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Glossary

e Atomic resolution — 1.2A or better.

e Bfactors — or temperature factors, a measure of the disorder of an atom.

e Bond electrons — electrons involved in chemical bonds, shared between atoms.

e Deformation density — the difference between the experimental electron density and
a spherical non-bonded density. This may show non-spherical regions, covalent
electrons, and hydrogens.

e Histidine protonation states — around pH 7 there are 3 possible protonation states of
histidine, with either or both (or neither, not protonated) of ND1 or NE2 protonated
(covalently bonded to a hydrogen).

e Hydrogen bond — a predominantly electrostatic attraction between a covalently
bonded hydrogen atom attracted to a lone pair in another atom. In protein backbones
they play an important role in the secondary structure formation, e.g., in a helix the
carbonyl oxygen hydrogen is bonded to the backbone HN+4.

¢ IAM —the Independent Atom Model models electron density as spherical atoms using
an exponential decay model with scattering factors.

e Isotropic — identical in all directions (opposite is anisotropic).

e Lone pair — a pair of valence electrons not participating in a covalent bond. Their
presence can influence the geometry of a molecule.

e Low barrier hydrogen bond — evenly shared strong, short, hydrogen bond.

e Residual density maps, or difference density — the difference between the observed
and the calculated maps.

¢ Riding hydrogens — hydrogen position implied by their bonded atom

e Ultrahigh resolution — 0.8A or better.

e Valence electrons — electrons in the outermost shell of an atom that can form bonds.

e Temperature factors — or bfactors, a measure of the disorder of an atom.

e Laplacian — the sum of the 2" partial derivatives or eigenvalues of a numerical
matrix, e.g., of the electron density.
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1) Introduction

Recent developments in applications of machine learning and artificial intelligence have
brought to popular attention the importance of protein structure determination, which can
“facilitate a mechanistic understanding of their function” (Jumper et al, 2021). These Al
techniques rely on having training data, in this case obtained by accurate structure
determination by other methods. The Protein Databank (PDB, Dutta et al, 2010) is a vast, free
resource in which all protein structures and, where possible, the experimental evidence used to
determine them, are stored - portions of which were used for the training data of AlphaFold
(Jumper et al, 2021). By whichever method these structures are determined, a process of
refinement is undertaken in which various decisions must be made to juggle a multidimensional
puzzle into something that fits with chemical expectations, resulting in a structure - aka a list

of 3d coordinates for every atom.

The weighting of these decisions depends on the reason and purpose of the structure
determination. It is unlikely to be the case that the purpose of structure determination is an
accurate location of every single atom within a protein. When Engh and Huber reviewed the
future of geometric parameter standards they were pessimistic, stating that “protein structures
are generally solved not to build a statistically optimized protein database, but to discover

biophysical functional mechanisms” (Engh & Huber, 2006).

Atom position is not the only information there is to determine function, the experimental
results of x-ray crystallography yield the likely distribution of electrons in the structure. As the
resolution of x-ray crystallography improves these distributions become clearer until at atomic
resolution (=~<1.2A) individual atoms can be resolved, and their electron distribution can be

seen to varying degrees of statistical accuracy.

In the tradition of a literature review, this study seeks to be exhaustive on a topic and so sets
out to examine the methods, results and claims made by every protein structure solved at an
ultrahigh subatomic resolution of <0.8A. Initially this study examines all the structures in the
PDB that are solved at this level, and then goes on to examine some of the supporting theory
and methods, finally identifying issues open for future study.

[1]



2) A brief overview of refinement

2.1) Structure factors

The experimental evidence of an x-ray crystallography experiment is a diffraction pattern.

Figure 2.1 shows an early diffraction pattern from Crick & Kendrew (1957).

Fie. 15. To illustrate the penetration of salts within the unit cells of a protein
crystal. The salt concentrations in the different suspension media were (a) 75%
saturated (NH,)s80,, (b) saturated (NH,):804, (¢) 4 M phosphate, and (d) 7 M
phosphate (approximately). Notice that while the intensities of the outer spots re-
main the same, those of the inner ones change very considerably as the electron den-
sity of the medium is altered. (Finback whale myoglobin, [001] zone; Kendrew and
Pauling, 1956.)

*Figure 2.1-Diffraction patterns (Crick & Kendrew, 1957), in the original figure legend,

they note the relationship between the spot intensity and electron density.

The reflections are created by constructive interference from x-rays diffracting from different
planes. The features of each reflection’s position and intensity represent a wave with magnitude
and relative phase which is represented mathematically as a structure factor. The missing
information measurable from the experiment is the phase (Cowtan, 2003) — the reason the
solution of x-ray structures is a complicated mathematical puzzle. Since the diffraction is
caused by electrons, the experimental evidence relates to the density of electrons encountered.
The electron density and structure factors relate by Fourier transforms, and these equations
underly the structural solutions in x-ray crystallography. The relationship between these
functions is usefully given by Pavel Afonine on the Phenix website (Afonine, 2010) for the
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spherical atom model, which is also referred to as the Independent Atom Model (IAM), see

Equation 2.1.

) 3/2 2
Natoms 5 43_ 4JEZ|I‘ _ 1'0 ;"

pc'rvs a (r) = qi Al 7 exp -
vl ; “\b, + B, b, + B,

k=1

t Fourier transformation

Set of structure factors {F(s)}, where each one is:

Natoms

5 b S2
F(s) = E g, Y a,exp|——-
=1 k=1

exp(—BiS2 /4)exp(2ir;s)

*Equation 2.1-Structure factor equations (Afonine, 2010) where p(r) is electron density, q;

IS occupancy, ak and bk are atomic scattering factors, r and s are position vectors.

The first structure solved by the Fourier Method
was in 1931 by Kathleen Lonsdale (Londale,
1931), which she referred to as “Structure

Determination by Trial and Error”. Her trial-and-

error produced the structure of
Hexachlorobenzene, Figure 2.2. This
demonstrates how the electron density images

were given nearly 100 years ago, as a projection

Fsa. 7.—Projection of Oy Gl Moleoul with the probability contours shown.
*Figure 2.2-Hexachlorobenzene, hand

drawing by Kathleen Lonsdale (1931)

showing the experimental electron

density as a probability contour plot.
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2.2) Refinement models

An iterative process takes place in which phases are estimated and structure factors computed,
and then iteratively improved. Most commonly, the initial phases are implied from the atomic
positions of what is believed to be a similar protein, with structure factors calculated from the
chosen mathematical models. The initial phases can also be estimated by direct methods

(Woolfson, 1987). Two important and common models for the density are described below.

2.2.1) The Independent Atom Model

The Independent Atom Model (IAM) is a model of all the atoms in a structure as if they are
not interacting, a promolecule, spherical, using a gaussian estimation of the decay. The formula
is given in Equation 2.1. This is the simplest model used to iterate with during refinement and

may also be used to compare against the observed density.

2.2.2) Aspherical model - multipole model

At ultrahigh resolutions there is evidence that this model breaks down and the more
sophisticated multipole model can be used. This was initially suggested by Hansen and
Coppens (1978) and considers interactions between atoms. The formula is replicated from
Afonine (2010) in Equation 2.2.

? Linax i
.\\ ﬂ “\.. patom (r) = p(-ore (r) + R'(.’!ijm!(m) + E K‘-‘R! (Kl') : Z Rfmyhn (8’(
=0

'3

m=-1

Patom = core eleC’[ronS
+ valence electrons

+ non-spherical part of the valence
electron distribution

*Equation 2.2-The multipole model formula (Afonine, 2010) - this model incorporates

valence electrons.
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3) A brief overview of resolution

Towards the end of the 1990s, the first ultrahigh resolution structures of proteins were
published, made possible by technological advancements including: synchrotron sources;
detectors; cryocooling; and compute power. Traditional x-ray crystallographic refinement uses
a spherical atomic density model, geometry parameters, and isotropic bfactors without
hydrogens: finding a best fit structure but losing the possible genuine deviation from standards
in geometry, losing protonation states and losing non-spherical features of chemical bonds. As
the resolution increases to less than the atomic bond distance, it becomes possible to see
hydrogen peaks and deformed density from bonds or lone pairs and charge distribution
(Hakanpéa et al., 2006), potentially elucidating function and interactions. But with the extra
information comes a more elaborate problem to be solved in refinement - more complex models
with more degrees of freedom are needed to model the non-sphericity such as the multipole
model (Hansen and Coppens, 1978), the bond electron model (Afonine et al, 2002) or the
invariom model (Dittrich et al, 2004).

Figure 3.1(a) shows the number of protein structures deposited per year, and (b) those that were
strictly less than 1.2A. For both, there is a blip in 2020 but the atomic resolution depositions
appear to continue an upwards trend - the global pandemic has impacted protein structure
determination like everything else, and the number of structures solved at atomic resolution is
distorted over the 2019-2022 period.

All structures Resolution < 1.2
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2013 2014 2015 2016 2017 2018 2019 2020 2021 1985 1990 1995 2000 2005 2010 2015 2020
Protein structures solved each year Protein structures solved each year

Figure 3.1-Resolution over time this shows the explosion in resolution (a) shows all

protein structures deposited in the Protein Databank per year, (b) shows those strictly

<1.2A | the first structures appearing in the late 1990s.
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4) The highest resolution structures

The highest resolution protein structures in the PDB are summarised in Table 4.1. The search

was made using the following criteria on 1%t March 2022:

e Experimental Method = X-RAY DIFFRACTION

e Refinement Resolution < 0.8A

e Polymer Entity Type = Protein

This resulted in 54 structures, but some were without deposition papers and removed from

scope, leaving 37 deposition papers covering 43 structures. The “Notes” column highlights

features or techniques in the paper of interest in this study. The notes in brackets are out of

scope in this study.

thry Rgl:;se Res Reference Title Notes
Multipolar
Residual maps
. . Deformation maps
lejg | 05/04/2000 | 0.54 (Jelsch et al., Accuraye proteln crystallography_at u'ltra_-hlgh _ Transferable library
2000) resolution: valence electron distribution in crambin. . .
Charge density analysis
Average maps
Valence electrons
Hydrogens
. (Kuhn et al., The 0.78 A structure of a serine protease: Bacillus Hydrogen bonds
lgci | 21/10/1998 | 0.78 1998) lentus subtilisin. Difference maps
No electron density
. . . Non-planar omega
(Kang et al The PDZ2 domain of syntenin at ultra-high Hydrggens &
1r6j 04/05/2004 | 0.73 20%4) v resolution: bridging the gap between small Hvdrosen bonds
molecule and macromolecular crystal chemistry yarog
History and methods
. Hydrogens
The refined crystal structure of an eel pout type Il yeroe
tif tein RD1 at 0.62-A resoluti js | Hydrogen bonds
lucs | 06/05/2003 | 0.62 | (Koetal,2003) | antireeze protein "2 als.oz-/A resolution TeVeals | pogiqual maps
structural microheterogeneity of protein and Val lect
solvation. alence electrons
Non-planar omega
Hydrogens
. . . . Hydrogen bonds
(Howard et al Ultrahigh Resolution Drug Design I: Details of BansgeIectrons
1usO | 07/05/2004 | 0.66 2004) v Interactions in Human Aldose Reductase-Inhibitor Geometry deviation
Complex at 0.66 A. eometry deviatio
Non-planar omega
Protonation
Direct methods
Iron-Sulfur
. Ultrahigh-resolution study on Pyrococcus abyssi
lyk4 | 17/01/2006 | 0.69 (Bonisch etal, rubredoxin. I. 0.69 A X-ray structure of mutant Hydrogen bonds
2005) Electron transfer
WA4L/R5S. : )
Non-spherical density
Fourier truncation
History and justification
(Hakanpéé et al., | Hydrophobin HFBII in detail: ultrahigh-resolution Hydrogen bonds
2b97 | 28/03/2006 | 0.75 2006) structure at 0.75 A. Unrestrained
Omit maps
(Chenetal., Crystal structure of rubredoxin from Desulfovibrio | Electron transfer
2dsx | 10/10/2006 | 0.68 2006) gigas to ultra-high 0.68A resolution Direct methods
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Hydrogens
Iron-Sulfur

Tt- Tt interactions
no electron density

. T Iron-sulfur
Jpve | 18/12/2007 | 0.79 (LeMzaé(t)e;r)et al., NNthI g_ndd_x-raytanalyms cg‘rs]trtL)Jc_tduralfadcéltl\élty_ln (Stability)
metal binding site-swapped hybrids of rubredoxin. (Mostly NMR)
Anisotropic b-factors
Unrestrained
2vb1l | 18/09/2007 | 0.65 (ng%%t al, Triclinic Lysozyme at 0.65 A Resolution. gzr;:;r;itlons
Hydrogen bonds
Non-planar omega
2wfi 16/06/2009 0.75 (Stegmann et al., | The Thermodynamic Influence of Trapped Water (Free energy)
2wfj 0.75 2009) Molecules on a Protein-Ligand Interaction (Mutation)
Iron-sulfur
3a38 26/01/2010 0.70 (Takeda et al., Detailed gsse_ssment of X-ray induced gtructural ;ﬁ;:fs:ransfer
3a39 0.72 2010) perturbation in a crystalline state protein. .
Omit maps
(Radiation damage)
(Patterson et al. Centrosymmetric_bilayers in the _0.75 A rgsolution
3all 04/11/1998 | 0.75 1999) ' structure of a designed alpha-helical peptide, D,L- (Designed peptide)
Alpha-1.
Unusual Binding Mode of the 2S4R Stereoisomer
of the Potent Aldose Reductase Cyclic Imide Hydrogens
) Zhao et al., Inhibitor Fidarestat (254S) in the 15 K Crystal Difference density
3bcj 08/04/2008 | 0.78 ( 2008) Structure of the Terr(1ary C)omplex Refinert}/at 0.78 Hydrogen bonds
A Resolution: Implications for the Inhibition Protonation
Mechanism
Multipole
3nir | 18/05/2011 | 0.48 (Schmidt et al., Crystal_ structure of small protein crambin at 0.48 A | Conformations
2011) resolution Bond electrons
Function not known
Elucidations of the catalytic cycle of NADH- Electron transfer
Yamada et al., cytochrome b5 reductase by X-ray crystallography: | Hydrogens
3wsh | 17/07/2013 | 078 ( 2013) n)éw insights into regulatior): of eff%cie);lt elec%ror? ’ Omit map
transfer Hydrogen bonds
3m 0.64 (Nakamura et al., N'ewton s craFiIe . prgtqn rela.y with amide-imidic (Neutron crystal’phy)
dzm7 14/10/2015 0.70 2015) a'CId tzl;lutomerlzatlon in inverting cellulase Proton transfer
visualized by neutron crystallography.
Haem
Hirano et al., High-resolution crystal structures of the solubilized | Unrestrained
334 | 15/07/2015 | 0.76 ( 2015) do?nain of porciner{:ytochrome b5. Hydrogens
Protonation
Invariom method
Deformation density
Propper et al., Invariom refinement of a new monoclinic solvate Omit ma
4hp2 | 02/10/2013 | 0.64 ( 2813) of thiostrepton at 0.64 angstrom resolution. Hydroge: bonds
Conformations
(Electrostatic potential)
Geometry
Hydrogens
. Liebschner etal., | On the reproducibility of protein crystal structures: Histidine
4igh | 19/12/2012 | 0.75 ( 2013) five atom?c resolutior)ll strupctures of)t/rypsin. Protonation states
Fo-Fc
C:0 bond lengths
(Halogen bond)
Fanfrlik et al., Modulation of aldose reductase inhibition b (Free energy)
4lbs | 30/04/2014 | 0.76 ( 2013) halogen bond tuning. g Difference map
Bond densities
(Zarychta et al. Cholesterol oxidage: ultrahigh-resolution crystal Large protein
4rek | 15/04/2015 | 0.74 2015) ' structure and multipolar atom model-based Average maps

analysis.

Topology analysis

[7]




Hydrogen bonds

Ligand-Induced Proton Transfer and Low-Barrier

Low-barrier HB

4uab | 24/06/2015 | 0.79 (Nichols etal. Hydrogen Bond Revealed by X-ray Proton tr.anSfer
2015) Protonation
Crystallography. (MD Simulations)
Iron-sulfur
. . . . . Val lect
sdsv | 25/05/2016 | 0.48 (Hirano et al., Charge-density analysis of an iron-sulfur protein at MauTt?cslz ectrons
' 2016) an ultra-high resolution of 0.48 angstrom ElectrF;n transfer
Bader AIM
Topology analysis
(Takaba et al., Distribution of valence electrons of the flavin Hydrogen bonds
5gv8 | 05/04/2017 | 078 2017) cofactor in NADH-cytochrome b5 reductase. Non-planar omega
Omit map
(Schiebel et al Charges Shift Protonation: Neutron Diffraction Protonation
5mnl | 24/05/2017 | 0.79 2017) v Reveals that Aniline and 2-Aminopyridine Become | (Neutron diffraction)
Protonated Upon Binding to Trypsin. (Quantum mechanics)
. - . Bound waters
(Mufioz-Escobar | Bound Waters Mediate Binding of Diverse )
Stda | 22/03/2017 | 0.79 etal., 2017) Substrates to a Ubiquitin Ligase. g:iifrons)
. . . . . Evoluti
syce | 19/09/2018 | 0.77 (Isogai et al., Tracing whale myoglobin evolution by resurrecting EEZOi:e':rer)
Y ' 2018) ancient proteins. &
(Free energy)
Crystal and NMR Structures of a Peptidomimetic (Engineered)
ZZT: 15/11/2017 g?g (Camzeori;)et al., beta-Turn That Provides Facile Synthesis of 13- (Cyclic)
’ Membered Cyclic Tetrapeptides. (NMR)
. . Protonati
Gigi 17/04/2019 | 0.78 (Takaba et al., Subatomic resolution X-ray structures of green Hrc:j:z,nirl]ogonds
18) ' 2019) fluorescent protein. yarog .
Topology analysis
Hydrogen bonding
(Shibazaki et al., Direct Observation of the Protonation States in the Protonation
6127 01/04/2020 | 0.7 2020) Mutant Green Fluorescent Protein. Proton transfer
(Neutron diffraction)
6mw0 0.78 (Cameron et al Investigations of the key macrolactamisation step (Engineered)
6mwl | 11/09/2019 | 0.77 2019) v in the synthesis of cyclic tetrapeptide (C ?:Iic)
6mw?2 0.77 pseudoxylallemycin A. 4
Peptide bonds
(Laulumaa & Sub-Atomic Resolution Crystal Structures Reveal Bent rings
ursula, onserved Geometric Outliers at Functional Sites. eometric outliers
6s2m | 28/08/2019 | 072 | \\irsula, 2019) | C d Geometric Outliers at Functional Sit Geometric outli
Non-planar omega
6ufa | 02/12/2020 | 0.77 (Mulligan et al., | Computational design of mixed chirality peptide (Engineered)
' 2020) macrocycles with internal symmetry. 9
(Moroz et al Fungal GH25 muramidases: New family members Protonated
6zm8 | 14/07/2021 | 0.78 2021) v with applications in animal nutrition and a crystal Short hydrogen bond
structure at 0.78 angstrom resolution. Difference map
(Barone et al Designed nanomolar small-molecule inhibitors of
7abm | 07/10/2020 | 0.78 2020) v Ena/VASP EVHL1 interaction impair invasion and (Engineered)
extravasation of breast cancer cells.
(Covid)
(Schuller et al Fragment binding to the Nsp3 macrodomain of (Fragment docking)
7kr0 | 09/12/2020 | 0.77 " SARS-CoV-2 identified through crystallographic Water networks

2021)

screening and computational docking.

Conformations
Electron density

Table 4.1-The highest resolution structures in the protein databank. The “Notes” column

highlights analyses or methods in the papers that are interesting in this study. In brackets are

interesting aspects of the paper not reviewed further here.
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The relationships between the deposition papers for each of these structures were examined

using the online tool Research Rabbit (www.researchrabbit.ai). Figure 4.1 depicts the

relationships between these papers in terms of mutual citations. Evidently, there is a distinct
group of structures with mutual citations, and these are the papers and structures that are
primarily in scope for this study. The standalone papers tend to use high resolution for unique

purposes — one group are engineering cyclic structures for example (Cameron 2017,2019).
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3a30 (0.72) P 12015
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Figure 4.1-Citations between the high-res papers visualised using the web application
Research Rabbit (6jgj is not depicted). Those strictly less than 0.6A are marked in red. The
larger circles are most connected.
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5) A review of the claims

Below is a summary of some of the interesting claims made for these ultrahigh resolution
structures, and their purported evidence. | have concentrated on selected claims that outline
and advance techniques and evidence that could be examined further in this study. The
structures are introduced in chronological order and where | refer for the first time to a new

technique or observation, the text is bold.

The claims made are often not new discoveries found in ultrahigh resolution structures, rather
they provide additional experimental evidence for claims already made either in lower
resolution structures or theoretically.

One of the most important tools for the analysis of structures, which is even more accurate at
ultrahigh resolution, is the ability to see hydrogens in the difference maps. There are different

kinds of difference maps which can be very briefly summarised as:

e Difference density - the difference between observed density and the model density,
which may show unmodelled features such as hydrogen.

e Hydrogen omit maps — specifically omits hydrogen so that hydrogen can be inferred
in the difference density.

e Deformation density — compares the observed density with a spherical model (not
necessarily the one used in refinement) and may show experimental evidence of non-

spherical features.

Since 2008, it has been a requirement to deposit electron density with the structure in the PDB
as 2Fo-Fc and Fo-Fc where Fo is the observed density (experimental) and Fc is the calculated
density (model). At the end of the iterative process to solve the phases there are two sets of
structure factors: for the observed density and for the model. The difference density is created

by converting the difference in these structure factors to electron density.

In Figure 5.1 the difference density in green is superposed over the electron density in blue.
The green difference is positive which means that there exists observed density that wasn’t
modelled. Since the hydrogens weren’t modelled that means, by the conclusion drawn by these
methods, that the positive density blobs are hydrogens, which is the basis of much analysis,

including hydrogen bonds, protonation states, active sites, and transfer mechanisms.
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*Figure 5.1-Interpreting difference density as hydrogen (Moroz et al., 2021 — Figure 5),

this shows difference density in green which is interpreted as visible hydrogens. 2Fo-Fc is
shown in blue and interpreted here as N, C and O. The apparent visualisation of hydrogen

enables structural and mechanistic inferences to be made.

The first <0.8A ultrahigh resolution structure was deposited in 1998, 1gci, at 0.78A (Kuhn et
al, 1998). It uses the difference technique to find an unusually short hydrogen bond of 2.62A
between Asp32 OD2 and His64 ND1 having observed a hydrogen 1.2A from ND1 and 1.5A
from OD2. This short hydrogen bond is part of the functional catalytic triad, and the hydrogen
had previously been identified by NMR experiments. It was possible to view this hydrogen by
a repeated refinement adding more hydrogens as they became visible, iteratively, which

gradually reduced the noise in the map and enabled ever more hydrogens to become clear.

The ultrahigh resolution structures discussed in this study fulfil the requirements that are
needed to refine a structure using a more sophisticated model than IAM. Those requirements
suggest that the structure needs to have a resolution of <0.85A, good electron density with
sharp peaks (disorder, flexibility and multiple occupancy will limit the use) and that when a
spherical refinement model is used there should be deformation density present in bonds
(Propper et al, 2013).
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*Figure 5.2-Averaged experimental difference density (Jelsch et al, 2000 — Figure 2). A)

Ala9-Arg10 peptide deformation density B) Averaged peptide deformation density C)

Difference density Ala9-Argl10 using multipole D) Averaged difference density using
multipole. This shows that the deformation density leaves residual density in the bonds

with the average having a stronger signal.

In 2000 one of the very highest resolution structures was deposited, 1ejg at 0.54A (Jelsch et al,
2000) which has proved to be an important structure in the field. This used an aspherical model
for refinement — the multipole model (Hansen and Coppens, 1978). The spherical model for
this structure breaks down as valence electron density can be seen in chemical bonds (Jelsch et

al, 2000). The multipole model considers the aspherical nature of electron density and the
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valence electrons in atomic bonds to refine against a more accurate model. To see the valence
electrons in difference density deformation density is used - comparing the observed density
with a spherical model. For 1ejg, Jelsch et al additionally use a technique of averaging the
deformation density over all the ordered peptide bonds to observe the finest features they can
as the averaging reduces the statistical noise. A striking image is shown in the paper of
deformation electron density featuring a carbonyl oxygen lone pair in a static map (Jelsch et
al, 2000 - Figure 3, replicated here in Figure 7.3) with the average deformation image of the
peptide bonds looking quite similar (Figure 5.2).

Structure lucs uses a spherical model for refinement but still achieves visualisation of valence
electrons (Ko et al, 2003), residual density is seen in most bonds and near the sulphurs of
methionine. Using the observable hydrogens, they are able to identify 2 unusual hydrogen
bonds - 2 intra-residue hydrogen bonds with acidic sidechains (GLU35/OE2 and ASP58/0D1)
both bend back to hydrogen bond with their own backbone N.

High-resolution structure determination allows relaxation of restraints in refinement and
greater confidence in geometric outliers from experimental evidence (Laulumaa & Kursula
2019). One important feature from this is the identification of non-planar peptide bonds and
functional analyses that may result. This is the case for 1r6j (Kang et al, 2004) with a lowest
omega (o, CA:C:N+1:C+1) value of 162.2° for SER261 with electron density evidence. This
structure also uses observable hydrogens to identify hydrogen bonds - from this they can
identify weak hydrogen bonds of the unusual type CH-O stabilising a beta-sheet with a
hydrogen bond distance longer than usual at around 3.16A, and 3.17A with the corresponding

amide group and the Ca.

In structure 1usO (Howard et al, 2004) they counted hydrogen as observable if it had a
difference density greater than 1o, and they observed a linear correlation between observed
hydrogens and atom temperature factor. They report 27 cases of deviation from peptide planar
of more than 10° - for some of these they attribute the deviation to sp3 hybridisation, and in
most of the cases there is evidence of a strong hydrogen bond formed by the N, for example
SER76-LYS77 with omega of 167.4° which is stabilised by a hydrogen bond between the
SER76 OG and LSY77 N of an unusually short distance of just 2.68A. Structure 1us0 observes
a departure from spherical density in its residual electron density found around atoms near the
active site. They use the presence of density in bonds to infer the bond type, for example
between residues 44/45 there is residual bond density in both C:O and C:N+1, but in 45/46 the
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bond density is mostly in C:O. From this they infer that the 45/46 peptide bond has a C:O
double bond and a C:N+1 single bond, which is also suggested by the bond geometry. For
44145 there are distances of C:0=1.241A and C:N+1=1.330A and for 45/46 C:0=1.220A and
C:N+1=1.355A. 1us0 clearly shows the orientation and protonation state for His110 in the
electron density via visible residual density for the NE2 atom. These protonation states are

depicted in Figure 5.4.

Figure 5.3-Visualised electron density of 1yk4. (a) Shows the Fourier truncation rings
visible in 1yk4 around the Fe centre for Fo, where high to low density is black->red->pale
blue (b) shows the Fo-Fc density of the same region where the rings are not visible as they
are balanced out: pink -ve green +ve. There also appears to be another artifact in this

visualisation of the electron density, a diagonal line of negative density in the middle.

Images made with Density Flight (Alcraft, 2021). Electron density maps from the PDB.

1yk4 (Bonisch et al, 2005) was able to identify unambiguously all atom types by the density
volume, except for the disordered Lys7 sidechain. The hydrogen bond network between iron
and sulfur is of interest, and the experimental data was able to confirm 6 previously suggested
hydrogen bonds and refute 3. They report 8 peptide bonds that significantly deviate from
planarity, and an additional insight - they note a correlation between the backbone angle tau
(N:CA:C) and backbone dihedral psi (N:CA:C:N+1), along with a bimodal distribution of tau
with means of 109.2° and 113.5° (in line with 2 different psi populations). They analysed the
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distances between C:O and C:N+1 and found a negative correlation, noting that at
resolutions <0.8A the assumption of spherical atoms no longer holds. The structure 1yk4 has
evident bond electron density in the difference maps, refined with a spherical model, citing
Afonine (Afonine et al, 2004) as evidence that well-ordered atoms at ultrahigh resolution can
show bond electron density. Also citing Afonine, they point out the risk of Fourier truncation
effects in what they describe as unbalanced density maps (Bonisch et al, 2005, Afonine et al,
2004). This is something | can observe directly in the electron density, see Figure 5.3 using my
own visualisation tools from Density Flight (2021). I note that the advice (Afonine et al, 2004)
that you can have confidence in the Fo-Fc map as the rings “balance” could be unsatisfactory
in terms of method precision and it additionally suggests that we cannot have confidence in
2Fo-Fc.

Conventional refinement of ultrahigh 2b97 (Hakanpéé et al, 2006) left residual density in: most
of the carbonyl oxygens; around the main chain peptide bonds; at the sulfur positions in
disulfide bridges; and around the manganese ion — only the manganese residual density was
present in the 1.0A high-resolution structure on which the solution was based. In 2097 520/990
H atoms could be directly observed in the omit map. The combination of observable hydrogens
and accurate bond lengths allows for identification of protonation states, but it does need the
restraints to be relaxed in refinement for confidence in the experimental evidence of the bond
lengths. In this structure this was only partially successful as restraints were put on some of the
weaker density side chains, and with nearly half the hydrogens not visible (an absent hydrogen
does not exclude its protonation). A technique was employed in 2b97 to measure the true error
of the geometry in the unrestrained structure: they used the variability in the Ca-Cp which
would not be expected to change for functional or structural reasons, measuring 5 more than
0.05A from the small molecule standards. This structure had an extreme unrestrained w-outlier
at 159.1° between 1le31 and Val32. Unsatisfied hydrogen bonds were found, so they searched
for unusual weak hydrogen bonds formed between carbons or n-rings at <3.8A. 47 were found,
and on inspection 41 of these had non-zero density where a hydrogen would be expected,
making them considered to be directly observed. Short hydrogen bonds were also found in the
structure — 2.67A was the shortest reliable hydrogen bond found between His420 and
Ser450G.

The presence of alternate conformations can be seen with accuracy in some ultrahigh-
resolution structures, and this can give evidence for functional features. The structure 2dsx
(Chen et al, 2006) hypothesises the structural features that enable electron transfer — via the
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iron centre and through aromatic rings. They suggest that the multiple conformations of the
iron-sulfur cluster demonstrate this, along with the evidence of hydrogen bonds in this area and
the binding of water to peptides. They also observe an asymmetric shifting of density around
the 4 sulfurs, as they say “Thus, SG9 and SG42 densities move toward the Fe atom whereas
SG6 and SG39 densities shift away from the Fe atom”. They suggest this could be the reason
for the asymmetrical bond lengths and that it could imply some dynamism: “The direction of
density movement might imply the dynamic range of the FeA4Cys centre, which is related to
the electron transfer mechanism”. No other paper in this study mentions direction of density
movement as relating to function. This sort of density asymmetry could be accounted for by
occupancy and by bfactor, both perhaps a dynamism, and we see in other papers that bond
distances are discussed in relation to function. Unfortunately, they did not deposit the electron
density for this structure so the claims cannot be assessed.

Structure 2vbl (Wang et al, 2007) also shows multiple conformations along the backbone and
side chain. Some of these conformations are hinged by a hydrogen bond which is evident at
high resolution, such as the atoms around His15, Asp87, Asp90 and Thr89. There is also
evidence in the difference map for this structure having 2 hydrogen positions around the
hydroxyl of Tyr53, allowing 2 possible alternative hydrogen bonds in the vicinity — these fine
geometric features could suggest functional features. The tau angle is again mentioned in this
structure, where they note that the unrestrained distribution is wide and might correlate with
the local conformation, citing Esposito et al (2000) who detect a clear dependence of tau on
conformation. This structure also shows outliers in w-planarity, with the largest deviation being
residues 62-63 with an angle of 152.7°.

In structure 3bcj (Zhao et al, 2008) the existence of hydrogen densities near the amide ring
gives evidence of protonation state and hydrogen bonding that led to a determination of the

inhibitor mechanism.

Structures 3a38 and 3a39 (Takeda et al, 2010) show clear features of non-spherical density
around the Fe-S bonds, indicated by the presence of density in the deformation map for the
structures with less radiation damage, which they interpret as visible bonding electrons. In this
iron-sulfur electron transfer cluster, they state that the position of the hydrogens in the bound
waters define their orientation rather than just their position as is found in medium resolution
structures. In this structure they found some water molecules with 2 hydrogen bumps which is

a feature not yet understood.
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It is not always possible to identify
function even at the very highest
resolution. The function of crambin
remains elusive despite the highest
resolution 0.48A structure 3nir (Schmidt
et al, 2011). Although pushing the
refinement to what they consider to be the
absolute limit of current practicalities and
interpretation of electron density, further
understanding of the function was not

made.

Structure 4hp2 uses IAM refinement to
establish that valence electron density can
be seen, which they say is a prerequisite
for a further aspherical model (Prépper et
al, 2013). They then go on to use the
invariom method (Dittrich et al, 2004)
for further refinement which is an
alternative method to the multipole model
(Hansen & Coppens, 1978). They show

that residual density that is present in

Fieure 4
*Figure 5.4- Histidine protonation states
(Liebschner et al, 2013 — Figure 4). Histidine

protonation states shown by superposing

bonds after IAM refinement disappears
after  invariom  refinement, thus

suggesting the model has better taken the

difference density (peach colour) over density

) o bonding electrons into account.
(blue). The difference density is interpreted as

hydrogens and thus shows the protonation A study of significance in the

state. (a) NE2 protonated (b) bi-protonated (c) || €xamination of accurate bond positions
not protonated. and geometric parameters is 4i8h which

compares 5 high resolution trypsin
structures (Liebschner et al, 2013). One of the structures is in scope for this study at 0.75A
although the other 4 are all below 0.9A. It looks at the comparative calcium position wrt to the
6 surrounding oxygens in the 5 structures to examine variability. This study shows great

agreement between these coordinate positions in all but one water molecule that is not bound
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to the protein, which suggests it is less constrained than the others and the difference may be
observed rather than an uncertainty of measurement. Disulfide bonds are an important feature
in protein structure and this study compared the 6 disulfide bonds. The standard length is 2.04A
and they took the bond to be broken above 2.20A. Here they found that the highest resolutions
structure was the one with the most broken disulfide bonds, with only 3 fully intact: and it also
shows more cysteine conformations. This is consistent with known impacts of radiation
damage at high resolution. In some cases of multiple occupancy, it is suggested that multiple
occupancy shows evidence of function, but in this case, it is suggested that there is a breakdown
in structural stability because of the effects of the experiment. The five-structure comparative
study (Liebschner et al, 2013) looks at the 3 histidines in all 5 structures and infers the
protonation states based on deformation density, where visible peaks for hydrogens are seen in
the difference maps, shown in Figure 5.4 which is representative of figures of this type that

depict protonation states.

Structure 4rek (Zarychta et al, 2015) applies Bader’s Atoms in Molecules theory (AIM,
Bader, 1994) for a topology analysis of the charge density. In this theory, a saddle point and
bond path between 2 atoms indicates an interaction — using this theory they tabulate all the
atoms in the protein that interact with the FAD cofactor. An analysis of this type, using the
second derivative, can only be done with extremely high-quality electron density. An average
density map is also plotted for 4rek comparing the impact different bfactors have on the results.
The bonding density is clear, and the clarity decreases as the bfactors increase. Structure 4rek
undertakes a stereochemical analysis of the main chain hydrogen bonds in the large structure
(>500 residues), looking at both distance and directionality using a mixture of observable
hydrogens and known stereochemistry. With the observable hydrogens, they can measure the
N-H-O angles and the N-H and O-H distances, adding to the understanding of this geometry —
with nothing much surprising, but the interesting observation that i+3 a-helices have bifurcated
hydrogen bonds with D(onar)-H-A(cceptor) angles mostly in the 120-140° range and long O:H
distances > 2.5A. The C:0 bond lengths were examined in the structure 4rek (Zarychta et al,
2015) and compared with the C:N+1 distances for different secondary structures — as
previously discussed in structures 1usO and 1yk4. Here, they find that the mean i+3 C=0 bond
length is longer than the other secondary structures, which is of interest in combination with
their observations (reported in this study) on the i+3 hydrogen bond geometry being distinct.
They also suggest a relationship between the shorter peptide bond distances in the structure in
a-helices which correspond to the longest C:O distances. A related observation has been made
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by the same group where they averaged the electron density in a-helices and b-sheets separately
and found a distinct difference in the character of the electron density and distances (Ahmed,
2012), shown as Figure 5.5. In the 4rek paper they additionally look at the correlation between
C:0 and the backbone angle tau+1 (CA:C:N+1) because they observe that this angle is lowest
in b-sheets. They find no meaningful correlation, although a distinct grouping for different

secondary structures — see Figure 5.6.

Sheets Helices

(@) Contour: 0.05 e/A® (b)

Figure 6.9: Average Fourier residual electron density in the peptide bond planes, centered at the

C atom positions, shown in (a) beta sheets (b) alpha helices regions of the protein.

*Figure 5.5-Electron density in the C:O bond (Ahmed 2012) shows different
characteristics in a-helix and b-sheet secondary structures, as well as reported bond length

differences.

Independently, my own analysis on a large population of high-resolution structures has
concurred that there is no evident correlation between these distances using the coordinates in
the pdb, but if instead we look at the correlation between electron density maxima near the

atom coordinates, then there is a very strong correlation (Figure 5.7).
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Figure 18
Scatterplot of the C=O distances versus the /C*—C—N angles. The
linear fits are shown to highlight the average values of distances (despite
correlation coefficients of close to zero between the two variables).

*Figure 5.6-Correlations between CA:C:N+1 and C:O
(Zarychta et al, 2015) this shows weak correlations between
the geometric parameters and weak clustering for different

secondary structures.

C:O|TAU+1|bfactor Reduced C:O|TAU+1|bfactor Adjusted
Count=55526 Count=55432

1150 1175 1.200 1.225 1.250 1.275 1.300 1.3v25
c:.o

Figure 5.7-Correlation between C:O and CA:C:N+1 (tau+1) where a) is calculated from

the PDB coordinates for high resolution structures and b) is the nearest electron density
maxima to the atom coordinates for the same structures (some fail to converge)
(LeucipPy, Alcraft, 2021). Why there is a linear relationship in the maxima positions
might warrant further investigation — and is there are relationship with bfactor?
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The side chain protonation states are implicated in enzyme activity and a 3-structure study
including 4ua6 at 0.79A (Nichols et al, 2015) shows an unusually short low barrier hydrogen
bond (LBHB) of 2.53A between Ser70 and Lys73 with a verified hydrogen in the difference
map. These 3 structures provide experimental evidence into the mechanism of this proton
transfer and evidence for LBHB in proteins that are the subject of debate. This same structure
also finds a LBHB that seems to play a structural role in the protein between Asp233 and
Asp246, also with observable hydrogen. For this they use the 2Fo-Fc map rather than the
difference map to observe a hydrogen peak and possibly the unbalanced map with ring artefacts
could be problematic. See Figure 5.8 for their Figure (a) and the 2Fo-Fc density from Density
Flight (b,c) (Alcraft, 2021). In the more distant view 5.8(c) ring artefacts can be seen, and the
hydrogen position is possibly where they overlap making it hard to distinguish physical
evidence from the artefact.

Asp233 OD2

-

Asp246 OD1

Figure 5.8 Unbalanced rings and hydrogens. (a) is directly taken from the 4ua6 paper
(Figure 4B, Nicholes et al, 2015), (b) and (c) are both from Density Flight (Alcraft, 2021)
(b) showing a magnified view of the atoms with a bump of density between, (¢) showing that

ring artefacts are present with the H density in the overlap region.

One of the structures, 3x34 (Hirano et al, 2015) is analysed along with 4 structures, the others
just out of scope, in oxidised and reduced forms 1 and 2 that examine the haem group

(unrestrained refinement) of cytochrome bs. They compare the C:O distances in the propionate
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rings of these structures and use the distances as evidence that the reduced haem indicates C:0O

double bonds (1.21A) but in the oxidised state the equal distances indicate a charged state.

The ultrahigh resolution structures 3x2m and 4zm7 have enabled an understanding of a proton
relay, in conjunction with neutron diffraction which contrasts experimental evidence of
neutron (atom) position. The position of H between Asn92 and Asp114 suggest the presence
of a proton relay through water molecules.

The joint highest resolution structure in the pdb, 5d8v (Hirano et al, 2016) examined the
electron distribution around the iron-sulfur clusters. They identify and visualise S 3p and Fe 3d
electron density and perform a topology analysis (Bader, 1994) in which they analyse
Laplacian and gradient maps in the iron-sulfur region. An important feature of this topological
analysis is the bond critical point (BCP) that is marked by the crossing point of the boundary
between the atoms and the path between them and BCPs were calculated for all the Fe-S
interactions, finding slightly distorted paths asymmetry and unequal strengths at the BCP. They
find an inconsistency in the AIM analysis of the charge and the multipole parameters which

they could not interpret easily.

Topology analysis continues in 2017 with the structure 5gv8 (Takaba et al, 2017), finding the
BCP for the isoalloxazine ring and a topological analysis of the hydrogen bonds. They find the
hydrogen bond paths to be slightly curved, in contrast to the straighter covalent bonds and they
find some bond paths in non-classical hydrogen bonds for FAD with Ca of Tyr65 and Ca of
Ile81. There are other unexpected features identified in topology analysis, for example single
bonds where double ones are expected and a surprising electron distribution in FAD around

N5 via hydrogen analysis.

Protonation is the main interest behind the high-resolution solution of structure 5mn1 (Schiebel
et al, 2017), and they combine neutron diffraction with x-ray diffraction to investigate binding
of trypsin with aniline and 2-aminopyridine with experimental evidence for the protonated

forms given by the combination of electron density and neutron density maps.

Further topological analysis is undertaken for structure 6jgj, in which they observe that the
usual method of understanding protein interactions is through geometry, but that the ultrahigh
resolution structure allows for a topology analysis that detects intramolecular interactions as
features in the electron density (Takaba et al, 2019). They find that their electron density is of
good quality as most of the hydrogens are observable. They use a method to find non-covalent
interactions by Johnson et al (2010) with the gradient, Laplacian and Hessian eigenvalues used
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to identify features such as nuclei positions with local maxima and all negative eigenvalues.
Where there is 1 positive and 2 negative eigenvalues this identifies bonding regions, with the
sign of A2 important in the bonding type. In this analysis they found conventionally understood
interactions plus a new one between C2 and Thr620 which they regard as a lone pair ©

interaction.

The structure 6s2m (Laulumaa & Kursula 2019) has geometric outliers which the group kept
during refinement after inspecting the electron density for evidence. These include non-planar
Arg guanidinium groups; non-planar Phel6 and Trp97 rings; peptide bond distortions on both
sides of Thr80. They further suggest that geometric outliers can be functional, citing Flocco &
Mowbray (1994) who detail the statistically high occurrence of planar stacked arginines over
the centre of aromatic sidechains - the proposal being that the structure is stable, yet a hydrogen
bond has not formed with the three N atoms of guanidinium group, leaving them available for
other functional purposes. More examples can be found of unusual hydrogen bond positions
that suggest functional features in the structure 6s2m - there is evidence through hydrogen bond
geometry that there is a break in a beta sheet at LEU10 which is a known portal region.

The paper for structure 6127 (Shibazaki et al, 2020) uses the hydrogen bonding network, in
association with alternate conformations to make claims about the protonation state and proton
transfer in these conformations around the residue Glu222 and the different hydrogen bonds

seen with OE2 and OG2 in the 2 conformations.

The most recent structure, 6zm8 (Moroz et al, 2021), suggests that Asp95 donates a proton to
the substrate, the short hydrogen bond distance of 2.5A between Asp95 and Glu97 provides

evidence for this claim.

[23]



6) A summary of the claims

Some of the above claims are summarised by category for ease of reference.

6.1) Unusual hydrogen bonds

Many examples are given of unusual hydrogen bonds throughout the papers, a few are detailed

in Table 6.1 with numerical examples.

() Unusually short hydrogen bonds.

Structure Residues Distance | Comment Evidence
1gci Asp32 OD2-His64 ND1 2.62A Short HB in catalytic triad 2Fo-Fc
lucs Asp58 OD2-Glu25 OE2 2.46A Crystal contact short HB Distance
1us0 Ser76 OG-Lys77 N 2.68A Short HB Distance
2b97 His42 O-Ser45 OG 2.67A Short hydrogen bond Omit map
4uab Ser70 OG-Lys73 NZ 2.53A LBHB — active site 2Fo-Fc
4uab Asp233 OD2-Asp246 OD1 | 2.47A LBHB — buried residue 2Fo-Fc

(b) Unusually long hydrogen bonds.
1r6j 11e269 CA-Asn237 O 3.16A Weak CH-O HB in B-strand*
1r6j 11e269 N-Asn237 O 3.17A Weak B-strand amide HB

(c) Non classical partners
1r6j 11e269 CA-Asn237 O 3.16A Weak CH-O HB in B-strand* Fo-Fc
5gv8 Tyre5 CA - FAD - CH...N/O non classical Topology

(d) Functional

2vbl Tyr53 OH-Asp66 O 2.7A 2 conformations could suggest Omit map
Tyr53 OH-1054 O 2.9A function

Table 6.1-Hydrogen bond claims in papers, this summarises the hydrogen bonds that are

specifically mentioned with residues and distances with (a) unusually short, (b) unusually
long and (c) non classical partners and (d) functional.

(* Entered in 2 categories: long and non-classical.)
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6.2) Non-planar peptide bonds

The peptide bond has been considered planar since Linus Pauling “because of the resonance of
the double bond between the carbon-oxygen and carbon-nitrogen positions” (Pauling et al,
1951). In their paper on deviations from planarity for omega, MacArthur & Thornton (1996)
analysed small molecules in the Cambridge Structural Database (CSD) and structures in the
PDB and find that for trans-peptide bonds with standard amino acids there is a mean omega of
179.7° with a standard deviation of 5.9° and 179.6° and 4.7° respectively. A selection of non-
planar peptide bonds are given in Table 6.2, where numerical examples have been given in the
literature. A confident identification of non-planar omega has the potential to identify important

sites in the protein.

Structure Residues Dihedral Comment

1r6j Ser261-Gly262 162.2° Overall mean omega slightly
low

lucs Met21-Met22 165° Met21 HB with Asn8

lucs GIn44-Val45 168° GIn44 HB with Lys61

1us0 Ser76-Lys77 167.4° Associated with a short HB
2vbl Trp62-Trp63 152.7° Multiple conformations
6s2m Thr80-Lys81 162.3° Also has non-planar rings

Table 6.2-Non-planar peptide bond claims in papers, this shows some of the non-planar

omegas angles that are specifically mentioned with residues and distances.

6.3) Backbone angles

Discussions of the backbone angle tau (N:CA:C) are less common than those around hydrogen

bonds and omega, however mentions include:

e 1yk4 suggests tau correlates with psi and has a bimodal distribution of 109.2° and
113.5° associating with different psi values.

e 2vbl suggests a wide distribution correlating with local conformation (which means
with phi and psi).

e 4rek looks at the next backbone angle tau+1 (CA:C:N+1) and its correlation with C:O
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6.4) C:O and C:N+1

Less commonly mentioned is a relationship between C:O and the peptide bond C:N+1, and the

discussion around the electron sharing in the peptide bond.

1us0 finds that residual density is either in C:O or C:N+1 and they infer different
bond types with the sharing of electrons.

4rek mentions C:O in relation to C:N+1 and they find that shorter C:O correlates with
longer C:N+1 is secondary structures.

Not in this study, Ahmed’s PhD (2012) potentially shows a different character in the
C:0 bond depending on secondary structure (though it could be a statistical artefact or

due to bfactor).

The very latest ultrahigh resolution structure 7vos (which was released after the search

criteria for this study on 1% June 2022) is another iron-sulfur cluster containg structure from

Japan (Hanazono et al, 2022) and they find a -0.56 correlation between C:0 and C:N+1.

6.4) Protonation states

Protonation states are inferred from the presence of hydrogens in the difference density —

mostly for histidine but also for aspartate.

1us0 shows the protonation state of His110.

3bcj has evidence of protonation state near the amide ring.
4i8h shows the protonation state of His57 (Figure 5.4).

4ua6 shows evidence of side chain protonation.

5mn1 shows protonation using neutron diffraction to compare.

6127 shows protonation for Glu97.
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6.5) Electron and proton transfer

By analysing multiple conformations and/or hydrogen bonding networks and protonation states

some papers infer mechanistic function.

e 2dsx suggests electron transfer via the iron centre and through the aromatic rings.

2vb1 has multiple hydrogen bond conformations which suggest functional features.
e 3a38 has an iron-sulfur electron transfer cluster.

e 4uab shows evidence for proton transfer, possibly linked to the LBHB.

e 6127 claims proton transfer around Glu222 from the multiple conformation hydrogen

bond network.

6.6) Topology analysis

Methods of numerically analysing the electron density topology for derivatives based on
gradient and Laplacian maps to find features such as atom boundaries and bond types were
made by: 4rek, 5gv8, 6jgj (Bader, 1994; Johnson et al, 2010). These methods have potential to

make future discoveries about interactions.
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7) An analysis of the claims

In the 2010 textbook Crystal Structure Analysis, Glusker and Trueblood described the
techniques of charge density analysis and deformation density, particularly in conjunction with
neutron diffraction, saying “The future of this area is bright” (Glusker & Trueblood, 2010). In
2000 the structure 1ejg (Jelsch et al, 2000) was ground-breaking in its techniques, yielding 180
citations, but 15 years later, the same group published the 4rek structure, a much larger protein,
(Zarychta et al, 2015) with the addition of topology analysis, but otherwise not building on the
techniques for interpretation of the electron density. They use a technique of averaging electron
density of equivalent chemical groups that no other group appears to have used, we have seen
lejg and 4rek from the same group in this study, and additionally Housset et al (1999) —
associated with the same group. An analysis follows in which I have picked out some points to
consider based on the claims made in all these papers and a wider survey of opinion to

understand the progress of research in this area.

7.1) Statistical quality

The underlying basis of all these claims relies on the quality of the electron density. In some
of these papers some doubt is cast on the quality of the electron density which limits their
analysis. For structure 1ejg “the signal to noise ratio of the crambin residual map was increased
by averaging” (Jelsch et al, 2000). A later PhD student in this same group used the averaging
method in his thesis (Ahmed, 2012) however despite the compelling images that this produces
for a comparison of an averaged peptide bond for a-helices and b-sheets (Figure 5.5), he
concludes that these results are not meaningful due to different bfactors for the two subsets of
peptide groups. His concern about the different bfactor populations can be demonstrated
theoretically to be justifiable - when calculating the electron density from 1AM for a purely
hypothetical structure, and comparing bfactors, it is certainly the case that the bfactor
dramatically distorts the C:O bond - Figure 7.1 shows this for a synthetic peptide plane.

Ahmed then restricts his samples to the same bfactor range in which case the evidence is
inconclusive as the difference between the deformation densities is indistinguishable from
noise. He suggests that the ability to detect the difference in electron density between bonds
for different secondary structures is at the limit of what can be observed, and his own initial

results could be an artefact (Ahmed, 2012 — see chapter 6), reproduced here as Figure 7.2.
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bfactor=5 bfactor=12 bfactor=23

Figure 7.1-Synthetic IAM density at different bfactors, for the peptide plane, calculated

using Density Flight (Alcraft, 2021). Density max-min: black-blue-pale blue. For bfactor

23, the distortion of the atom position from maximum for CA is evident.

Figure. 6.11

*Figure 7.2-Bfactor restricted electron density (Ahmed, 2012 — Figure 6.11), the
differences in the deformation density of averaged peptide planes between a-helices and b-

sheets are reduced to noise when the bfactor samples are standardised.

It is difficult to ascertain more information from Ahmed’s samples - when he restricts the
populations of secondary structure samples to the same bfactor he is using non-representative
samples. It is not the lack of evidence in this comparison that suggests that it is hard to know
the difference, but the difficulty we have in comparing samples with different bfactors as the

bfactor distorts the evidence so we cannot compare the true populations.

[29]



The statistical quality of electron density is analysed by lan Tickle (2012) in terms of accuracy
or precision: one using the difference density for accuracy and one only the observed density
for precision in signal-to-noise ratio. These calculations are implemented in EDSTATS which
is used in the solution of some ultrahigh resolution structures (e.g. Ramos et al, 2021) but not
by any in this particular group of <0.8A papers. Metrics for both accuracy and precision would
be of interest in these structures. Outside the world or protein biology, there is discussion on
the validity of analysing differences between probability distributions at all. A team working
on machine learning applications to statistical data analysis (Sugiyama et al, 2012) discuss how
a two-stage approach to estimating density differences has the problem of errors magnifying in
the second stage, they propose a single-show difference estimation — a least squares density-
difference. This is dealing with a different format of data as here the difference data is
calculated from structure factors — nevertheless it is effectively a difference between 2 density

distributions and their insights could apply.

If we could quantify the signal-to-nose ratio, the ability to infer more from the electron density
maps by averaging is appealing. We would want to establish that the averaging had made that
improvement quantifiably. The suggestion by Ahmed (2012) that the limits of interpretability
had been reached may have been off putting to this method, but this comment has wider
implications — what can we tell at a noisier individual sample level if we can’t infer anything
above the noise at an average? Can we really see individual valence electrons and hydrogens

or are they indistinguishable from noise?

7.2) Model bias

In the above we talk about difference density, and some of the maps and average maps in the
papers show some quite striking images of difference density that look almost like text-book
pictures of orbitals. Figure 7.3 shows the deformation pictures of crambin, both theoretical and

experimental. The experimental static images look like a textbook.

Orbital claims have not been made in any of these papers but a small molecule paper that uses
a similar technique of multipole method and difference density published in Nature came close
with the title “Direct observation of d-orbital holes and Cu-Cu bonding in Cu20” (Zuo et al,
1999) which I have replicated in Figure 7.4.
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*Figure 7.3-Deformation density pictures of crambin (Jelsch
et al, 2000 — Figure 3), impressive visualisation of electron
density that looks like a textbook even where it is described

as experimental.

Figure 3 The experimental and theoretical difference maps between the static crystal (Ap > 0). A translucency factor was used to remove the mostly white background.
charge density and superimposed spherical 0°~ and Cu" ions. a, A three-dimensional b, Contour map of the difference charge density in a (110) plane with a contour increment
rendering of the experimental difference map from the multipole model fitting with of 0.2 electrons per A2 and coloured using the same colour scheme as in a. The dashed
anharmonic temperature factors. The map was made using the T3D program (Fortner line is for contours with Ap < 0. ¢, The difference charge density map obtained from the
Research, USA) using a colour scheme of blue (Ap < 0), white (Ap = 0) and red FLAPW (LDA) calculations, plotted in the same way as b.

72 © 1999 Macmillan Magazines Ltd
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*Figure 7.4 D-orbitals visualised in Nature (Zuo et al, 1999), these images are like those

in the ultrahigh resolution papers and use the same methods.
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This caused a storm, with Scerri
(2000) writing a letter that said
“Text-book orbitals will never be
observed”, with the original
authors responding “We entirely
agree with Scerri that orbital wave
functions are unobservable and

that all the indistinguishable

electrons in a crystal define a

. ” .
Figure 5 single quantum state” continuing

Deformation electron density of thiostrepton, illustrating the difference . e
between the spherical IAM density and the aspherical valence electron with “it would be perverse not to

density of the multipole model. Blue density depicts excess, whereas

yellow regions show decreased electron density with respect to the IAM. mention the undoubted
Contour values are indicated in the legend in units of e A .

resemblance of our final result to

*Figure 7.5-A 3d visualisation of deformation density the simple one-electron model of

(Propper et al, 2013) note in their Figure legend they

a d-orbital charge-density
distribution” (Zuo et al, 2001).
This is important to highlight,

are not clear that it is theoretical rather than

experimental.

because it would be odd not to wonder at it — it is not mentioned in any of the high-resolution
papers in this study yet many of them show images similar to the d-orbital image: Jeslch et al
2000; Zarrychta et al 2015; Takaba et al, 2015; Propper et al, 2013, Hirano et al 2016. It can
be difficult to discern what is being shown, often they are a “static deformation map” which is
explained as being “static” because the anisotropic displacement parameters are not considered
(Propper et al, 2013). It can be unclear when looking at these images whether you are looking
at a model or at experimental data; one example is in Propper et al (2013) (see Figure 7.5). It
is a striking image of the entire 3d structure with visible carbonyl lone pairs. The figure
description says it is deformation density but, in the text, they advise that a Bader-AIM analysis
was not appropriate because the electron density was derived from theoretical calculations and
so it would not provide additional information. So: purely a model, but quite obscurely

explained.

The process of x-ray crystallography refinement is one in which a model is developed and then
refined iteratively until the model matches the experimental data near enough. This leaves an
inevitable problem of model-bias in the results which can end up imprinted in what should be

the experimental evidence. Richard Henderson says, “one must not underestimate the ingenuity
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of humans to invent new ways to deceive themselves” (Henderson, 2013) referring to an image
of Einstein being constructed out of noise in cryo-EM data. When being concerned about model
bias | refer to the well-known model bias in crystallography from using a model to calculate
phases which leads to features of the model being present in the resulting density map even if
they are not there (Terwilliger et al, 2008). But I also intend it to mean any other model biases
that may result from methods used to iterate towards a solution in the manner of the Einstein

result. | am not aware of a metric to measure model bias of either kind.

7.3) Ring artefacts

An important issue raised is that from the structure 1yk4 in which they mention the visible
evidence of rings in the electron density caused by Fourier truncation (Figure 5.3). This is
discussed in a paper by Afonine et al (2004) in which they suggest that when the observed and

calculated density balance out the problem is resolved — i.e. in the Fo-Fc map.

However, 2Fo-Fc density is used in much analysis, including topology analysis. Truncation
artefacts are perhaps problematic for the topology analyses performed by 4rek, 5gv8 (which
finds an inconsistency in comparison with multipole) and 6jgj (which finds single bonds where
double are expected) all of which | have verified to contain ring artefacts. Further exploration
is needed to understand how these topology analyses use the electron density, but where the
rings problem exists the unbalanced density contains artefacts, so that must be corrected for
topology analysis to be successful. Methods must exist for this - the rings problem is known —
however given all these high-resolution structures present with ring artefacts the present
methods are not sufficient, or not being used. Either way, a systematic correction of the ring

artefacts is necessary for electron density analysis.

A very different method of refinement to any so far discussed makes use of the rings. It was
introduced in 2015 and is based on image definition evaluation functions. It uses the Fourier
truncation rings, to create a solution for the phases through machine learning (Li et al, 2015).
They refer to it as a kind of “focus” because the rings come into focus when the phases are
correct, the method is in its infancy but has an appeal as it is a model free method and could
make an interesting comparison if used as an alternative refinement method on any of these

structures.
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7.4) Atom Positions

There have been systematic analyses of the geometry of atomic resolution structures, for
example a study that looked at whether any change should be made to the target refinement
parameters based on ultrahigh resolution structures (Jaskolski et al, 2007) and suggestions
that there is a an improvement in, for example, the chi values at higher resolution (Morris et al,
1992) - although I observe that care must be taken over the rarity effect — the possibility that
a convergence of values to an ideal is only due to rarer sampling (Density Flight, Alcraft, 2020).
Confidence in these analyses relies on the higher confidence of the atomic position from
electron density evidence and the ability to relax geometric restraints in refinement. The atom
position is generally believed to be at the maxima of the electron density (Bader, 1994; Johnson
et al, 2010) — although not for hydrogens due to the asymmetry of the distribution of the single
shared electron. | have shown that the atomic positions are not always at the electron density
maxima in my analysis (see the adjusted tau / C:O plot in Figure 5.7) and that bfactors distort
electron density in theoretical IAM models (Figure 7.1). Atom position is not the direct
experimental result of x-ray crystallography experiments, but rather electron density. Some
further understanding of this is warranted: electron density is considered the final arbiter of
atom evidence (WIlodawer, 2017) but how far can the electron density maximum stray from
the atom position and under what circumstances? How do these circumstances influence the
atom position and the geometry and to what extent and accuracy? Movement, occupancy,
signal-to-noise, experimental quality: many factors will influence whether there is a true
observation of omega at 152.7° (2vb1l) including whether the atom positions are at the density

maxima.

7.5) Hydrogen Bonds and geometry

The presence of so many short hydrogen bonds and non-standard hydrogen bonds suggests a
systematic and statistical analysis of ultrahigh-resolution structures would be interesting. Each
solved structure is an individual story, an anecdote, but all together they may provide a wider

picture of stereochemical and functional interest.

A widespread analysis of the peptide plane would be interesting, along with any links to
function and other features as suggested in these papers. Other geometric features mentioned

by several authors are those concerning correlations between C:O, C:N+1 and tau, suggesting
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further analysis of these could be warranted. The finding of a bimodal distribution of tau with
psi in 1yk4 (Bonisch et al, 2005) is interesting with regards to literature on psi and whether it
is bimodal (Jaskolski et al, 2007) and whether it is correlated with local conformation (Balasco
et al, 2017). We have seen that the correlation between C:O and tau+1 changes substantially
when atom position is replaced with electron density maxima (Figure 5.7), so it could be

interesting to review claims about outlier geometrical positions from this perspective.
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8) Next Steps

Points of interest that could be further analysed that stand out from the literature include:

8.1) Statistical quality and model bias

There are questions about the statistical quality of the maps, both from the perspective of
metrics used to identify accuracy (Tickle, 2012) and from questions raised about individual
peptide bond samples (Jelsch et al, 2010) and the possibility of averaging maps including those
of different secondary structures (Ahmed, 2012). We have also seen that there are impacts of
model bias that are not understood and not measurable. There are methods to reduce model
bias such as the maximum entropy method (Smaalen & Netzel, 2009) and iterative omit maps
(Terwilliger et al, 2008); there are methods that infer phases directly although mostly only
applicable to small molecules due to compute time (Woolfson, 1987) and there is also
potentially a method to refine phases directly using machine learning and the rings artefact (Li
et al, 2015).

Action: For deeper analysis of electron density including comparative analysis across
structures a re-refinement of density would be needed, including metrics for statistical quality

and model bias.

8.2) Electron density information from averaging

Averaging maps has the potential to be a powerful tool. With the newly refined electron
densities (proposed above) it may be possible to gather enough samples by using multiple
structures to gain bonding insights into new chemical groups other than the peptide bond
(which can be averaged using a single structure due to the large number of repeats and its near
planarity). Uncertainty about the impact of bfactor on the electron density would need to be
addressed. There are no standard methods for averaging maps with only one group using the
approach in this study

Action: Investigate methods for averaging electron density. Investigate averaging over

multiple structures, with an understanding of bfactor influence on both effect and sampling.

[36]



8.3) Hydrogen bonds and geometry

The hydrogen bonds that have been mentioned are fascinating and would warrant a systematic
analysis of ultrahigh resolution structures to find more examples and investigate the

environment in which they are found.

Action: Widescale analysis of extreme geometry and the environment. This analysis could
extend to a systematic direct analysis of hydrogens and hydrogen bonds in difference density
and density to find the extent of experimental evidence.

8.4) Atom position

The geometry is tied to atom position and an understanding of the placing of atom position wrt

the experimental evidence is needed — post refinement how do we justify an atom position?

Action: Widescale analysis of atom position and experimental evidence in terms of the electron
density, looking at statistical quality and position uncertainty, density volumes, intensities, and
electron density topology. A quantifiable justification of the atom position would inform the

extreme geometry analysis.

8.5) Topology and ring artefacts

Hydrogen bonds and other interactions have also been identified by topology analysis of
electron density from first and second derivatives. The problem with ring artefacts would seem
to make this unreliable, so the removal of ring artefacts would be necessary for this analysis.

Current methods of density modification could be implemented, or some new method.

Action: Remove ring artefacts and analyse electron density — are the same hydrogen bonds and
other interactions identified as through geometry?
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9) Conclusion

This analysis of the top <0.8A structures papers has proved unexpectedly fascinating as the
claims and features of the structures have unravelled chronologically. The individual stories
that are pursued in each paper purport to provide experimental evidence for claims that give
insight and support for observations that may have been made theoretically or in lower
resolution structures without strong evidence. These ideas together provide a broader picture
of outstanding questions in ultrahigh-resolution macromolecular structures. Implementing the

actions suggested could facilitate insight into some important questions.
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