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Electron scattering properties of biological
molecules and their use for cryo-EM map sharpening’

Alok Bharadwaj? and Arjen J. Jakobi%*

Resolution-dependent loss of contrast in cryo-EM maps may obscure features at high resolution that
are critical for map interpretation. Post-processing of cryo-EM maps can improve the interpretabil-
ity by adjusting the resolution-dependence of structure factor amplitudes through map sharpening.
Traditionally this has been done by rescaling the relative contribution of low and high-resolution
frequencies globally. More recently, the realisation that molecular motion and heterogeneity cause
non-uniformity of resolution throughout the map has inspired the development of techniques that
optimise sharpening locally. We previously developed LocScale, a method that utilises the radial
structure factor from a refined atomic model as a restraint for local map sharpening. While this
method has proved beneficial for the interpretation of cryo-EM maps, the dependence on the avail-
ability of (partial) model information limits its general applicability. Here, we review the basic
assumptions of resolution-dependent contrast loss in cryo-EM maps and propose a route towards a
robust alternative for local map sharpening that utilises information on expected scattering proper-
ties of biological macromolecules, but requires no detailed knowledge of the underlying molecular
structure. We examine remaining challenges for implementation and discuss possible applications.

Introduction

Cryogenic electron microscopy (cryo-EM) enables structure de-
termination of biological macromolecules and their assemblies.
Technological advancements have transformed single-particle
cryo-EM into a central tool for structural biology that now rou-
tinely produces high-resolution structures of proteins and protein
complexes, approaching atomic resolution in favourable cases’2.
Three-dimensional single-particle cryo-EM maps are obtained by
combining information from many images of a macromolecule in
differing orientations, where each image is a projection along the
direction of the incident electron beam. The low dose that can be
tolerated by biological samples before damage occurs leads to im-
perfect images with very low signal-to-noise ratio®4. The sample
will typically represent an ensemble of the molecules and assem-
blies in different conformations and compositions. The require-
ment to average low signal-to-noise ratio images of structurally
different samples to generate a cryo-EM reconstruction implies
that the resulting three-dimensional structure will be an average
representation of the input conformers or assemblies. Together
with noise from solvent scattering, optical aberrations and inac-
curacies in the particle alignment process, such sample hetero-
geneity contributes to systematic variation of the signal-to-noise
ratios in different regions of the reconstructed electrostatic poten-
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tial map. Regions that are structurally very similar across many
particles will produce a stronger signal than regions that are dif-
ferent in structure or molecular composition.

The signal-to-noise ratio in the images used in reconstruc-
tion and in the resulting electrostatic potential maps is highly
resolution-dependent. This resolution dependence is typically
captured in a B factor. The B factor models the collective effect of
factors related to the sample, the experiment, and the data pro-
cessing, as a Gaussian dampening function in reciprocal space.
For this reason, it is standard practice to estimate the B factor
from a Fourier representation of the reconstructed volume and
use this information to optimise the resolution-dependent weight-
ing of its amplitudes to produce maps with increased clarityZ2*12/
Alternative scaling procedures have also been proposed. The
desired outcome of all procedures is to enhance map contrast
such that it improves the representation of expected molecular
features at a given resolution, and facilitates their interpretation
in terms of atomic models.

Any filtering operation in Fourier space will have a global effect
in real space and hence will affect all local regions equally. Be-
cause the signal-to-noise ratio typically varies between regions,
global filtering is often inappropriate and can result in excessive
blurring of high-resolution regions or oversharpening of noisy
low-resolution regions of the map. This has lead to the develop-
ment of methods that attempt to account for this variation by per-
forming filtering locally17"22 Several of these approaches are re-
strained by information that comes from expectations on general
properties of macromolecular structures, and on their features in
the real-space map or its Fourier space representation. We
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Fig. 1 The effect of the B factor on radial amplitude spectra and appearance of real-space densities from biological macromolecules.
(a) The natural logarithm of the radially averaged squared structure factors computed from the Fourier transform of an idealised a-helix
(R*?*DWLRVGYVLDRLLFRIYLLAVLAYSITLVTLWSIWH#6?; PDB ID 6y5a), simulated at different overall B factors. (b) Radial profiles of the
normalised structure factor computed for the helices. Note the decay of the distinctive local maximum at ~4.5 A with increasing B factor. (c)
Real-space densities of the idealised a-helix (top) and its main chain trace (bottom) simulated at different B factors. The colour code for B factors is

equivalent in (a-c).

here review the spectral properties of biological macromolecules
imaged by cryo-EM and explore how expectations on their scat-
tering behaviour can be used to improve cryo-EM density maps.

Results

Fourier spectra of biological macromolecules

The ideal three-dimensional reconstruction of a biological macro-
molecule or macromolecular complex would be a map of its elec-
trostatic potential at every point on a three-dimensional grid. The
signal in an electron potential map fades with resolution, and
as a consequence structural features towards the resolution limit
may become increasingly weak and difficult to interpret. This
behaviour can be readily visualised by representing a map as a
Fourier series and analysing the resolution dependence of the sig-
nal in the reconstruction by spherically averaging over the am-
plitudes |F,pserved(s)| of its Fourier coefficients Fjgeveq(s) — also
called structure factors — at each spatial frequency s. The result
of this procedure is a one-dimensional spectrum (or radial pro-
file) that contains information of the average image amplitude as
a function of resolution. For biological macromolecules, this am-
plitude spectrum can be thought of as a representation of protein
texture in reciprocal space and yields a profile with highly pre-
dictable features (Figure ,b): the spectrum peaks at the origin,
where all atoms scatter in phase and its amplitude is proportional
to the number of scattering atoms in the reconstructed volume. At
frequencies below ~0.1 Al (0.01 A2 in Figure|[th), the spectrum
displays an approximately quadratic decay characterised by the
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shape of the molecular envelope and solvent. Beyond a resolu-
tion of ~12-8A (see Singer (2021) for an accurate derivationlzb,
the spectral behaviour can be approximated by that of a uniformly
random collection of independent atoms, and its average ampli-

tude is equivalent to the sum of the squared atomic form fac-
tors 23k

N
|F(s)? = Zl £(s)?
=

The frequency range over which this relationship is applicable
is referred to as the Wilson range. The regular, recurring three-
dimensional arrangement of adjacent amino acid residues in pro-
tein secondary structures, or bases in nucleic acids, introduces
characteristic features in the radial pair-distribution function that
deviate from the assumption of uniformly random distribution.
This results in amplification or dampening of structure factor am-
plitudes at certain frequencies in the Wilson range, leading to
prominent peaks or dips in the radial proﬁle.

If the atoms were ideal point scatterers, the overall structure
factor would be constant beyond the cutoff frequency of the ap-
plicable Wilson range, leading to a "flat" spectrum. Because atoms
have shape and their form factors fall off smoothly with increas-
ing frequency, the overall structure factor amplitude also decays
smoothly as a function of resolution. In addition, the attenuation
of amplitudes as a function of spatial frequency is dependent on
a B factor. The B factor models the collective effect of factors
related to the sample, the experiment, and the data processing,
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Fig. 2 Local resolution and B factor variation in cryo-EM reconstructions. (a) Serotonin-bound 5-HT3a receptor (EMD-10692; thr:0.015). (b) Local
resolution mapped onto the surface representation of EMD-10692. (c) Local B factors, and (d) the square of the sample correlation coefficient of the
linear regression (coefficient of determination, R?) from fitting to the Wilson range, mapped onto the molecular surface of EMD-10692. The dashed
line separates a poorly resolved region. (e) Cartoon representation of a re-refined atomic model of 5-HT3a receptor (PDB ID 6Y5A) coloured by
residue-averaged atomic B factor. (f) Correlation between local B factors estimated by Wilson fitting and average B factor from the atomic model. (g)
Radial amplitude profiles for 5-HT3a receptor (EMD-10692) for map regions at high, intermediate and low resolution as determined by the FDR-FSC
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as a Gaussian dampening function in reciprocal space’Z. Higher
values indicate stronger dampening and therefore lower signal at
higher resolution (Figure ,b). The effect of this behaviour in
real space is the progressive loss of high-resolution detail as the B
factor increases (Figure , Figure. The dampening envelope
also affects the deviations caused by secondary structure from the
expected fall-off in the Wilson range, which become increasingly
obscured with increasing B factor(Figure [Ip). In real-space den-
sity maps this manifests as the progressive blurring of discernible
periodicities in secondary structure elements (Figure [If). If the
overall B factor is known, the original contrast can be restored by
multiplying each Fourier coefficient with the inverse of the damp-
ening function:

_ 2
Frestored (8) = Fopserved (8)e (Bsharpens® /4) ’

where Fegored(s) and Fopserved(s) are the contrast-enhanced and
observed Fourier coefficient at frequency s, and Bghapen =
—Boveral- This process is known as map sharpening.

Robustness of local B factor estimation in cryo-EM maps

Cryo-EM reconstructions frequently display substantial variation
in local resolution (Figure ,b). These arise, for example, from
non-coherent averaging due to structural flexibility inherent to
macromolecules, or from differences in molecular composition of

. The insert shows an close-up of the region indicated by the dashed box.

the averaged macromolecular assemblies. In addition to effects
from conformational and compositional heterogeneity, the qual-
ity of three-dimensional reconstructions is typically poorer at the
particle periphery when compared with the particle center due to
errors in orientation assignment and limitations of current recon-
struction algorithms. All of these effects result in lower resolution
in specific regions affected by these factors. Analogous to estimat-
ing local resolution through convolving each voxel in the recon-
struction with a mask (windowing) and calculating the Fourier
Shell Correlation (FSC) between two equivalent windowed
volumes from two independent half maps®, local B factors can
be estimated by line fitting to the Wilson range of radial profiles
calculated from the Fourier transform of windowed volumes. The
slope of this line is referred to as the Wilson B factor. Local resolu-
tion is correlated with local B factors1Z; density regions with low
local resolution display high local B factor, and vice versa (Figure
). It should be noted that determination of local B factors by
linear fitting to Guinier profiles from windowed volumes is not ro-
bust, as reflected by the coefficients of determination R? of local B
factor estimates (Figure ). First, the number of available sam-
ples available is reduced in smaller, windowed regions of the map
and local fitting is inherently more noisy and variable. Perhaps
counter-intuitively, the quality of fit can also be adversely affected
in areas of higher resolution that extend only little further than
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Fig. 3 The effect of model accuracy on reference-based local sharpening. (a) Cartoon representation of unperturbed atomic model of 5-HT3p receptor
(PDB ID 6Y5A). (b) Close-up of a specific region of perturbed atomic models. The displayed region in boxed out in (a). (c) Radial profiles of
electrostatic potential maps computed from perturbed models. (d) Cartoon representation of a single chain of 5-HT3a highlighting (red) the helical
region shown in (f). (e) Unprocessed map of 5-HT3p receptor (left; EMDB-10692) and globally or locally sharpened maps obtained from unperturbed
or coordinate-perturbed atomic models. (f) Close-up of scaled density of helix Arg?51-Thr?72 from chain A of PDB 6Y5A coloured by local B factor.
Also shown is the cartoon representation of the helix segment (left) coloured by residue-averaged B factor.

3 A, where secondary structure modulations in the Wilson range
of the radial amplitude profile are most prominent (Figure [S2p-
c). In cases where map resolution extends sufficiently far (~2.5A
and beyond), line fitting can be done over the resolution range
unaffected by these modulations.

Alternatively, and perhaps more robustly, local B factors can be
estimated if atomic models are available for which atomic dis-
placement parameters (ADPS)@I@ can be refined(Figure ,f).
ADPs are related to the mean square displacement of atoms and
describe their degree of static and dynamic disorder, and errors
that may exist in the model. Atomic B factors can be computed
from ADPs by the expression:

Bj = 87[2<M2->,

where (u?) is the isotropic ADP that represents the mean square
displacement from the mean position of the atom j. An uncer-
tainty in the atomic position blurs the contribution of that atom
to the density. It follows that variation of ADPs changes the atomic
contributions to the overall, or local, calculated structure factor:

fj (s)e(Bjs2/4) ,

=

Feale (S) =

j=1

where f; is the spherically symmetric form factor of atom j and
B; its isotropic atomic B factor. By optimising correspondence
between calculated and observed structure factors (or real-space
densities), atomic B factors can be determined during atomic
model refinement3%32, Since bonded atoms cannot oscillate in-
dependently, atomic models provide the opportunity to restrain
refinement of ADPs to follow reasonable physical assumptions
such that refined ADPs within residues, within a sequence of
residues or within rigid domains are locally correlated®134, we
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here assume atomic B factors to be isotropic, while in reality the
extent of blurring can be dependent on direction, for example due
to relative mobility of different domains and/or uncertainty in the
particle alignments. Such dependencies could be accounted for if
robust protocols for anisotropic refinement of B factors, such as
TLS reﬁnement, can be established for cryo-EM data.

If estimated reliably, local B factors can serve as an effec-
tive means to optimise local contrast in cryo-EM density maps.
Since the B factor determines the decay rate of the frequency-
dependent amplitude fall-off, local scaling of experimental map
amplitudes using radial profiles computed from a B factor-
weighted reference structure represents a form of local signal-
to-noise weighting (Figure [2§). These properties have been ex-

ploited previously for local map sharpening in the program Loc-
ScalellZ,

Reference-based local sharpening of cryo-EM maps.

Local sharpening using current implementations of LocScale is im-
plicitly dependent on the availability of an atomic model. At the
same time, the sharpening procedure itself serves to facilitate the
interpretation of the experimental map in terms of such a model,
which seems contradictory. Fortunately, in many cases at least
partial model information will be available and we have shown
previously that this often is a sufficiently good starting point for
local sharpening using an atomic model reference’”. To quantify
the accuracy of prior information on molecular structure required
to perform effective sharpening using reference-based scaling, we
performed a series of experiments using a reconstruction of 5-
hydroxytryptamine receptor 3A (5-HT34) bound to 5-HT (sero-
tonin)37 as our model system. In a first experiment, we randomly
perturbed atom positions of the atomic model at a root mean
square deviation (RMSD) of 1-20 A within a mask encompass-
ing the molecular envelope and computed reference maps from



a  RMSDOA 2A 20A b
Atomic
B factors (A?) 1.00
360 & 120 5
=< B 099
5 Emo g 0.08
¥ o
g% 80 f;g 0.97
SE ~ G 096
2T 60 8
190 3 @ 0,95
£ a0 K
;i, g 0.9
20 0.93
20 40 60 80 100 120 0.0 25 50 7.5 100 125 150 175 200
Wilson B factor RMSD (A)
unperturbed model map (42)
20
d LocScale € LocScale
stor  Randomised B Randomised Wilson RMSD 20 A/Original B
Difference (A?) o P 5 B-factors (A% Py 1.{- 2
15 180 gll‘., _f’f}’ ¥ )
s
25 120
60

-65

Fig. 4 Effect of local B factor estimation on reference-based local sharpeni

ng. (a) All-atom representations of perturbed atomic models. Atoms are

shown as spheres and coloured by atomic B factor. (b) Local B factor correlation plot for unperturbed and perturbed models (left) and dependence
of the coefficient of determination (R?) on RMSD to the unperturbed structure. (c) Distribution of local B factor differences AB mapped onto the
molecular surface of 5-HT3a receptor. (d) All-atom representation of the original model with randomised B factor (left) and LocScale map obtained
using the randomised B factor reference. (e) LocScale map obtained using the 20 A RMSD-perturbed atomic model with original B factor.

the perturbed models to scale the experimental density using Loc-
Scale (Figure [3p,b). We then compared the resulting maps to the
LocScale map computed from the original atomic model by com-
puting their pairwise FSCs. While even at 20A RMSD the overall
effect is relatively small, increasing levels of perturbation lead to
gradual lowering of the FSC, most strongly affecting frequency
ranges close to the maximum map resolution (Figure ). At the
same time, increasing RMSD affects the relative strength of the
secondary structure deviations in the radial profile (Figure [3F).
Perturbation of the underlying atomic model results in two alter-
ations of the reference structure that can affect the effectiveness
of reference-based local sharpening. First, the random displace-
ment of atoms changes the underlying molecular structure, and
hence the radial structure factor of a windowed volume, which
will progressively break the spatial periodicity of secondary struc-
ture elements and approximate a true Wilson distribution of uni-
formly random, independent atoms. Our results show that the
deviations of the expected fall-off in the Wilson range persist to
~2 A random error, while above this value secondary structure
becomes hard to assign as these modulations have essentially
vanished (Figure [3p,c). Second, the perturbation of atomic po-
sitions will also increasingly change the local B factor distribution
for structures that display significant variation in local B factors.
Effectively, as model perturbation increases, local B factor corre-
lations are gradually lost until converging to a uniform average B
factor across the volume contained within the mask.

Compared to uniform sharpening with a global average B fac-

tor and consistent with previous observationsZ, local reference
scaling using an optimal model improves the representation of
density features by locally balanced sharpening and blurring in
regions deviating from the average map resolution (Figure [3f).
Closer inspection of three representative regions encompassing
helices M2 and MX, as well as the 5-hydroxytryptamine ligand,
reveals the effect of reference perturbation on the quality of lo-
cal sharpening (Figure [3f, Figure [S3k-e). Consistent with the ob-
served effect on the radial profile (Figure [3f), perturbations <
5A RMSD have relatively little effect on the average local B factor
and the result of local sharpening. Only at RMSD >10 A, the local
B factor distribution is considerably altered and begins to affect
the accuracy of local scaling (Figure[4p-c), Figure[S3k and[S4p,c),
ultimately approaching that of global sharpening (Figure @d). In
contrast, models with coordinate errors as large as 20 A show ad-
equate scaling if local B factors are estimated correctly (Figure
E}e). This indicates that even initial models with significant errors
can serve as meaningful scaling references provided their ADPs
can been refined.

Reference-based local sharpening using average profiles

We next explored the variation of secondary structure modula-
tions in the Wilson range of radial profiles computed from a large
set of experimental structures. From a set of 1000 structures
randomly selected from the Protein Data Bank (PDB), we ex-
tracted helix, sheet, DNA and RNA residues and computed av-
erage radial profiles from simulated electrostatic potential maps.
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As we were interested only in the effect of secondary structure
on the average profiles, waters, ligands, post-translational and
base modifications as well as hydrogen atoms were excluded from
these calculations. The folding of polypeptide chains into a three-
dimensional structure gives rise to the canonical o-helix and $-
sheet elements of protein secondary structure. These features
produce characteristic distances within the folded protein chain
that range between 4.5-7 A. Our analysis revealed that experi-
mental profiles of secondary structure elements gave rise to highly
reproducible peaks and dips of the profiles within the Wilson fre-
quency range. We identified a strong local minimum at ~6.2A
(o,3), as well as characteristic peaks at 4.2 A (o), 4.6 A (®) and
in the 3-6 A range (DNA) (Figure ), consistent with expecta-
tions from the pair distribution function of these structural ele-
ments20839, While the average profiles for « and p appear very
similar, their distributions and the position of the local maximum
of the modulations in the Wilson range are distinctly different
(Figure [5p). We did not find characteristic fingerprints in RNA
profiles, possibly because of the large variation in RNA secondary
structure (Figure[S5h). The overall highly similar radial profiles
suggest that generalised average profiles could be used as refer-
ence profiles in cases where explicit model information is missing.
We performed a series of experiments to test this possibility. First,
we computed a ground truth electrostatic potential map for an
o-helix encompassing residues Arg#24-His#00 of (5-HT3,) recep-
tor with isotropic B factor of 50 A2, We then blurred the map
with an additional B factor of 250 A2 to generate a target map for
density scaling. Next, we scaled the target map by imposing the
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generalised reference profiles for a-helical and (3-sheet texture, or
a mixed of3 profile obtained from averaging o-helical and [3-sheet
profiles, each matched to the reference falloff with a B factor of
50 A2, LocScale sharpening using either of the three generalised
profiles returned essentially identical sharpened maps with mu-
tual real-space correlation coefficients RSCC >0.995 (Figure[5k-d,
Figure ). From the above, it follows that implementation of lo-
cal sharpening could be achieved using reference profiles instead
of explicit model information. It should be noted that, whereas
average profiles in the Wilson range are very similar across many
protein structures, they may differ substantially in the low resolu-
tion range where the fall-off is primarily dependent on molecular

shape (Figure[S5L).

Limitations of local sharpening using model-based references

Current implementations of reference-based local density sharp-
ening depend on the availability of at least approximate model
information, which can give rise to important limitationsZ, We
here used 5-HT35 as a model system to illustrate these issues.
One example is the presence of post-translational modifications
such as N-linked glycosylation, with often heavily branched gly-
can chains that may extend substantially beyond the protein sur-
facet?. Due to their inherent flexibility and associated weak den-
sity, these modifications can often not be built reliably in glob-
ally sharpened maps. Similar issues arise with detergent belts, or
lipid discs, in reconstructions of purified membrane proteins (Fig-
ure [B,b). If the glycan is not, or only partially modelled, then
a model-dependent scaling procedure may lead to inadvertent
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Fig. 6 Limitations of model-based sharpening. (a) LocScale maps for 5-HT3a (thr. 0.08) obtained using a window size of 25 A(left) and 50 A
(right). (b) Fitted atomic model (PDB ID: 6Y5A) with asparagine residues at N-linked glycosylation sites shown as spheres (left) and confidence map
at 1% false discovery rate (FDR, right). (c) Detailed view of one of the glycosylation sites (Asn®2, chain E) from the LocScale maps obtained with
25 A (top) and 50 A (bottom) scaling windows. The transparent outline shows the contour of the confidence map at 1% FDR. (d) Synthetic map
of 5-HT3a with the top part intentionally blurred, and (e) a partial model used as scaling reference superimposed (left). (f) LocScale maps obtained

using a partial model with a window size 25 A (left) and 50 A (right).

dampening of weak glycan-associated signal outside the modelled
molecular boundary. This is readily visible when comparing a lo-
cally sharpenened map for EMD-10692 obtained with LocScale
using a reference model not containing glycans, and a confidence
map thresholded at 1% false discovery rate (FDR) (Figure @a).
Confidence maps are based on the statistical framework of multi-
ple hypothesis testing and provide a robust way to visualise "true"
molecular boundaries of cryo-EM electrostatic potential maps ir-
respective of the relative strength of density signal*!. To appreci-
ate the effect of the model-based reference on local sharpening, it
is instructive to zoom in closer on one of the glycosylation sites in
5-HTsa (Asn®3). Whereas the glycan density is emphasised in the
LocScale map, the confidence maps of the same region spans a
substantially expanded volume associated with this glycosylation
site, suggesting that the locally sharpened map does not recover
the associated signal completely (Figure [6t). This is related to
the dimensions of the scaling window (25 A), which will lead to
dampening of any signal extending further than half the window
size beyond the limiting voxel of the scaling mask.

Inadvertent dampening of signal by reference-based scaling is
a prevalent issue whenever model information is incomplete. To
further illustrate this effect, we generated a target map from an
atomic model of 5-HT3, in which we intentionally blurred a part
of the map to simulate a density region that cannot be modelled
(Figure [Bd,e). Using a partial model as the scaling reference
will improve density representation in regions covered by this
model, but will make density "disappear" progressively beyond

the molecular boundary of the model (Figure [6f). While some
of the described effects can be mitigated by the use of larger
scaling windows, or iterative schemes of scaling and model ex-
tension’Z, these experiments illustrate an important limitation of
the current implementations of reference-based scaling methods
that may spill over to other approaches using the results of these
methods, for example when using such maps as training targets
for density modification based on deep neural networks22.

Conclusions

Cryo-EM map sharpening remains an essential step of cryo-EM
structure determination to guide atomic model building and
help map visualisation. It has become apparent that global ap-
proaches are often insufficient to reflect the variation of signal-
to-noise ratio in different regions of a cryo-EM reconstruction.
Methods that attempt to optimise map contrast locally have be-
come reliable tools in this process. It is an important
requirement that such methods preserve the expected physical
properties for electrostatic potential maps of biological macro-
molecules813I15H17124125

We here reviewed the potential and limitations of incorpo-
rating prior knowledge about scattering properties and macro-
molecular features from known protein structures. Information
such as expected scattering mass, the definition of boundaries be-
tween macromolecule and solvent, and secondary structure con-
tent can all be effectively used to restrain scaling of cryo-EM den-
sity maps 121821 We have previously shown that such informa-
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tion can be efficiently utilised by using an existing atomic model
as a scaling reference. The general concepts laid out in this paper
suggest that the restraints of reference-based sharpening can be
exploited in future implementations without making explicit ref-
erence to atomic models. Indeed, our results demonstrate that
model information is not necessarily required to approach op-
timal contrast restoration through reference-based sharpening.
The challenge lies in implementing robust procedures to esti-
mate overall scattering mass, local B factors and local secondary
structure directly from the raw three-dimensional reconstruction.
Once known with sufficient accuracy, these ingredients are suf-
ficient to construct effective radial profiles for local scaling of
Fourier coefficients in the absence of any atomic model. Such
approaches will be useful to mitigate the risk of systematic bias
introduced by incomplete model information. More generally, the
requirement for robust map sharpening methods can be expected
to increase as high-resolution subtomogram averages from in situ
studies®3#4 and native purifications#546 accumulate, for which
conformational heterogeneity may turn out yet more prominent
and the exact molecular composition possibly unknown. We are
working towards such methods.

Acknowledgements

We thank Maarten Joosten, Stefan Huber and Reinier de Bruin for
their contribution towards developing EMmer. We acknowledge
financial support by the European Research Council (ERC) un-
der the European Union’s Horizon 2020 research and innovation
programme (Grant agreement No. ERC-StG-852880 to AJ).

Author Contributions

AB and AJ conceptualised the project. AB and AJ implemented
the computational procedures and analysed results. AB and AJ
wrote the paper. AJ supervised the project.

Data availability

Cryo-EM density maps and models generated in this study
https://doi.org/10.5281/zenodo.6531395.
Scripts used for analysis in this manuscript are available at
https://gitlab.tudelft.nl/aj-lab/publications/.

are available at

Conflicts of interest

The authors have no conflicts to declare.

Acknowledgements

We thank Maarten Joosten, Stefan Huber and Reinier de Bruin
for their contribution towards developing EMmer, and Paul Keek-
stra for maintaining our HPC cluster. We acknowledge financial
support by the European Research Council (ERC) under the Euro-
pean Union’s Horizon 2020 research and innovation programme
(Grant agreement No. ERC-StG-852880 to AJ).

8 | Journal Name, [year], [vol.], 1

Methods

All the data processing was done using Python. The latest imple-
mentation of LocScale*” was used to perform map sharpening.

Analysis and data processing was performed using our in-house
Python library EMmer#®. EMmer makes use of functions from
mrcfile®?] gemmi®? and Biopython™! to perform computations
related to 3D density maps and atomic coordinates. Numerical
computation and statistical analysis was done using the numpy,
scipy and scikit-learn Python libraries. The PWLF library was used
to obtain a piece-wise linear fit function to extract information
from radial profiles. Local resolution of the deposited half-maps
was computed by permutation testing of FSC resolution using the
FDR-FSC procedure23.

All graphical plots were made using seaborn and matplotlib
libraries. All visualisation of maps and atomic coordinate models
was performed using UCSF ChimeraX software (version 1.3) ol

Amplitude scaling

All the primary data analysed in this work are available in the
public domain. The unsharpened and unfiltered cryo-EM density
map of 5-HT3, (EMD-10692) and the associated atomic coordi-
nate model (PDB ID: 6y5a) were obtained from the EMDataRe-
source Project| and the Protein Data Bank=8. The unprocessed
map (the sum of the unfiltered half-maps) was uniformly sharp-
ened with a B factor of -107 A2 and used as target for atomic
model refinement. The deposited atomic model was re-refined
using REFMAC5"1 with jelly body restraints#?, Atomic displace-
ment parameters of the fitted atomic model were subsequently
refined without positional refinement using Servalcat#?. Elec-
tron potential maps from the refined atomic model were gen-
erated using the pdb2map function in EMmer, which employs
the gemmi.DensityCalculatorE class to calculate the B factor
weighted structure factors using electron atomic form factors®3,

LocScale performs amplitude scaling using a rolling window of
25 A. For each local window, the radially averaged amplitudes of
the unsharpened window are scaled to match the radial profile
of the reference map window by multiplication with a frequency-
dependent scaling factor k(s) € R>g

Freference 1
k(s) = F:‘ticr:u' y i Fopserved 7 0
0, otherwise

where Freference () € R>0 and Fypserved (s) € R>¢ are radially aver-
aged structure factor amplitudes at frequency s for the reference
and the observed experimental map, respectively.

The value of the central voxel of the scaled window is then
assigned to the corresponding voxel position of a new map.
The process is repeated over all the voxels in order to obtain a
contrast-optimised density map. To reduce computation time, the
procedure was restricted to voxels contained in a binary mask,
which was obtained from an atomic model (Figure [3|and Figure
or from FDR based confidence map*! thresholded at 1% FDR

(Figure[6).


https://doi.org/10.5281/zenodo.6531395
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Perturbation of reference models
All atom positions in the refined atomic model were perturbed
randomly with an increasing RMSD magnitude. The position of
each atom was perturbed as follows:
r = rg) 4 kick

The magnitude of the kick vector is chosen randomly within a
uniform distribution ranging between 0 and 2 - /X% where /¥ick
is the desired RMSD (in A). Atomic positions are perturbed such
that the new positions lie within a defined molecular boundary
to ensure that the total scattering mass per unit volume remains
consistent for all structures. This mask is obtained by binarising a
model map comprising all voxels extending 3A outward of atom
positions in the model, and smoothing with a cosine edge filter
over 5 voxels.

Generation of average radial profiles

An initial set of 1000 coordinate models were randomly selected
from the PDB. Among these, structures with a unit cell greater
than 256 A were discarded from analysis. The isotropic B fac-
tor of all atoms in the selected PDBs was set to zero. To obtain
pure o-helix or p-sheet profiles for each structure, a secondary
structure assignment was carried out for each residue using the
DSSP algorithm®®, Each coordinate model was then split into
three individual models based on the residue selection from the
DSSP assignment, containing either o-helix, 3-sheet or random
coil residue sequences. Similarly, nucleic acid models were ob-
tained by separating out residues containing the five canonical
nucleobases for both DNA and RNA residues. Synthetic electro-
static potential maps for all models were calculated using the
pdb2map function in the EMmer package. All synthetic maps were
re-sampled on a cubic grid with 256 A cell edge and a voxel size
of 0.5 A. To avoid sampling errors during map generation from an
atomic model with zero B factor, the set_refmac_compatible_-
blur method implemented in gemmi was employed to add an
additional isotropic atomic displacement parameter B,;, to com-
pute the structure factors>>,
and extrapolation to zero B factor was then done by multiply-
ing each Fourier coefficient with exp(B,4qs5%/4) at each frequency
s. Radially averaged Fourier amplitudes for each simulated den-
sity maps was computed using the EMmer function compute_-
radial_profile. The resulting profiles for secondary structure
and nucleotide types were averaged (o-helical, N=536; [>-sheet,
N=506; DNA, N=306 and RNA, N=247) to obtain reference av-
erage profiles and confidence intervals for each type.

To obtain the characteristic frequencies of Debye effects in o, (3
and DNA profiles, a four segment, piece-wise linear fit to the ra-
dially averaged amplitude profiles was performed using the PWLF
library and filtering out the breakpoints between 6 A and 3 rofiles
was found to be 0.98 (o: 0.005) and that of (3 profiles was 0.98
(o: 0.007).

Correction of this modification

Notes and references

1 T. Nakane, A. Kotecha, A. Sente, G. McMullan, S. Masiulis,
P. M. G. E. Brown, I. T. Grigoras, L. Malinauskaite, T. Ma-
linauskas, J. Miehling, T. Uchanski, L. Yu, D. Karia, E. V.
Pechnikova, E. de Jong, J. Keizer, M. Bischoff, J. McCormack,
P. Tiemeijer, S. W. Hardwick, D. Y. Chirgadze, G. Murshudov,
A. R. Aricescu and S. H. W. Scheres, Nature, 2020, 587, 152+.

2 K. M.Yip, N. Fischer, E. Paknia, A. Chari and H. Stark, Nature,
2020, 587, 157+.

3 R. M. Glaeser, Journal of ultrastructure research, 1971, 36,
466-482.

4 R. Henderson, Quarterly reviews of biophysics, 1995, 28, 171-
193.

5 G. Cardone, J. B. Heymann and A. C. Steven, Journal of struc-
tural biology, 2013, 184, 226-236.

6 A. Kucukelbir, F. Sigworth and H. Tagare, Nature Methods,
2014, 11, 63-65.

7 P. B. Rosenthal and R. Henderson, Journal of Molecular Biol-
0gy, 2003, 333, 721-745.

8 J. Vilas, J. Vargas, M. Martinez, E. Ramirez-Aportela,
R. Melero, A. Jimenez-Moreno, E. Garduiio, P. Conesa,
R. Marabini, D. Maluenda, J. Carazo and C. Sorzano, Jour-
nal of Structural Biology, 2020, 209, 107447.

9 R. Bass, P. Strop, M. Barclay and D. Rees, Science, 2002, 298,
1582-1587.

10 B. DeLaBarre and A. Brunger, Nature Structural and Molecular
Biology, 2003, 10, 856-863.

11 B. DeLaBarre and A. T. Brunger, Acta Crystallographica Section
D, 2006, 62, 923-932.

12 J. Fernandez, D. Luque, J. Castén and J. Carrascosa, Journal
of Structural Biology, 2008, 164, 170-175.

13 M. F. Schmid, M. B. Sherman, P. Matsudaira, H. Tsuruta and
W. Chiu, Journal of Structural Biology, 1999, 128, 51-57.

14 1. S. Gabashvili, R. K. Agrawal, C. M. Spahn, R. A. Grassucci,
D. L. Svergun, J. Frank and P. Penczek, Cell, 2000, 100, 537-
549.

15 S. Falke, F. Tama, C. L. Brooks, E. P. Gogol and M. T. Fisher,
Journal of Molecular Biology, 2005, 348, 219-230.

16 M. Spiegel, A. Duraisamy and G. Schrdder, Journal of Struc-
tural Biology, 2015, 191, 207-213.

17 A. J. Jakobi, M. Wilmanns and C. Sachse, eLife, 2017, 6,
e27131.

18 T. C. Terwilliger, O. V. Soboley, P. V. Afonine and P. D. Adams,
Acta Crystallographica Section D, 2018, 74, 545-559.

19 K. Ramlaul, C. M. Palmer and C. H. S. Aylett, Journal of Struc-
tural Biology, 2019, 205, 30-40.

20 E. Ramirez-Aportela, J. L. Vilas, A. Glukhova, R. Melero,
P. Conesa, M. Martinez, D. Maluenda, J. Mota, A. Jiménez,
J. Vargas, R. Marabini, P. M. Sexton, J. M. Carazo and C. O. S.
Sorzano, Bioinformatics, 2019, 36, 765-772.

21 T. C. Terwilliger, O. V. Soboley, P. V. Afonine, P. D. Adams and
R. J. Read, Acta Crystallographica Section D, 2020, 76, 912~
925.

Journal Name, [year], [vol.], 1 |9



22

23

24

25
26

27
28

29

30

31

32

33

34

35

36

37

38

R. Sanchez-Garcia, J. Gomez-Blanco, A. Cuervo, J. M. Carazo,
C. O. S. Sorzano and C. Vargas, Communications Biology,
2021, 4, 874.

M. Beckers and C. Sachse, Journal of Structural Biology, 212,
107579.

A. Singer, Acta Crystallographica Section A, 2021, 77, 472—
479.

A. Wilson, Nature, 1942, 150, 152.

R. J. Morris, E. Blanc and G. Bricogne, Acta Crystallographica
Section D, 2004, 60, 227-240.

G. Harauz and M. van Heel, Optik., 1986, 73, 146-156.

W. O. Saxton and W. Baumeister, Journal of Microscopy, 1982,
127, 127-138.

K. N. Trueblood, H. B. Biirgi, H. Burtslaff, J. D. Dunitz, C. M.
Gramaccioli, H. H. Schulz, U. Shmueli and S. C. Abrahams,
Acta Crystallographica Section A, 1996, 52, 770-781.

A. G. Urzhumtsev and V. Y. Lunin, Crystallography Reviews,
2019, 25, 164-262.

G. N. Murshudov, P. Skubdk, A. A. Lebedev, N. S. Pannu, R. A.
Steiner, R. A. Nicholls, M. D. Winn, F. Long and A. A. Vagin,
Acta Crystallographica Section D, 2011, 67, 355-367.

P. V. Afonine, R. W. Grosse-Kunstleve, N. Echols, J. J.
Headd, N. W. Moriarty, M. Mustyakimov, T. C. Terwilliger,
A. Urzhumtsev, P. H. Zwart and P. D. Adams, Acta Crystal-
lographica Section D, 2012, 68, 352-367.

J. Konnert and W. Hendrickson, Acta Crystallographica Section
A, 1980, 36, 344-350.

D. E. Tronrud, Journal of Applied Crystallography, 1996, 29,
100-104.

V. Schomaker and K. N. Trueblood, Acta Crystallographica Sec-
tion B, 1968, 24, 63-76.

M. D. Winn, M. N. Isupov and G. N. Murshudov, Acta Crystal-
lographica Section D, 2001, 57, 122-133.

Y. Zhang, P. Diijkman, R. Zou, M. Zandl-Lang, R. Sanchez,
L. Eckhardt-Strelau, H. Kofeler, H. Vogel, S. Yuan and K. M,
Nature Communications, 2021, 12, 1074.

S. Velankar, Y. Alhroub, A. Alili, C. Best, H. C. Boutse-
lakis, S. Caboche, M. J. Conroy, J. M. Dana, G. van Ginkel,
A. Golovin, S. P. Gore, A. Gutmanas, P. Haslam, M. Hirsh-

10 | Journal Name, [year], [vol.], 1

39

40

41
42

43

44

45

46

47
48
49

50

51

52

53
54
55

berg, M. John, I. Lagerstedt, S. Mir, L. E. Newman, T. J. Old-
field, C. J. Penkett, J. Pineda-Castillo, L. Rinaldi, G. Sahni,
G. Sawka, S. Sen, R. Slowley, A. W. Sousa da Silva, A. Suarez-
Uruena, G. J. Swaminathan, M. F. Symmons, W. F. Vranken,
M. Wainwright and G. J. Kleywegt, Nucleic Acids Research,
2010, 39, D402-D410.

S. French and K. Wilson, Acta Crystallographica Section A,
1978, 34, 517-525.

M. Atanasova, H. Bagdonas and J. Agirre, Current Opinion in
Structural Biology, 2020, 62, 70-78.

M. Beckers, A. J. Jakobi and C. Sachse, IUCrJ, 2019, 6, 18-33.
K. Yamashita, C. M. Palmer, T. Burnley and G. N. Murshudov,
Acta Crystallographica Section D, 2021, 77, 1282-1291.

C. E. Zimmerli, M. Allegretti, V. Rantos, S. K. Goetz,

A. Obarska-Kosinska, I. Zagoriy, A. Halavatyi, G. Hummer,
J. Mahamid, J. Kosinski and M. Beck, Science (New York, N.Y.),

2021, 374, eabd9776.

D. Tegunov, L. Xue, C. Dienemann, P. Cramer and J. Mahamid,
Nature methods, 2021, 18, 186—193.

K. Braunger, S. Pfeffer, S. Shrimal, R. Gilmore, O. Berning-
hausen, E. C. Mandon, T. Becker, F. Forster and R. Beckmann,
Science, 2018, 360, 215-219.

G. L. Weiss, F. Eisenstein, A.-K. Kieninger, J. Xu, H. A. Minas,
M. Gerber, M. Feldmiiller, I. Maldener, K. Forchhammer and
M. Pilhofer, Nature Microbiology, 2022, 7, 386-396.

LocScale, https://gitlab.tudelft.nl/aj-1lab/locscale.
EMmer, https://gitlab.tudelft.nl/aj-lab/emmer.

T. Burnley, C. M. Palmer and M. Winn, Acta Crystallographica
Section D: Structural Biology, 73, 469-477.

GEMMI - library for structural biology — Gemmi 0.5.3 docu-
mentation, https://gemmi.readthedocs.io/en/latest/.
Biopython, https://biopython.org/.

E. F. Pettersen, T. D. Goddard, C. C. Huang, E. C. Meng, G. S.
Couch, T. 1. Croll, J. H. Morris and T. E. Ferrin, Protein Science,
2021, 30, 70-82.

L.-M. Peng, Micron, 1999, 30, 625-648.

W. Kabsch and C. Sander, Biopolymers, 1983, 22, 2577-2637.
J. Navaza, Acta Crystallographica Section A, 2002, 58, 568—
573.


https://gitlab.tudelft.nl/aj-lab/locscale
https://gitlab.tudelft.nl/aj-lab/emmer
https://gemmi.readthedocs.io/en/latest/
https://biopython.org/

Electronic Supplementary Information

Exploiting physical properties of biological macromolecules for cryo-EM map sharpening

Alok Bharadwaj“ and Arjen J. Jakobi**

2 Department of Bionanoscience, Kavli Institute of Nanoscience, Delft University of Technology, Delft, The Netherlands

Journal Name, [year], [vol.]1 | s1



a  TRP 459

TRP 459

Y AN

B-factor 1oo A% 150 A% 200 A2

Fig. S1  Influence of B factor on real-space density of side chain representation. (a) Segment of a-
helix(R*>*DWLRVGYVLDRLLFRIYLLAVLAYSITLVTLWSIWH4®?; PDB ID 6y5a) used to simulate real-space density at different atomic B
factors. Close-up of side-chain density for (b) TRP,459 and (c) TYR,441 residues at different B factors. The colour codes for (b) and (c) follow the
rainbow scheme shown at the bottom
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Fig. S2 Robustness of (local) B factor estimation by fitting in the Wilson region. (a) Coefficient of determination (R?) from linear regression fitting
in the Wilson regime mapped onto a surface representation of 5-HT3 (EMD-10692). (b,c ) Real-space density segment (left) and radial profile (right)
of two map regions with moderate (b) and good (c) coefficient of determination R? of the local B factor). Fitting in the better resolved region in (b;
FDR-FSC:2.4 A) is adversely affected by stronger secondary structure modulation of the amplitude spectrum.
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Fig. S3 Influence of model perturbation on reference-based scaling. (a) Fourier Shell Correlation of LocScale maps obtained using atomic models with
increasing coordinate perturbation with respect to a LocScale map obtained with unperturbed atomic model (RMSD:OA). Note that the perturbed
curves show a dip near the location of maximum local resolution in the map (~ 2.5A) (b) FSC dip analysis with an additional blur (B=100 A2)
for the atomic models in (a). The position of dip in the FSC curves shifts left towards lower resolution when compared with (a). (c) Close-up of
scaled density of helix Arg?52-Thr272 from chain A of PDB 6Y5A (coloured by local B factor) obtained using perturbed atomic models. (d) Close-up
of helix Asp31°-Trp33! from chain E of PDB 6Y5A from the unprocessed map (left), globally sharpened map and LocScale maps obtained from
unperturbed and perturbed atomic models. (e) Close-up of density enclosing the 5-hydroxytryptamine (serotonine) ligand in the unprocessed map
(left), globally sharpened map and LocScale maps using unperturbed and perturbed atomic models. The threshold for each detail view is shown below
its corresponding figure.
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Fig. S4 Effect of model perturbation on B factor distributions. (a) All-atom representation of atomic models perturbed with an increasing RMSD
magnitude coloured by the atomic displacement with respect to the unperturbed structure (b) Distribution of local B factor differences AB of the
perturbed vs. unperturbed models mapped onto the surface representation of the LocScale map obtained from an unperturbed atomic model. (c)
Local B factor correlation plots for the unperturbed and perturbed models for different RMSDs.
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Fig. S5 (a) Average radial profiles for pure RNA structures. Solid line and shaded regions represent the mean and +1.0 o confidence intervals. (b)
FSC curves between scaled maps obtained using an average a-profile or average B-profile (purple), and average a-profile or mixed o/B-profile (red).

(c) Radial profile of 17 PDB structures showing convergence near the Wilson range (d) Combined plot showing the average a-profile, B-profile and a
mixed o/B-profile.
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