 

 688 

Figure S4. Schematic view of combining individual sub-particle reconstructions into 689 

a composite map.  1) The algorithm creates a mask with a radius equal to half the size of 690 

the subvolume. Alternatively, a user-provided mask can be used. Here the size of the 691 

masked subvolume corresponds to a region larger than one asymmetric unit of the 692 

adenovirus capsid. 2) Both the subvolume and the mask are padded with zeros to reach 693 

the size of the full map (given as a parameter to the protocol). 3) Both the windowed mask 694 

and the subvolume are shifted and rotated by the input vector. The mask goes through the 695 

same symmetrization steps as the subvolume and later on will be used for intensity 696 

normalization in overlapping areas. If there is more than one subvolume, steps 1–3 are 697 

carried out for each in parallel and the masked subvolumes (and their masks) are summed. 698 

4) The algorithm symmetrizes both mask and subvolume using XMIPP to generate a full 699 

volume. 5)  As a result of summing several localized reconstructions and the 700 

symmetrization, each voxel can be the outcome of multiple contributions from different 701 

maps. To account for this, the algorithm divides the symmetrized subvolume by the 702 

normalization mask to produce a normalized full volume. 6) A soft mask is generated by 703 

applying morphological operations and a Gaussian filter to the normalization mask. 7) 704 

The generated mask from step 6 is applied to the normalized stitched volume. This mask 705 

adds a soft edge of three voxels wide at the edges of the density. The two half-maps along 706 
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with the soft-mask out of this protocol can be used to estimate the resolution of the 707 

composite volume. 708 

 709 

Figure S5. Closeups of the hexon maps and resolution estimation by Fourier shell  710 

correlation. (A) A representative detail for the HAdV-D26 icosahedral reconstruction is 711 

shown as transparent surface on the left. Atomic model (PDB:5TX1) for residues A125–712 

S133 is shown for comparison. Fourier shell correlation (FSC) curves are shown on the 713 

right. The effect of masking (Masked) was tested by phase randomisation (Randomized) 714 

to yield the final corrected FSC curve (Corrected). The resolution at which this curve 715 

intersects the threshold (dashed line at 0.143) is indicated. (B–E) The same residues as 716 

shown in A is shown for hexon 1 (B), hexon 2 (C), hexon 3 (D) and hexon 4 (E) 717 

reconstructions and their related FSC curves (right). 718 

 719 

Figure S6. Comparison of adenovirus penton reconstructions. (A–B) Adenovirus 720 

penton consisting of the five-fold symmetric penton base and three-fold symmetric fibre 721 

reconstructed without symmetry before (A) and after (B) refining the orientation of the 722 

spike is shown from the top. (C) An overlay of the maps shown in A and B. The map in 723 

A is shown as a mesh. (D–F) The same maps as in A–C are shown rotated 90 degrees to 724 

show the side view of the fibre. The red arrow in F illustrates the direction of the kink in 725 

the spike. 726 

 727 

Figure S7. Comparison of adenovirus capsid reconstructions. (A–C) The central 728 

cross-sections through the previously reported icosahedral reconstruction (EMD-8471; 729 

A), our icosahedral reconstruction of the same data (B) and the composite map stitched 730 

from four localized reconstructions, each centered at one of the four hexons (C). (D) 731 
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Closeups of the areas indicated in A–C. (E) Fourier shell correlation of the icosahedral 732 

reconstruction presented in B. The different curves are as in Supplementary Figure 5. 733 
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