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Abstract
The interpretation of high-resolution cryo electron microscopy \(cryo-EM) maps relies on the creation of
precise atomic models that help analyzing the detailed interactions within a macromolecular complex. In
the accompanying paper to this protocol, we describe the high-resolution structure of the human
ribosome, which includes numerous chemical modi�cations. Here we present a generally applicable
protocol for atomic model building and re�nement into high-resolution cryo-EM maps, which in addition
includes the re�nement of nucleotides and amino acids with chemical modi�cations.

Introduction
With the recent advent of high-resolution cryo electron microscopy \(cryo-EM) it becomes possible and
necessary to re�ne atomic models to high-quality standards, i.e. with a good �t to the map and good
geometric parameters like for crystal structures at equivalent resolution. In the past, cryo-EM structures
were resolved at more moderate resolution and therefore atomic models underwent relatively simple rigid
body or �exible �tting using a known crystal structure. However, this would not address the position of
side-chains or their rotamer conformations, which need to be re�ned in detail into the map taking into
account precise geometrical parameters and re�ne temperature \(B) factors. Here we provide a protocol
for atomic model re�nement into high-resolution cryo-EM maps. The description includes the method for
re�ning chemically modi�ed residues considering that the high-resolution cryo-EM structure of the human
ribosome comprises numerous 2’-O-methylations and various base modi�cations of the rRNA as well as
some amino acid methylations. Similarly to X-ray crystallography, interpreting high-resolution cryo-EM
maps with atomic models involves iterative model building and re�nement using geometrical constraints
and restraints taking into account the geometrical and chemical properties of proteins and nucleic acids \
(in particular bond length and distances between atoms within amino acids, DNA or RNA nucleotides and
ligands, hydrogen bonding distances or van der Waals contacts). Throughout the structure re�nement,
the quality of the geometrical parameters is iteratively improved and monitored with Ramachandran plots
and clash score statistics.

Reagents
Once a cryo-EM 3D reconstruction has been re�ned to the highest possible resolution, atomic model
building and re�nement against the cryo-EM map can be performed, as described in the following \(Fig.
1). See �gure in Figures section. For this purpose, we used various tools available in the PHENIX software
\(Afonine et al., 2012). First, the original cryo-EM map was Fourier transformed to obtain Fourier
coe�cients, which were calculated in a cubic box with dimensions of 544 Å in each axis with the grid size
of 640. These Fourier coe�cients were treated as observed diffraction data \(Data 1) in space group P1
and used for the part of the re�nements carried out in reciprocal space. The human 80S ribosome atomic
model \(PDB: 4UG0) was manually docked into the cryo-EM map of human 80S using CHIMERA and the
initial rigid body �t and steric clashes were visually examined using the software Coot \(Emsley et al.,
2010). Subsequently, the docked model underwent rigid body re�nement against Data1, followed by real
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space re�nement against the original EM map. Real space re�nement in PHENIX comprised �ve macro
cycles, which include model morphing, local real-space �tting, global gradient-driven re�nement,
simulated annealing \(SA) and rigid-body re�nements. Morphing is an iterative map-assisted fragmented
rigid-body �t. Local real space �tting performs torsion angle restraints on individual residues, which �ts
the main chain and �nds the correct side chain rotamers. The global gradient-driven re�nement is a target
function restraint, in which the model undergoes geometrical minimization with reference to standard
restraints. During this re�nement cycle, secondary structure restraints and Ramachandran restraints are
also implemented. In each macro cycle, individual residue �ts are validated with map correlation and
absence of steric clashes with neighboring atoms. Because the cryo-EM map is resolved to near atomic
resolution, it is possible to re�ne a large number of model parameters. For the following re�nement
procedure, atomic model re�nements were carried out against Data 1. Re�nements with restraints on
atomic positions and grouped temperature factors were performed using reciprocal space re�nement
tools available in PHENIX. In order to move the atomic model re�nement out of local minima we applied a
SA procedure. SA is a standard procedure in macromolecular crystallography and introduces large atomic
motions by simulating high temperature with starting velocities on the atoms, followed by a decrease of
the temperature to bring the model into a deeper global ‘energy’ minimum while being restrained against
the experimental cryo-EM map. This ‘crystallographic energy’ is a sum of inter- and intra-molecular energy
terms completed by a term for similarity of amplitudes of the Fourier coe�cients, experimental and those
calculated from the model. The reduction in R-factor values allows monitoring the overall correctness of
the convergence direction. Further map to model inconsistencies were corrected with a �nal cycle of real
space re�nement. Next, manual model inspection and atomic model building including RNA sequence
register shift corrections were performed on this atomic model using Coot \(Emsley, 2010). The entire
atomic model re�nement procedure was repeated until the re�nement converges. For the procedure
discussed above, the re�nement steps and various parameters used are detailed below.

Procedure
**Step1: Conversion of the cryo-EM map into Fourier coe�cients** A set of Fourier coe�cients is derived
from the cryo-EM map using the command “phenix.map_to_structure_factor”.
phenix.map_to_structure_factor 80S_map.ccp4 d_min=2.9 This will write the �le “structure_factor.mtz” \
(Data 1) **Step 2: Real space re�nement** After initial rigid body �t, �ne tuning of the model inside the
electron density was performed using “phenix.real_space_re�ne”. phenix.real_space_re�ne 80S.pdb
80S_map.ccp4 resolution=2.9 nproc=30 \
run=minimization_global+local_grid_search+simulated_annealing \
simulated_annealing.start_temperature=1500 \ output.�le_name_pre�x=80S **Step3: Positional,
simulated and B-factor re�nement** Further model perturbation was carried out with positional and B-
factor re�nement; prior to this, one cycle of SA re�nement was performed with torsion angle restraints.
phenix.re�ne 80S_real_sapce_re�ned.pdb structure_factor.mtz \ xray_data.low_resolution=60.0
xray_data.high_resolution=2.9 \ optimize_xyz_weight=true optimize_adp_weight=true \
strategy=individual_sites+group_adp \ simulated_annealing=true \ simulated_annealing.mode=�rst \



Page 4/7

simulated_annealing.start_temperature=1000 \ xray_data.r_free_�ags.generate=true \
xray_data.r_free_�ags.fraction=0.05 \ xray_data.r_free_�ags.max_free=20000 \ nproc=30 \
output.pre�x=80S-RS \ main.number_of_macro_cycles=5 \ --unused_ok **Restraints for modi�ed
nucleotides** The 3D atomic model of modi�ed nucleotides and their parameter �les described through
restraints libraries were prepared using JLigand available in Coot \(Emsley, 2010) or as a standalone
version \(Lebedev et al., 2010). This new monomer library, which de�nes the moieties of the chemical
modi�cations of the rRNA, can be used for atomic model re�nement using PHENIX and also this should
be imported into Coot for the model building. In order to maintain the geometry of the O3’-P/P-O3’ bonds,
as for standard nucleotide libraries, the “data_mod_list” and “data_link_p” records corresponding to
DNA/RNA residues need to be added to the new monomer library. In addition, while building the atomic
model, these newly built modi�ed monomers were linked with covalent bonds to the canonical nucleic
acid residues present in the atomic model with the following steps: i) delete atom OP3’ in the modi�ed
nucleotide; \(ii) create link records \(O3’\(n-1)-P\(n)) with \(n-1)th and \(O3’\(n)-P\(n+1)) with \(n+1)th
nucleotides for each additional nth modi�ed nucleotide using the “Make Link” module available in Coot.
**Magnesium ion identi�cation** The identi�cation of ions and water molecules in density maps has an
important functional interest for the analysis and interpretation of three-dimensional structures. In X-ray
crystallography, this also helps to account for the whole content of ordered molecules in the crystal and
optimize the model �t with regards to the experimental diffraction amplitudes. In cryo-EM maps the
model to data comparison is done locally and in real space. After �tting the ribosomal proteins and RNA
chains to the density map, a signi�cant number of residual densities near the ribosomal proteins and
RNA chains were found; these possibly corresponded to water molecules and magnesium ions.
Discrimination of magnesium ions from the water molecules involved systematic inspection of the
residual density in the cryo-EM map, analysis of the proper coordination and the hydrogen bond
potentials \(angle and distance). Magnesium ions were identi�ed manually based on the coordination
geometry, chemical environment and electron density distribution. Typical Mg2+ ions adopt hexa-
coordination with octahedral geometry and the interatomic distance between Mg2+ ions and the
neighbouring atoms varies between 1.85 and 2.3 Å with a bond angle close to 90º. Moreover, keeping in
mind that the hydrated radius of Mg2+ ion is substantially larger, some peaks were annotated with Mg2+

ions, although they do not possess nearest neighbors for typical coordination. On the other hand, residual
densities found at an environment with hydrogen bond geometry with the nearest polar atoms were
annotated as water molecules.

Troubleshooting
For simulated annealing re�nement, the starting temperature to which the atomic model is heated before
slow cooling \(simulated_annealing.start_temperature) needs to be optimized to avoid inappropriate
model distortions. In order to avoid large deviation from the input atomic model and the cryo-EM map at
a given step of re�nement, reference model restraints can be used while re�ning the atomic model. At
�nal stages of re�nement we also noticed that in some instances the tips of the side-chains were moving
out of the density; setting rotamer restraints off allowed re�ning the side-chains properly \(notably for
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residues that form hydrogen bonds and whose rotamer conformation might not be well represented in
databases). Ramachandran outliers were checked individually and corrected manually in Coot; for this it
was often helpful to �ip peptides and re�ne the structure locally in Coot before running a full re�nement
of the entire atomic model in PHENIX, now with rotamers on when the backbone geometry was already
optimized. Finally, in the last round of re�nement, an energy minimization with grouped B-factor
re�nement was run to obtain the �nal atomic model.
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re�nement scheme


