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Abstract

The increasing power and popularity of cryo-electron (cryo-EM) microscopy in structural biology
brought about the development of so-called hybrid methods, which permit the interpretation of
cryo-EM density maps beyond their nominal resolution in terms of atomic models. The Cryo-EM
Modeling Challenge 2010 is the first community effort to bring together developers of hybrid
methods as well as cryo-EM experimentalists. Participating in the challenge, the molecular
dynamics flexible fitting (MDFF) method was applied to a number of cryo-EM density maps. The
results are described here with special emphasis on the use of symmetry-based restraints to
improve the quality of atomic models derived from density maps of symmetric complexes; on a
comparison of the stereochemical quality of atomic models resulting from different hybrid
methods; and on application of MDFF to electron crystallography data.

Introduction

Cryo-electron microscopy (cryo-EM) is furnishing images of biological complexes for over
30 years.! Continuous progress in instrumentation and methodology has consolidated cryo-
EM as a major biomolecular structure determination technique, especially for large
macromolecular complexes, the crystallization of which is typically too challenging. Apart
from obviating a need for crystallization, the fact that structures can be solved in solution
means that conditions closer to physiological ones can be employed, and even significant
conformational changes can be imaged by means of image classification (see Fischer et a/.2
for a striking example).

Cryo-EM single-particle reconstruction yields now routinely structures at sub-nanometer
resolution, in some cases approaching atomic resolution.3-10 Even though de novo modeling
of atomic structures is now possible in exceptional cases, interpretation of cryo-EM maps
typically leverages available crystallographic structures. Approaches to merge structural
information of different modalities are collectively called hybrid methods, and are in fact
analogous to methods employed for X-ray structure determination. Electron density maps
solved by X-ray crystallography at ~3 A resolution, for instance, clearly do not feature
atomic resolution per se, but since the structure of the building blocks (mainly amino acid
residues and nucleotides) is known at very high resolution, complete atomic models can be
built given such electron density maps.
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A number of hybrid methods that combine structural information from X-ray
crystallography and cryo-EM have been proposed in the last few years (see Trabuco et
al1). The authors' group has developed the molecular dynamics flexible fitting (MDFF)
method, in which an initial atomic model is subject to a molecular dynamics (MD)
simulation with a modified potential energy function that includes a term derived from the
cryo-EM density map.11:12 Through this term, atoms experience steering forces that locally
drive them toward high-density regions. In addition to the steering forces derived from the
EM data, structural restraints are applied to preserve secondary structure of proteins and
nucleic acids, 1112 as well as to ensure stereochemical correctness,!3 thus avoiding the so-
called over-fitting problem. Moreover, symmetry-based restraints can be introduced.14
Restraints that ensure stereochemical correctness are widely used in crystallography.15-18 |n
combination with hybrid methods, restraints are adapted to preserve the stereochemistry of
the starting model. The first applications of MDFF employed in vacuo MD simulations,12:19
but now MDFF simulations are usually performed in explicit or implicit solvent.11.20 MDFF
has been successfully applied to several macromolecular complexes.1419.21-45 For g
practical guide on applying MDFF, see Trabuco et a/11 as well as a tutorial available on the
MDFF website (http://ww.ks.uiuc.edu/Research/mdff).

As part of the Cryo-EM Modeling Challenge 2010 (http://ncmi.bcm.edu/challenge), we have
applied MDFF to a number of density maps, namely: GroEL (4A), GroEL-GroES complex
(7.7 A), Mm-cpn in its closed state (4.3A), lidless Mm-cpn in its open state (8A),
aquaporin-0 (2.5A, electron crystallography), VP6 component of rotavirus (3.8A), and a
bacterial ribosome (6.4A). Below we describe the atomic models obtained with special
emphasis on: symmetry-based restraints, tools to detect and prevent stereochemical errors,
and application of MDFF to crystallographic data.

Atomic models were obtained by applying MDFF to seven density maps provided in the
Cryo-EM Modeling Challenge 2010 (Fig. 1). In order to assess the quality of the fit for each
case, the cross-correlation coefficient (CCC) between initial/final structures and the
corresponding maps was calculated, showing an improvement in all cases (Table 1). The
classical CCC suffers from an important limitation: all volume within the box encompassing
the density map is taken into account in the calculation, such that a significant portion of the
data points used does not actually correspond to the macromolecule.11:12 |n fact, a CCC
coefficient close to one can be obtained simply by defining a sufficiently large bounding
box. Furthermore, in cases where only a subset of the macromolecular components imaged
can be modeled, the unoccupied regions in the map lead to a lower global CCC. Thus, it is
usually preferable to use a local CCC measure, in which only regions around the
macromolecule are used in the calculation. Initial and final local CCCs presented in Table 1
show more clearly the improvement of the fit obtained by employing MDFF simulations.

Symmetry-restrained MDFF

Many biological systems possess structural symmetry. Examples are large macromolecules
such as the GroEL-GroES and Mm-cpn complexes, which were included in the Cryo-EM
Modeling Challenge 2010. During the 3D single-particle reconstruction process, EM maps
of such systems are often symmetrized to improve resolution.#6-48 Similarly, incorporation
of symmetry information into hybrid methods can increase the quality of the resulting
models. For this purpose, support for enforcing a given symmetry has been implemented
into MDFF.14 During a symmetry-restrained MDFF simulation, a harmonic potential energy
term is imposed in addition to the MDFF restraints described in Methods and Materials,
minimizing the root-mean-squared deviation (RMSD) between the current fitted structure,
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which is usually not symmetric due to thermal fluctuations in MD simulations, and a
perfectly symmetric structure. The latter structure is calculated iteratively by averaging over
all symmetric subunits of the current structure.

Symmetry-restrained MDFF was applied to three symmetric EM maps from the Cryo-EM
Modeling Challenge 2010, namely a GroEL-GroES complex with 7-fold rotational
symmetry (7.7A resolution) and two Mm-cpn complexes with 8-fold rotational symmetry
and 2-fold reflection symmetry, one in a closed state (4.3A) and the other a lidless variant in
an open state (8A). For the sake of comparison, an MDFF simulation without symmetry-
based restraints was also performed in each case. As expected, fitting simulations with
symmetry restraints yield more symmetric structures, reflected in the lower average RMSD

values (Fig. 2), defined by <RMS D; (1) >=125RM5D1' (1); here RMSD{ D is the RMSD
between the current structure and the calculated symmetric structure of the /~th symmetric
unit and NVis the total number of symmetric units. As can be seen in Fig. 2, symmetry
restraints have little effect in case of the 4.3-A Mm-cpn map; at this resolution range, map
features are detailed enough that equivalent subunits adopt similar structures in a regular
MDFF simulation. However, in case of the 8-A Mm-cpn map the effect of the symmetry
restraints is strong (SRMSD{ 1> of ~0.5A versus ~4 A).

In addition to maintaining structural symmetry and, hence, improving quality of fit for low-
resolution data, the use of symmetry restraints can avoid the so-called edge distortion effect.
Assume, for instance, that a cryo-EM reconstruction is available for a helical
macromolecular complex composed of a very large number of subunits, and a crystal
structure is available for the monomer. In order to obtain an atomic model, one would
naturally fit a few copies of the monomeric structure into a representative region of the
density map. The edge distortion effect refers to the fact that, in a fitting simulation,
monomers at the edges can be dragged into adjacent unoccupied densities. For more details
on benefits and usage of symmetry-restrained MDFF see Chan et a/14

Stereochemical errors

Force fields used in MD simulations do not contain any energy term designed to enforce a
given chirality or cis/trans peptide bond configuration. In general, both enantiomers or
peptide bond isomers can arise, although the two forms are separated by a large energy
barrier. Thus, for equilibrium MD simulations starting with error-free atomic structures,
stereochemical errors are not expected to arise. In simulations such as MDFF employing
external forces, however, it is possible for artifactual chirality or peptide bond
configurations to arise, resulting in an atomic model with stereochemical errors. Hybrid
methods do apply forces to atoms to drive them into the EM density map and, thus, may
introduce stereochemical errors, unless additional measures are taken. To ensure
stereochemical integrity of molecular models, software tools were developed to identify,
visualize, and interactively correct stereochemical errors in biomolecular structures.13 These
tools are implemented as two plugins (Chirality and Cispeptide) to the molecular
visualization and analysis package VMD.49 Given a stereochemically correct starting
structure, the plugins can also be used to generate harmonic restraints designed to prevent
stereochemical errors from arising. Such stereochemical restraints are included indeed in
standard MDFF protocols. Practical details about use of the Chirality and Cispeptide plugins
are covered in Schreiner er al,!3 and in a tutorial available on the MDFF website
(http://mwww.ks.uiuc.edu/Research/mdff). Since the data of these stereochemical restraints
are written out as files for input to the simulation package NAMD,*? they can also be
utilized by other MD simulation packages that support user-defined internal-coordinate
restraints after adaptation of the data files.
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During the Cryo-EM Modeling Challenge 2010, atomic models obtained by different
flexible fitting methods were deposited and made publicly available. Analysis of such
models can help answer the question of whether hybrid methods not based on MD
simulations are also prone to introducing stereochemical errors in the generated atomic
models. Table 2 presents the number of chirality errors and cis peptide bonds identified by
the Chirality and Cispeptide VMD plugins, respectively, for each deposited atomic model
obtained with a flexible fitting method, covering a total of five different methods. Structures
derived with MDFF or Rosetta®! were stereochemically correct, whereas the other three
investigated methods (DireX,%2 Gorgon,%33 and Froda®#5%) introduced stereochemical
errors. The different stereochemical quality of models may stem from the different definition
of allowed configurations and the usage of additional restraints in the various methods.

Apart from peptide bond configuration and chirality, the stereochemical quality of structures
can be addressed by comparison with available crystal structure data and structure validation
tools like Molprobity.>® Here, we chose the 3.8-A map of the VP6 component of rotavirus to
compare with the crystal structure and analyze the comparison with Molprobity. The crystal
structure used for comparison is the same as the starting structure used for the fitting (PDB
1QHD?®). The RMSD between the heavy atoms of the crystal structure and the MDFF model
is 1.17A, showing close resemblance of the MDFF model to the high-resolution (1.95A)
crystal structure. Some degree of deviation should be expected due to different molecular
environments of the models, i.e., a crystal and a solution environment. Another reason for a
significant RMSD value may be a superposition of different conformers present in the cryo-
EM map.

An alternative comparison between MDFF model and crystal structure is furnished by
backbone dihedrals. The main advantage of using the RMSD between these internal
coordinates is that it does not rely on any alignment. Taking all backbone dihedrals into
account, the RMSD for the @ and ¥ angles are both about 21 degrees. Excluding flexible
loop regions from the comparison yields RMSDs of 2 and 2.6 degrees for the @ and ¥
angles, respectively. The reduced RMSD clearly shows that most of the differences stem
from the loop regions. Apart from the fact that secondary structure elements were kept
restrained during MDFF, a dominant uncertainty in the positions of loop regions should be
expected since these regions are less resolved in the EM data and very flexible in MD
simulations.

Although no stereochemical errors were detected in the final fitted structure of the VP6
component of rotavirus, the Molprobity server detected differences relative to the crystal
structure. Overall, the MDFF-derived model shows a larger degree of flexibility than
observed for the crystal structure (Table 3). The origin of the differences is of the same
nature as already discussed for the comparison of RMSD in real space. The obtained
differences are observed even after a short structure optimization (see Methods and
Materials for the simulation protocol), suggesting that the variation in structural parameters
is compatible with the map and moreover is within a reasonable range as guaranteed by the
force field. A more aggressive optimization using tighter convergence criteria and not taking
into account the EM data would be able to reduce even more deviations from the ideal
values (Table 3). This means, however, that the effect of the temperature, which is present in
the EM map, will be eliminated.

Application to electron crystallography

The MDFF method had been developed and validated initially as a real-space refinement
method for cryo-EM density maps.12 Since the Cryo-EM Modeling Challenge 2010
provided a density map obtained by electron crystallography (aquaporin-0 resolved at 2.5A),
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the applicability of MDFF to such data source was tested. The originally solved structure
(PDB 3M9I°7) was thus refined with MDFF. For the purpose of the challenge, which
focuses on obtaining structural models based on cryo-EM data, the density map was treated
only as an EM map and kept unchanged throughout the refinement process. As a proof-of-
principle, a very simple measure was defined to determine if MDFF could potentially
provide qualitative improvements. A molecular envelope was defined using a density
threshold and, for each residue in the atomic model, the fraction of heavy atoms inside the
envelope was calculated before and after MDFF refinement (Fig. 3A). Overall, MDFF lead
to an increase in the fraction of atoms inside the molecular envelope. Focusing on a few
peaks from the plot in Fig. 3A, one can visually inspect the effect of MDFF on the local
structure at the side chain level (Fig. 3B-E). The images show that, in principle, MDFF
refinement has the potential to improve the quality of structures solved by electron
crystallography.

It should be noted, however, that in crystallographic refinement the phases and, hence, the
density map are updated iteratively. Furthermore, one could utilize information like beta
factors or even the original diffraction data in the MDFF fitting process. Despite the stated
shortcomings, improvement of structure by refinement to a static map showcased here
suggests the possibility to develop an extension of MDFF to fit crystallographic data.

Discussion

MDFF was applied to obtain atomic models for several density maps determined by the
Cryo-EM Modeling Challenge 2010, covering a range of system sizes (single proteins to
large complexes) and resolutions (2.5-8A). Symmetry-restrained MDFF14 was applied to
three different cryo-EM maps, showing that symmetry restraints are required to produce
symmetric models at ~8A resolution, but not at ~4A. Furthermore, a comparative analysis of
atomic models obtained using different flexible fitting methods revealed that certain
approaches are prone to introducing stereochemical errors. MDFF protocols include extra
harmonic restraints designed to prevent such errors from arising.13

MDFF benefits from the flexibility of NAMD, its underlying MD package,° as highlighted
by the aforementioned examples. As the MDFF method matures and is applied to a larger
range of systems, limitations can often be addressed by introducing special-purpose
restraints, such as the ones designed to preserve symmetry or stereochemical correctness.
Being part of the very efficient NAMD software, MDFF also benefits from NAMD's high
scalability, which is almost linear with system size and number of CPUs. For example, the
solvated VP6 component of the rotavirus in the challenge is comprised of 105,537 atoms
and the MDFF simulation speed was about 0.66 days per ns using 48 CPUs, while the larger
GroEL-GroES system in solvent consists of 594,845 atoms and the speed was about 3.79
days per ns using 48 CPUs, showing almost linear scaling with system sizes. Speed and
number of cores required by systems of other sizes should be approximately equal to linear
interpolation of these numbers. For instance from linear interpolation of the above numbers
one would expect to get about 3.8 days per ns on an eight-core machine for a system of
100,000 atoms. This scalability makes MDFF applicable even to very large systems. In light
of ever increasing computational power, computational cost should not be a barrier to the
use of MDFF.

Since MDFF is based on MD simulations, any molecule that has been parameterized in MD
force fields can be modeled by MDFF. Macromolecules can also be modeled in a realistic
environment, namely solvated by water molecules and ions, or even embedded in a lipid
membrane.11:21.22 The current release of NAMD 2.8 supports the generalized Born implicit
solvent model20. Calculations using implicit solvent models reduce the computational cost
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by avoiding computations associated with water, which comprises often the largest part of
the system. MDFF results obtained with the Born model were shown to provide better
agreement with the corresponding results in explicit solvent than in-vacuo fittings.20 Since
the implicit solvent feature was not yet available at the time of the challenge, the benefits
cannot be showcased here. Readers are referred to Tanner et a/29 for more information on
implicit-solvent MDFF.

The Cryo-EM Modeling Challenge 2010 was the first community effort to evaluate the
performance of different hybrid methods in a systematic way. Structural biologists wishing
to apply hybrid methods now have more information to decide which approach is most
appropriate to their particular problem. Although concrete conclusions are not made in this
first attempt of the challenge, it is expected that the next challenge will provide more
information for potential users of hybrid methods. Such efforts also motivate researchers to
push the boundaries of their methods by applying them to new kinds of problems. As an
example, the first proof-of-principle application of MDFF to crystallographic data resulted
from the challenge. The hybrid modeling field as a whole stands to benefit greatly from such
community efforts. Method developers can learn from each other and further improve their
own methods in an iterative way, and opportunities arise for combining multiple methods to
tackle modeling tasks of ever increasing difficulty.

Materials and Methods

The following structures were used as the starting point for the MDFF simulations presented
in this paper: PDB 3E76°8 was fitted into the 4-A GroEL map?; PDB 2C7D%° was fitted into
the 7.7-A GroEL-GroES map®?; PDB 3LOS3 was fitted into the 4.3-A map of Mm-cpn in a
closed state3; a homology model of a lidless Mm-cpn complex was built with Modeller®0
using PDB 3LOS as a template and fitted into the 8-A map of lidless Mm-cpn in an open
state3; PDB 3M9I57 was fitted into the 2.5-A aquaporin 0 map®’; PDB 1QHDS! was fitted
into the 3.8-A map of a VP6 component of rotavirus®; and PDB 2WDG/2WDI%2 was fitted
into the 6.4-A ribosome map®3 after removing bound factors. Each structure was first rigid-
body docked into the corresponding density maps using colores from the Situs package®4.

Aquaporin-0 was embedded in a POPE lipid bilayer of size 100 Ax 100 A, with TIP3P%5
water molecules added with a 15-A padding in the direction orthogonal to the membrane.
The ribosome system was simulated in vacuo, whereas the remaining structures were
solvated in a TIP3P water box with a 10-A padding in all directions. All systems simulated
in explicit solvent had their total charge neutralized by adding Na* or CI~ ions.

MD simulations were performed with a development version of NAMD 2.8.59 The
CHARMM27 force field with CMAP corrections®:67 was used for all systems except for
the ribosome, which was simulated with the AMBER99 force field®8 including the SB%? and
BSCO07? corrections, and converted to CHARMM format?” to allow for system building with
VMD.#? The dielectric constant was set to 80 for the ribosome simulation in vacuo and to 1
for the remaining systems. Temperature was maintained at 300 K using Langevin dynamics
with a damping constant of 5 ps~2. For the aquaporin system (embedded in a membrane),
pressure was maintained at 1 atm employing a Nosé-Hoover-Langevin piston with a decay
period of 200 fs and time constant of 100 fs. The RESPA’L.72 multiple-time-stepping
algorithm was used with an integration time step of 1 fs, short-range forces calculated every
2 fs, and long-range electrostatics calculated every 4 fs. Nonbonded interactions were
calculated with a 10-A cut-off. Long-range electrostatic forces were computed by the
particle-mesh Ewald summation method using a grid spacing smaller than 1 A. All systems
simulated in explicit solvent were subjected to restrained MD simulations prior to flexible
fitting, with harmonic restraints first applied to all protein atoms, followed by restraints
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applied only to backbone atoms, thus allowing water, ions, lipids (in case of aquaporin), and
side chains to equilibrate.

The grid scaling, an MDFF parameter that controls the balance between the map-derived
potential energy term and the normal MD force field, was set to 0.3.12 Harmonic restraints
were applied to enforce correct chirality and peptide bond configuration.13 Each MDFF
simulation was performed until convergence of the protein RMSD, followed by 3,000 steps
of energy minimization in the presence of the density-derived MDFF energy term and a grid
scaling of 10. For symmetry-restrained MDFF simulations,14 only C, atoms experienced
symmetry restraints, with the force constant linearly increased from 0 to 10 kcal/mol/AZ2
throughout the simulations.
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Figure 1.

Atomic models obtained by applying MDFF to density maps from the Cryo-EM Modeling
Challenge 2010: (A) GroEL; (B) GroEL-GroES complex in the ATP-bound state; (C) Mm-
cpn in the closed state; (D) lidless Mm-cpn in the open state; (E) aquaporin 0; (F) VP6
component of rotavirus; and (G) a bacterial ribosome.
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Figure2.

Average C, RMSD values between subunits and idealized symmetric structure throughout
MDFF trajectories. The lower the average RMSD value, the more symmetric the structure
is. Traces for simulations with and without restraints are shown in red and blue, respectively.
Based on data previously presented in Chan et a/14
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Figure3.

MDFF applied to a 2.5-A electron crystallography map of aquaporin-0. (A) Per-residue
fraction of heavy atoms inside a molecular envelope defined by a density threshold of one
standard deviation above the mean. Examples of residues with improved placement of side
chains within the density, as identified by peaks in the plot, with initial structure colored in
red: (B) Arg-11; (C) Phe-18; (D) Phe-136; and (E) Asn-197.
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Local and global cross-correlation coefficients (CCC) between atomic models and density maps. Local CCCs

were calculated using a density threshold of 1 and 0.2 standard deviation above the mean for maps with
resolution higher and lower than 5 A, respectively. Global CCCs are given in parentheses.

System Resolution Initial Final
Aquaporin 3A 0.58 (0.34)  0.69 (0.39)
GroEL 4A 0.32 (0.74)  0.57 (0.86)
GroEL-GroES 7.7A 0.44(0.84)  0.71(0.90)
Rotavirus 38A 0.68 (0.56) 0.75 (0.61)
Mm-cpn in closed state 43 A 0.51(0.74) 0.59 (0.76)
Mm-cpn in open state 8 A 0.15(0.39) 0.77 (0.88)
Ribosome 6.4 A 0.30 (0.75)  0.46 (0.80)
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Table 3

Comparison of stereochemistry of initial structure, final structure and structure after further minimization
without EM data for the map of VP6 component of rotavirus (3.8 A) as analyzed by the Molprobity web

server.%8 Definitions of the stereochemistry indicators are covered in Chen et a/.56

Stereochemistry indicators  Initial Final Minimized

Clashscore 0.95 6.01 0.48
Poor rotamers 4.43% 9.49% 1.27%
Ramachandran outliers 0% 3.85% 0.26%

Ramachandran favored 97.44%  87.44% 96.67%

Cp violations 9 101 2
Residues with bad bonds 0% 16.33% 0%
Residues with bad angles 0% 11.48% 0.26%
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