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Summary
Automatic modeling methods using cryo-electron microscopy (cryoEM) density maps as
constrains are promising approaches to building atomic models of individual proteins or protein
domains. However, their application to large macromolecular assemblies has not been possible
largely due to computational limitations inherent to such unsupervised methods. Here we describe
a new method, EM-IMO, for building, modifying and refining local structures of protein models
using cryoEM maps as a constraint. As a supervised refinement method, EM-IMO allows users to
specify parameters derived from inspections, so as to guide, and as a consequence, significantly
speed up the refinement. An EM-IMO-based refinement protocol is first benchmarked on a data
set of 50 homology models using simulated density maps. A multi-scale refinement strategy that
combines EM-IMO-based and molecular dynamics (MD)-based refinement is then applied to
build backbone models for the seven conformers of the five capsid proteins in our near-atomic
resolution cryoEM map of the grass carp reovirus (GCRV) virion, a member of the aquareovirus
genus of the Reoviridae family. The refined models allow us to reconstruct a backbone model of
the entire GCRV capsid and provide valuable functional insights that are described in the
accompanying publication. Our study demonstrates that the integrated use of homology modeling
and a multi-scale refinement protocol that combines supervised and automated structure
refinement offers a practical strategy for building atomic models based on medium- to high-
resolution cryoEM density maps.
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Introduction
Macromolecular assemblies that consist of tens to hundreds of components play crucial roles
in most biological processes. Due to the difficulties in applying X-ray crystallography and
NMR spectroscopy to the structure determination of such large assemblies, cryo-electron
microscopy (cryoEM) has become increasingly important in structural biology.1-3 Recent
advances in cryoEM techniques have made it possible to determine the three-dimensional
(3D) structures of macromolecular assemblies to near-atomic resolution.4-6 However, in
most cases, cryoEM maps are still limited in resolution and cannot be used directly to build
models. In some cases, the atomic structures of individual components of the
macromolecular assembly are known and can be fitted into the cryoEM map of the assembly
to produce a “pseudo-atomic” model for the entire assembly. It has been suggested that the
precision of such models can be better by several fold than the nominal experimental
resolution.7,8 In principle, both experimentally determined structures9,10 and homology
models11 can be used in the cryoEM fitting procedure. Programs based on different fitting
techniques are available for this purpose.12-19

A variety of approaches have been developed for the refinement of structures once they have
been fitted into cryoEM maps. These include real-space refinement methods10,20-23 that
were originally developed in X-ray crystallography, normal mode analysis (NMA)-based
methods that are particularly useful for function-related conformational changes24-26 and
methods that exploit structure prediction tools.27-33 Recently, two gradient-based refinement
methods were introduced: a heuristic optimization that combines Monte Carlo search,
energy minimization and rigid-body molecular dynamics34 and standard molecular
dynamics which uses the cryoEM map as a component of the force field (MDFF).35 Most
methods developed so far were validated using simulated data and then used in a small
number of applications. For example, the Moulder-EM protocol of Topf et al27 was
benchmarked on 20 homology models using simulated maps and then applied to the
refinement of a homology model built for the upper domain of the P8 capsid protein of rice
dwarf virus (RDV) within a 6.8Å-resolution cryoEM map. An improvement of RMSD from
8.7 to 5.3 Å was reported. More recently, Topf et al34 applied their gradient-based method,
Flex-EM, to the refinement of the GroEL monomer and EF-Tu within previously determined
medium-resolution maps. For both proteins, the refined structures were significantly more
accurate than the initial models in terms of Cα RMSD. The GroEL monomer together with
Poliovirus 135S cell entry intermediate, for which a 8.7Å-resolution map has been
determined, was used in the validation of S-flexfit by Carazo and coworkers,29 while RDV
P8 and GroEL were used in a recent study to test the performance of the modified Rosetta
program in refining protein structures constrained by low-resolution density maps.33

To date the primary focus of methodological developments has been a global, brute-force
refinement approach of an entire structure, which avoids human input or intervention in the
refinement process. However, discrepancies between the model and the map are often
localized to certain regions of the structure and can be readily recognized through visual
inspection. Moreover, when homology modeling is used to generate initial models,
uncertainties in alignment as well as genuine structural differences between the protein and
the template will inevitably lead to errors in the initial model that are difficult to identify, or
to fix, with automated, global refinement procedures. More importantly, since unsupervised,

Zhu et al. Page 2

J Mol Biol. Author manuscript; available in PMC 2011 April 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



automatic refinement methods are based on brute-force search of conformational space, they
can generate numerous intermediate models and waste significant computation time to
regions where there is already a good agreement between the experimental structure and the
initial model. The computation time of such approaches is often prohibitively long, making
it impractical for applications in modeling large assemblies. Indeed, to date, none of these
unsupervised methods has been reported to successfully build a structural model for an
entire macromolecular assembly.

In order to address these issues, we report a supervised method that combines automated
refinement with input obtained from human inspection. Rather than embark at the outset on
global refinement, which can degrade some regions of a structure so as to refine others, we
first carry out local refinement only on problematic regions of a model that have been
identified, through visual inspection, as not fitting well into the cryoEM density map. This
new local refinement method, termed EM-IMO, also incorporates a technique that searches
for low-energy conformations of protein segments containing rigid secondary structure
elements connected by flexible loops (the Iterative Modular Optimization – IMO
procedure).36 Iterative refinement of different local regions that deviate from the density
map is carried out with the EM-IMO method until a matching between the cryoEM map and
the model of the entire molecule is achieved as indicated by the convergence of cryoEM
density fitting score. As a final step, the MD-based refinement method (MDFF)35 is applied
to further adjust structural details of the model.

Following validation using simulated maps, the utility of the full refinement approach in real
applications is demonstrated by applying it to the model building of the grass carp reovirus
(GCRV) virion based on a near-atomic resolution cryoEM reconstruction. We have derived
backbone models for the seven conformers of the five capsid proteins of GCRV. Initial
models were constructed from homologous proteins from mammalian Reovirus (MRV),37,38

which share sequence identities with GCRV proteins ranging from only 14 to 31%39.
Refinement against our cryoEM maps yielded significant improvements in these models and
has allowed us to reconstruct a full model for the entire GCRV capsid, thus providing the
first high-resolution description of molecular interactions among the over 1000 molecules in
this enormous macromolecular machine.

Results
In this section, we first evaluate the performance of the EM-IMO-based refinement protocol
(See detailed implementation of the protocol in Materials and Methods) using a set of CASP
models and simulated maps. We then describe the application of the method to building a
backbone model for the entire GCRV virion using our experimentally determined cryoEM
map at near-atomic resolution. For GCRV proteins, our refinement approach involves: initial
construction of homology models and their fitting into cryoEM maps; application of a
refinement protocol that employs EM-IMO as its core component in the iterative refinement
of local regions so as to generate a high-quality model; application of an MD-based
method35 that derives energy and gradients from the cryoEM map to further refine the
structural details.

Overall performance on the CASP data set
We first tested the robustness of the EM-IMO-based refinement protocol using simulated
density maps from the CASP data set. The results obtained at a simulated resolution of 7 Å,
which is typical for medium-resolution cryoEM maps, are used to illustrate the overall
performance of the method. As can be seen in Fig. 1a, for each of the 50 proteins the
backbone RMSD was reduced after one iteration of refinement, giving an average
improvement of 1.7 Å. For 36 proteins the RMSD of the final model was at least 1.0 Å
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lower than that of the starting model. In 13 cases where the starting model was more than
5.0 Å away from the native structure, the RMSD was improved by an average of 2.5 Å. As
shown in Fig. 1b, the density fitting score measured by cross-correlation coefficient (CCC)
was improved by an average of 0.057. In Fig. 1c the distribution of the 371 regions that were
refined using EM-IMO is plotted against the RMSD change during refinement. For 85% of
the regions, the local RMSD decreased after refinement by an average of 1.5 Å. For 92% of
the regions, the CCC increased after refinement, with an average improvement of 0.009.
EM-IMO was found to be very effective in refining secondary structure elements (SSEs)
within cryoEM maps. For 125 cases where α-helices were remodeled, the average RMSD
improvement was 2.0 Å. For 25 cases where β-sheets were refined by applying distance
restraints, RMSD was improved on average by 2.5 Å. For 6 cases where the positional
restraint was applied, the RMSD was improved by 3.8 Å. For the remainder of the cases
where no SSE change or restraint was applied, the average RMSD improvement was 1.1 Å.
Further, the size of the locally refined regions ranges from 4 to 71 amino acid residues with
an average size of 19 residues and we found the region size had little effect on the
effectiveness of the refinement. Overall, the refinement was very effective in improving the
structural quality and density fitting both globally and locally. For T0159, T0217, T0293,
T0345 and T0370, whose RMSD remained above 5 Å after one iteration of refinement, a
second iteration was carried out. This resulted in an improvement in RMSD by an average
of 1.7 Å, suggesting that additional iterations, as implemented in the EM-IMO-based
protocol, would further improve the structures.

The effect of the cryoEM density constraint was investigated by comparing the results of
applying different weighting factors (w1) to the cryoEM term in the scoring function.
Overall the performance reaches a plateau when w1 is between 4.0 and 8.0 with a value of
8.0 giving the best results. Since the DFIRE40 score is normalized and the density fitting
score is scaleless, the optimal ratio between two terms, w1, once determined, should be
transferable between systems of different size. The effect of map resolution was investigated
by performing the refinement under two other conditions, one using maps simulated at a
resolution of 4 Å and the other at 10 Å, which covers the range for which cryoEM maps can
provide meaningful constraints for refining atomic models. Although the best performance
was obtained at a resolution of 7 Å, the refinement appeared not to be sensitive to the
resolution. At 7 Å the global RMSD was improved for all 50 models with an average
improvement of 1.7 Å, while at 4 and 10 Å, a total of 46 and 49 models were refined with an
average RMSD change of 1.3 and 1.6 Å, respectively. In terms of local RMSD, 85%, 86%
and 83% of the 371 regions were improved after refinement with an average RMSD change
of 1.3, 1.5 and 1.4 Å at resolutions of 4, 7 and 10 Å, respectively. We speculate that the
high-resolution maps, although providing more constraints, require precise positioning of
atoms into their densities. As a result, more trial conformations need to be sampled to yield a
notable increase in the density fitting score. This explains why using the same number of
conformations in sampling, the refinement performance at 4 Å results in slightly degraded
performance compared to 7 Å. Overall, our results on the CASP data set indicate that EM-
IMO can be applied to cryoEM maps with a broad range of resolutions.

Two examples of EM-IMO refinement from the CASP data set
Fig. 2 illustrates two simple but typical scenarios in cryoEM refinement. As shown in Fig.
2a, the C-terminal helix in the original homology model (in magenta) of T0132 deviates
from a cylindrically shaped density, which is characteristic of helical structures. In order to
move the helix, residues 138-151, into its corresponding density, an adjacent loop, residues
125-137, was used as the driver region during refinement. After 10 cycles of EM-IMO
refinement, the helix moved into the cylindrical density (in blue) and overlapped well with
the crystal structure (in green). For the entire region, the local RMSD was reduced from 4.6
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to 3.9 Å while the CCC increased from 0.817 to 0.839. The 3.9 Å RMSD reflects errors in
the loop region, which can be refined afterwards if desired. As will be shown later for the
GCRV protein, the simple strategy illustrated here can be applied to the refinement of large
terminal domains with hundreds of residues.

A second example is shown in Fig. 2b, where a 16-residue α-helix in T0298 appears as a
random loop in the homology model, which was constructed using a template with a
sequence identity of 21.4%. However, secondary structure prediction by PSIPRED41 clearly
indicates a helix in this region, although the predicted helix length is slightly shorter than in
the actual structure. After visual inspection, a 39-residue length segment was identified for
refinement. The region, residues 165-179, was specified as a helix according to PSIPRED
and was treated as a rigid body during refinement. For the helical region, the backbone
dihedral angles ϕ and φ were set to the helical angles of 65° and 40°, respectively. During 20
EM-IMO cycles the step size of local sampling decreased from 25 to 5° and in this process a
helix with standard geometry was built and then fitted into the density map through
extensive search. After refinement, the local RMSD was reduced from 13.0 to 2.7 Å with an
accompanying increase of CCC from 0.812 to 0.855. This example bears general
implications for refining homology models within cryoEM maps, because secondary
structure elements in a homology model often differ in length, position and orientation from
the actual structure. In the most extreme case, an entire secondary structure element can be
missing. To deal with such problems, a refinement method should be capable of not only
searching for the optimal fit of an existing secondary structure element in the cryoEM map
but also building and modifying their structures during refinement.

Model construction of GCRV virion
In order to build a backbone model for the entire GCRV virion, homology models for
GCRV proteins were first constructed from corresponding Reovirus templates.37,38 Then,
the homology models were subjected to five iterations of refinement using the EM-IMO-
based protocol. Table 1 lists the information used in the homology modeling and structure
refinement of all GCRV proteins along with the results after refinement. The refined models
of the seven conformers of the five GCRV proteins are shown superimposed with their
cryoEM maps in Fig. 3. The details of these structures and their structural and functional
roles in GCRV assembly are presented in a companion paper by Cheng et al. Briefly, our
GCRV capsid structure is composed of 1500 protein molecules organized into two layers: a
turreted core enclosed by an outer capsid shell. The core consists of three proteins, VP1,
VP3 and VP6 (Fig. 3a). 120 copies of VP3 in two distinct conformations (VP3A and VP3B)
form a complete icosahedral shell, which is stabilized by 120 copies of the clamping protein,
VP6, also in two distinctive conformations (VP6A and VP6B). 12 turret pentamers of VP1
project from this shell (Fig. 3a, center). Each outer shell is made up of 200 trimers of VP5/
VP7 dimers (Fig. 3b), in which VP5 is the membrane-penetration protein and VP7 is the
protector protein. Striking differences were observed between different conformers of the
same protein (c.f. VP3A and VP3B in Fig. 3a), which could have not been predicted using
the sequence-based homology modeling technique alone. The biological implications of
such conformational differences are described in the companion paper by Cheng et al.
Below, we provide examples of GCRV protein structures to illustrate applications of EM-
IMO refinement to various scenarios that might be encountered in other applications. In
particular, we focus on scenarios that involve domain movement and complications caused
by errors in homology modeling. These examples shall offer general guidelines for cryoEM-
constrained model building and refinement of proteins.
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Scenario 1: Local regions that deviate from the density map
Local structural deviation is the simplest and also most common scenario encountered in
EM-IMO refinement. In such scenario, such as VP3A, VP6A and VP6B, the overall
structure of the homology models fits the cryoEM map, local regions that deviate from the
cryoEM map are the main problems to be dealt with during refinement. In general, regions
such as secondary structure elements and loops that differ from the density map after fitting
were identified with visual inspection and refined using the EM-IMO method. Several
examples of local refinement are shown for VP1 (Fig. 4, inserted figures) and VP5 (Fig. 5,
inserted figures). For example, the loop 46-57 in the initial model of VP1 is completely
outside the density but fits into the density after a thorough EM-IMO refinement. Similar
result can be found for the region 896-926, where two helices move as rigid bodies during
EM-IMO refinement.

Scenario 2: Terminal domains that deviate from the map
Often, a terminal region or domain of a protein undergoes a rigid-body type of movement as
compared to the homology model, as is the case for VP1. After fitting the homology model
into the cryoEM map, the C-terminal domain of VP1, consisting of a total of 172 residues,
was found to adopt a different conformation compared to that of the MRV λ2 structure, as
shown in Fig. 4a. Thus, prior to detailed local refinement of the VP1 model, a region
consisting of 6 residues (1128 to 1133) was used as a “hinge” to move the C-terminal
domain, which was treated as rigid body during refinement. The same parameters used in
the refinement of C-terminal helix of T0132 (Fig. 2a) were used to refine the C-terminal
domain of VP1. After 5 cycles of EM-IMO refinement, the density fitting score (See
Materials and Methods) was improved from 0.439 to 0.484. As shown in Fig. 4b, the refined
structure of the C-terminal domain agrees with the cryoEM map.

Scenario 3: Mid-chain domains that deviate from the map
A more difficult scenario in domain refinement is when the discrepancies between the
homology model and the experimental map involve a domain located in the middle of the
protein chain and refinement requires that the orientation of this domain with respect to
other domains be altered. Such an example can be found in the refinement of VP5. After
fitting the template structure, μ1, into the VP5 map, we found that a large portion of the head
domain was outside the density as shown in Fig. 5, suggesting that VP5 may adopt a
conformation different from that of μ1. A comparison between the VP5 model and the
density map revealed further detail: the entire head domain shifts slightly from the density
and a number of regions within the domain also move relative to each other.

Similar to the case of VP1, the head domain of VP5 was moved into the density prior to any
detailed refinement. However, for VP5 we adopted a more complex refinement protocol due
to the intra-domain movement. Specifically, the head domain 287-473 was divided into
seven rigid-body segments connected by flexible linkers. During 10 cycles of EM-IMO
refinement, the step size of local sampling decreased from 5 to 1° in order to gently adjust
the position of the head domain and the rigid-body segments within. After refinement, the
density fitting score was improved from 0.356 to 0.376 and the structure of the head domain
became more consistent with the density map. This can be seen from two turn regions
317-330 and 422-431, which both are largely exposed in the initial model but now only
require minor adjustment to fit in the corresponding density.

After domain refinement, the VP1 model was relaxed within the cryoEM map using the EM-
IMO-based protocol. During the five iterations of refinement, 18 to 25 regions were
identified through visual inspection and refined using the EM-IMO method. The density
fitting score of the final model is 0.4291, which is 7.5% higher than that of the initial model,
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indicating a significantly better fit of the final refined model within the experimental
cryoEM map (Fig. 5).

Scenario 4: Alignment errors and template gaps
Two common problems in homology modeling, alignment errors and structural gaps in the
template, can cause serious flaws in the resulting model, which need to be fixed before
detailed local refinement. Alignment errors may be alleviated by adjustment of sequence
alignment while the errors caused by structural gaps have to be refined explicitly using the
EM-IMO method. One example is provided by the VP3B N-terminus. This region, 1–175,
corresponds to the first 240 residues in the λ1B structure of MRV, which contains three arms
extending to the other two λ1B subunits related by three-fold symmetry37 (Fig. 6a).
Comparison between the N-terminus of the VP3B model and the cryoEM map indicates that
there are structural errors arising from two sources: first, there are alignment errors between
GCRV VP3B and MRV λ1B, resulting from the relatively low sequence homology at their
N-terminal regions, and second the homology model deviates significantly from the map due
in part to the missing linkers between three arms in the template structure.

Our approach to alignment-induced structural errors is to optimize sequence alignment by
trial and error. Specifically, the region 1-12 of VP3B was aligned to arm one of λ1B
assuming that VP3B possesses arm one. Two gaps were inserted into the VP3B sequence
between S35 and T36 and between I53 and V54, and the region 83-97 of VP3B was
realigned. The N-terminus of the VP3B model before and after alignment tuning is shown
together with the N-terminus of the λ1B structure in Fig. 6b and 6c, respectively. Clearly,
the model built based on the tuned alignment is more consistent with the cryoEM map and,
correspondingly, the density fitting score is improved from 0.402 to 0.414. This result
indicates that a cryoEM map with sufficient resolution can provide useful guidelines in the
homology modeling process to help generate an optimal starting model for refinement.

During 5 iterations of refinement, the N-terminus of the VP3B model was divided into
regions and refined using the EM-IMO method. For example, the following segments –
19-37, 39-58, 72-77, 79-96, 98-122, 124-142, 144-157, 160-167 and 170-188 – were used in
the first iteration of refinement. Fig. 6d shows the N-terminus structure before and after
refinement within the cryoEM map. For the region 19-37, a helix was first built using the
standard geometry for helical structure and then fitted into the cryoEM density during EM-
IMO refinement. For the region 39-58, a helix in the initial model that deviates from the
density was relaxed and further fitted into the density map. During refinement, large
structural changes occurred in a number of regions, leading to significantly more consistent
fit between the final model and the cryoEM map. For example, significant structural changes
can be found in the region 98-122, which corresponds to a missing linker in the λ1B
structure; in the region 124-142, which is a Zinc finger that binds mRNA, and in the region
144-157, which corresponds to another missing linker in the λ1B structure.37 After
refinement, the density fitting score of the final model is improved by 7.4% compared to that
of the starting model. The resulting model was then further relaxed in the MD-based
refinement (See below).

Scenario 5: Remote sequence homology
Model quality declines rapidly when the sequence relationship between the protein to be
modeled and the template is remote. In such cases, the resulting model may contain serious
alignment errors and sometime topological errors, which have to be fixed in order to
generate a reasonable model for effective refinement. VP7, the outermost protein on the
outer shell, provides a good example for this scenario.
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The sequence identity between GCRV VP7 and MRV σ3 is about 14.9% and the alignment
contains numerous gaps, insertions and deletions as shown in Fig 7a. As a result, the initial
model of VP7 built based on the σ3 structure has a low quality and overall is not as
consistent with the cryoEM map as other GCRV proteins, as can be seen from Fig. 7b. In
order to generate a reasonable model for refinement, the sequence alignment was manually
adjusted in the β-sheet region, residues 170-200, and helical region, residues 208-237, based
on secondary structure prediction and the cryoEM map. For the former, alignment gaps
within strands were removed to maintain the β-sheet geometry, and for the latter, helical
boundaries were adjusted to be consistent with secondary structure prediction. After
alignment tuning, the density fitting score was improved by 2.3%. Two obvious
discrepancies between the VP7 model and the cryoEM map are the strained helix 98-107,
for which the adjacent loop 91-98 is nearly straight and does not correspond to any density,
and the non-local β-sheet formed by strands 112-114 and 269-271, which is partly exposed
and in an apparently incorrect orientation. Based on the cryoEM map, we speculate that the
region 98-107 contains a strand that forms an anti-parallel β-sheet with the other two
strands. A three-strand β-sheet was constructed and rotated by ~ 90° counterclockwise
around the long axis of the VP7 model. In addition, a helix was constructed for the region
252-257 in order to be more consistent with the map and to anchor the adjacent loops,
residues 240-251 and 258-268 to the protein body. After these adjustments, the density
fitting score was improved by 8.3% and the resulting model is shown in Fig. 7c.

In each of five iterations of EM-IMO-based refinement, the VP7 model was broken down
into about 15 regions which were refined in parallel using the EM-IMO method. For
example, residues 50-74 in the initial model appear as a random loop protruding from a
cylinder-like density, which seems to suggest a helix. However, secondary structure
prediction in this region is ambiguous. To explore all the possibilities, a helix with standard
geometry was built with different lengths and fitted into the density in a number of trial EM-
IMO refinements. After trial and error, we found that when residues 63-73 were treated as
helical the refined structure was most consistent with the map both visually and as judged by
the density fitting score. After five iterations of detailed refinement, the final density fitting
score was 0.5261, which is 18.3% higher than that of the initial model built directly based on
the sequence alignment. The final model is shown superimposed with the cryoEM map in
Fig. 7d.

Molecular dynamics refinement of GCRV proteins
The seven conformers of five GCRV proteins were further refined by energy minimization
and 1- ns simulation using the MDFF algorithm35 that we implemented in the GROMOS96
MD program.42 A slightly higher threshold than used by Trabuco et al,35 Φthr=2.5, was used
for GCRV proteins in the pseudo-energy function to eliminate the effect of noise and
ambiguous density. Similarly, a higher scaling factor, ξ=3.5, was used in the same energy
function so as to impose a strong cryoEM constraint on the models during MDFF
refinement. The pseudo-energy, after normalization using the initial energy, is plotted in Fig.
8 for all GCRV proteins. As shown in Fig. 8a and 8b, the pseudo-energy decreased to
different extents for different proteins during refinement using the MDFF algorithm. The
structures previously refined using the EM-IMO-based protocol were relaxed during the
MDFF refinement.

As shown in Table 1, the MDFF refinement provided an average improvement of 2.6% in
CCC score for GCRV proteins, while the EM-IMO-based refinement yielded an
improvement ranging from 4.4% for the easiest case (VP3A) to 18.3% for the most difficult
case (VP7). The comparison of structures before and after refinement reveals that MDFF
appeared to be most effective in adjusting structural details, which is consistent with the
local nature of the cryoEM map-derived gradient. This can be seen from the improved twist
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of β-sheets, geometry of helical turns and some conformations of bulky side chains in VP3A
and VP3B, for which the map quality is good enough to derive the gradient accurately. Note
that in a number of cases EM-IMO was applied again following MDFF refinement to correct
local deviations from the cryoEM map caused by the MDFF refinement. These regions
mainly corresponded to surface loops where densities usually contain more noise.

We have used our implementation of the MDFF method35 to refine the VP1 C-terminal
domain without first using the EM-IMO method. MDFF was found to be quite effective but
also several orders of magnitude slower than EM-IMO (3 days as compared to 0.5 seconds).
Thus, the multi-scale strategy used here, that relies on EM-IMO for refinement problems
involving large structural changes and MDFF for finer-grained refinement, offers an
approach that builds on the strengths of both methods.

Discussion
CryoEM is at a stage where medium-resolution maps can be obtained routinely and where
near-atomic resolution maps are possible for samples with high level of structural
homogeneity and symmetry.3 Fitting atomic models into cryoEM maps is obviously an
important goal that can benefit from the techniques that have been developed for homology
modeling and from the large number of potential templates for refinement that it offers. In
this study, we have implemented a new approach to use homology models in cryoEM
refinement and applied it to the reconstruction of the entire capsid structure of grass carp
reovirus (GCRV) using a near-atomic resolution cryoEM map. The structures and their
biological implications are considered in the accompanying paper. In the following, we
discuss issues that are crucial to cryoEM refinement and summarize features of EM-IMO
that we believe are uniquely suited to address a wide range of problems associated both with
the fitting of homology models into cryoEM maps and the concomitant refinement of the
models themselves.

CryoEM-constrained homology modeling
The quality of homology models depends critically on the quality of the sequence alignment
that is used. In actual structure prediction applications, alignments are often corrected
manually and then subjected to computational refinement. We have shown here that when a
cryoEM map is available, the measured mass densities can be used directly to improve the
alignment and hence to generate a higher-quality initial model for refinement. The approach
we have used is to identify regions that do not fit well into the map by visual inspection and
then to improve the quality of the fit through an iterative alignment-tuning/model-building
process. Automatic procedures that explore alternative alignments27 can also be used for this
purpose, however the exhaustive search required poses severe computational demands and
may be unnecessary in cases where the alignment appears optimal except in a few regions.
In cases where alignment errors are too severe or where the location of secondary structure
elements is clearly inconsistent with the experimental cryoEM map, direct structure
refinement may be more effective than alignment tunning. Secondary structure prediction
can play a vital role in guiding alignment tunning and structure refinement, as we have
demonstrated throughout this study. In our study, GRASP243 which presents and analyses
sequence, secondary structure and three-dimensional models in the same graphic interface
facilitated our model tuning as well as input preparation process in refinement.

EM-IMO: versatility, efficiency and localized refinement
While EM-IMO was designed primarily for refining local structures within cryoEM maps, it
offers a variety of functionalities for model building such as rebuilding individual secondary
structure elements and assembling fragments of structures from different templates. This
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versatility is due in large part to its torsion-space local sampling algorithm36 that can move
secondary structure elements and connect loops in a single step, which facilitates the
manipulation of protein structures in various ways. Moreover, the combined use of a local
sampling algorithm and a statistical potential enables EM-IMO to generate thousands of
conformations in a few seconds and to evaluate their energies within the same time scale.
Another important feature of EM-IMO is its focus on local as opposed to global refinement.
Most existing methods were developed primarily for “global refinement” which can yield a
good overall fit but, in general, the fit in some regions will be improved at the price of
degrading others. The refinement protocol that uses EM-IMO to refine multiple regions of
protein models in an iterative fashion provides an alternative strategy for global refinement
that does not sacrifice detail in individual regions.

Supervised vs. unsupervised refinement
Unsupervised, fully automatic refinement methods implicitly assume that errors are
distributed homogeneously throughout the structure and that a single functionality can deal
with most problems encountered in refinement. Neither of these assumptions is true in real
applications. For example, in the case of VP3B, the homology model fits the cryoEM map
well except in the N-terminus, which contains serious errors such as a missing helix and
misplaced loops. Refining the VP3B structure as a whole, can only result in low efficiency
in the sense that much computational power will be devoted to the protein body that already
fits the map quite well. As for the second assumption, the use of a single functionality will
necessarily limit the refinement to a subset of cases for which that functionality is
appropriate. For example, most automatic methods will fail to refine VP3B N-terminus
simply because they do not have the ability to remodel a missing helix. For the MDFF35

method used in our final refinement, generating a helix would require the ab initio folding of
a peptide.

In our EM-IMO method, human supervision plays a crucial role in guiding the automatic
refinement. As has been demonstrated throughout our study, reconstructing the model for
the GCRV virion could not have been accomplished with entirely automatic methods and,
rather, requires a dynamic interplay between automatic refinement and human supervision.
Of particular importance in our approach is the ability to use the cryoEM maps as a
constraint in the construction of homology models and in local refinement, as demonstrated
for the GCRV proteins. In our study, human supervision was based on the integration of
various sources of information such as secondary structure analysis and the experimentally
determined cryoEM map. Two approaches have been applied to systematically reduce the
risk of human bias. First, in the EM-IMO-based protocol multiple iterations of refinement
are performed and, in each iteration, regions to be refined are defined with different anchor
residues. This can effectively eliminate the bias associated with a single refinement and the
arbitrary definition of the region boundary. Second, in the final stage of the protocol, an
automatic refinement method, MDFF,35 is applied to minimize the effects of decisions made
at earlier stages.

In summary, we have introduced a new method which has allowed us to report a full-
backbone model derived from homology models for an entire macromolecular assembly,
GCRV. The biological implications of the structure are reported in the accompanying
publication. The EM-IMO method itself, the EM-IMO-based refinement protocol and the
MDFF refinement method offer an integrated set of tools that should be widely applicable in
the construction of cryoEM-derived structural models of macromolecular assemblies.
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Materials and Methods
Software implementation and usability

Details about software implementation, installation, input preparation, execution, and
download instruction of the EM-IMO refinement and related tools are provided in the
Supplementary Information and at the WWW site:
http://wiki.c2b2.columbia.edu/honiglab_public/index.php/Software:cryoEM.

CASP data set
All target proteins in CASP5, 6 and 7 were processed using an in-house structure prediction
pipeline (http://luna.bioc.columbia.edu/honiglab/pudge/cgi-bin/pipe_int.cgi), in which
template selection and sequence alignment were performed using HMAP44 and SP3,45 and
homology models were constructed using NEST.46 A list of 50 proteins was manually
selected with one homology model for each protein (see Supplementary Table 1). The
selection was done in such a way that protein size, sequence identity and backbone RMSD
would cover a broad range of values. Density maps were simulated for the crystal structures
of all 50 proteins using the EMAN47 program “pdb2mrc” at 7.0 A resolution with a
sampling of 1.75 Å/pixel.

Modeling of GCRV proteins
In our work, the five proteins in MRV for which crystal structures have been determined for
both virus core (PDB entry code: 1EJ637) and membrane-penetration complex (PDB entry
code: 1JMU38) were used as templates to model their counterparts in GCRV. Sequence
alignment and model building were performed using the same programs as for the CASP
proteins. As shown in Table 1, the sequence identity between GCRV proteins and their
templates ranges from 31.3%, a typical value for homology modeling, to 14.9%, which is
generally viewed as in the “twilight zone” for structure prediction. The structural quality of
initial models measured by backbone geometry and side chain packing is reasonably good
for most proteins except for the N-terminus of VP3B and VP7, where poor alignments led to
more structural errors. The cryoEM maps used for model fitting and refinement were
obtained from a near-atomic reconstruction of GCRV virion, which is described in an
accompanying paper.

Local structure refinement using a cryoEM map as a constraint the EM-IMO method
IMO is a method developed previously for local structure refinement of homology models.36

The EM-IMO method is a new atomic modeling method that uses cryoEM density maps as
constraints. EM-IMO adapts the basic IMO framework but has enhanced features for protein
structure manipulation. A flowchart of the EM-IMO procedure is shown in Fig. 9a. The
basic idea is to move protein segments as rigid bodies through a torsion-space sampling
procedure that uses backbone dihedral angles of residues in connecting regions as variable.
After repacking side chains,48 the sampled conformations are evaluated and clustered based
on a scoring function that combines a pairwise statistical potential and a density fitting
score.

The sampling algorithm used here provides more modeling functions in addition to those
described in the original IMO procedure.36 Briefly, after the backbone dihedral angles of
driver residues in the region to be refined are perturbed, a modified cyclic coordinate
descent (CCD) algorithm36,49 is used to close the C-terminal gap between the variable and
fixed parts of the protein chain as well as to generate a new conformation for the entire
region. In this perturbation-closure procedure, regions within the local structure to be refined
can be treated as rigid bodies and move along with the residues being perturbed. Alternative
conformations can be specified for the rigid-body regions using their backbone dihedral
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angles. This function is particularly useful for refining regions with missing secondary
structure elements or to assemble parts of a protein taken from different models into a new
model. For extended, terminal regions (or domains), the sampling algorithm is simply a
perturbation procedure without chain closure.

The scoring function we formulated in this work is a linear combination of a density fitting
score, a normalized DFIRE score40 and a restraint score:

where w1, w2 and w3 are weighting factors. The ratio of w1 to w2 is 8 for the results reported
for both CASP and GCRV proteins, while the value of w3 was determined by trial and error
when restraints were applied. The density fitting score is measured by a cross-correlation
coefficient (CCC) between the experimental map and the map simulated from the atomic
model. In the original IMO procedure, an all-atom pairwise statistical potential based on the
distance-scaled, finite ideal-gas reference state, DFIRE40, was used to evaluate the structural
quality (e.g. atomic packing and clashes) of conformations sampled during refinement. In
EM-IMO, this atomic potential was converted to a normalized, residue-based potential and
the score was further normalized using the number of residues in the structure to be refined.
The combined used of a normal energy function (DFIRE) and a density fitting score ensures
that the refined structure not only fits cryoEM map better but also has a reasonable structural
quality. The positional restraint and distance restraint are implemented using a harmonic
function:

where d denotes the Cα-Cα distance, r denotes the Cα position, and the subscript 0 denotes
the desired distance or position. Note that the weight of constraint term, w3, was not
parameterized in our study since by nature is not transferable between systems and varies
case to case in real applications. Given the starting structure and the geometric constraint to
be imposed, w3 can be determined by trial and error.

An EM-IMO-based refinement protocol
The final refinement protocol is summarized in the flowchart shown in Fig. 9b. Each step in
this protocol is carried out using a stand-alone, modular program. The refinement is carried
out in an iterative manner and can be terminated based on a user-specified criterion. The
individual steps are as follows.

1) An atomic model is fitted into the cryoEM map with either graphics programs such as
UCSF Chimera50 or automatic fitting programs such as foldhunter.51 For CASP proteins,
since the experimental structures are known, we used a simplified fitting procedure in which
homology models were superimposed onto the native structures using Cα atoms of the
secondary structure elements. For GCRV proteins, we manually fitted the homology models
into the cryoEM maps using Chimera’s Fit-Model-in-Map function. 2) Two graphic
programs, GRASP243 and Chimera,50 were used together to identify problematic regions in
the homology model. Regions that involve sequence alignment errors or discrepancies in
secondary structure elements were identified using GRASP2 and then compared to the
cryoEM map using Chimera. Similarly, regions that are inconsistent with the cryoEM map
in position, orientation or other geometric characteristics are recognized using Chimera and
then checked for alignment errors and secondary structure errors using GRASP2. This step
takes less than a few hours for a large protein with more than a thousand amino acids such
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as VP1. 3) All the problematic regions identified are refined in parallel with the EM-IMO
method. 4) Regions with improved density fitting scores are merged into a new structural
model using a Perl script. 5) The model is energy minimized using the program minimize.x
in the TINKER package.52 The non-hydrogen backbone atoms were restrained during
minimization using a force constant of 100 kcal/mol/Å2. The final model is used as the
initial model for the next iteration of refinement if the density fitting score (CCC) of the
entire protein model is not converged. In the current study, 5 iterations of refinement were
performed to ensure that the difference of CCC between two consecutive runs is less than
0.01.

MD-based refinement method
We implemented the MDFF algorithm35 in the GROMOS96 MD program42 and used it to
finalize all seven models of the five GCRV proteins. In our program, the GROMOS96 43a1
force field was used in conjunction with the mAGB implicit solvation model53,54 and a
cryoEM term that derives energy and forces from the grid representation of cryoEM map
using linear interpolation.35 We used up to 200 steps of conjugate gradient energy
minimization to relax the models previously refined using the EM-IMO-based protocol. A 1-
nanosecond MDFF simulation was then performed to further adjust the structural details
guided by the physical energy function and the cryoEM map. Unlike the protocol used by
Trabuco et al,35 no secondary structure constraint was applied. After refinement, the density
fitting scores measured by cross-correlation coefficient (CCC) were calculated for all the
snapshots generated during the MDFF simulation and the snapshot with the best score was
selected as the final model.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Performance of EM-IMO-based refinement protocol on 50 CASP proteins using simulated
density maps. (a) Backbone RMSD (N, Cα and C) of the homology model with respect to
the experimental structure before (in black) and after (in grey) one iteration of refinement
using the EM-IMO-based protocol. (b) Density fitting score of the homology model before
(in black) and after (in grey) refinement. (C) Distribution of 371 regions against the RMSD
change during refinement.
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Figure 2.
Two examples of EM-IMO refinement from the CASP data set using density maps
simulated at 7 Å. (a) C-terminus of T0132 (125-151). (b) Segment of T0298 (159-197) with
a missing helix (165-179). The initial model is shown in magenta, while the refined region is
shown in blue and the native structure in green.

Zhu et al. Page 18

J Mol Biol. Author manuscript; available in PMC 2011 April 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Near-atomic resolution cryoEM map of GCRV virion and the seven refined backbone
models of all five GCRV structural proteins present in the virion. (a) Protein structures of
the core. Five distinct structures/conformers of the three core proteins (two conformers of
VP3: VP3A and VP3B; two conformers of the clamping protein VP6: VP6A and VP6B; and
turret protein VP1) exist in inner capsid core. The cryoEM density is shown in semi-
transparently gray and the final refined model is shown in ribbon. The full model of the core
is shown in the center with each of the seven unique protein structures shown in a different
color. (b) Proteins of the outer shell. The outer shell is made up of trimers of VP5/VP7
dimer. On the left two panels are the cryoEM density maps of VP7 and VP5 (semi-
transparently gray) superimposed with the final refined models shown in ribbon. Top and
side views of the ribbon model of the trimer are shown in the middle. The full model of the
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outer shell is shown at the right with each of the seven unique protein structures shown in a
different color.
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Figure 4.
Refinement of the VP1 C-terminal domain (1128-1299). (a) Initial homology model. (b)
Homology model after a short EM-IMO refinement of the head domain. In a and b the
protein body is shown in magenta and the C-terminal domain in cyan. Two inserted figures
show the EM-IMO refinement for a loop region (46-57) and a double-helical region
(896-926), with the refined structure in green.
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Figure 5.
Refinement of the VP5 head domain (287-473). Initial homology model (up-left corner) is in
magenta and the head domain is marked in cyan. Two inserted figures on the right show the
head domain after a single EM-IMO refinement (in orange) and after the subsequent 5
iterations of refinement using the EM-IMO-based protocol (in red). Two inserted figures on
the bottom show the EM-IMO refinement for loop regions 222-236 and 549-559, with the
refined structure in green.

Zhu et al. Page 22

J Mol Biol. Author manuscript; available in PMC 2011 April 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Refinement of the VP3B N-terminus. (a) λ1B structure (green) in the three-fold symmetry.
(b) Initial homology model (yellow). (c) Homology model built based on the tuned sequence
alignment (cyan). In b and c the template structure is shown in green and the key residues
used in the alignment tuning are marked. (d) Final model after five iterations of refinement
using the EM-IMO-based protocol (red), with the first 18 residues truncated.
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Figure 7.
Refinement of the VP7 model. (a) Sequence alignment of GCRV VP7 and MRV σ3. (b)
Initial homology model (center, magenta) with four inserted figures showing regions
subjected to the manual adjustment of sequence alignment and topology (yellow). (c)
Homology model built after adjustment. (d) Final model after 5 iterations of refinement
using the EM-IMO-based protocol.
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Figure 8.
MDFF refinement of GCRV proteins. (a) Plot of normalized cryoEM pseudo-energy (ref. 35)
during 200-step energy minimization (b) Plot of normalized cryoEM pseudo-energy (ref. 35)
during 1-ns MDFF simulation.

Zhu et al. Page 25

J Mol Biol. Author manuscript; available in PMC 2011 April 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
Flow charts of local and global refinement. (a) Flow chart of the EM-IMO program, which
is a local refinement method. (b) Typical steps involved in refining full protein structure.
Our procedure is basically a global refinement protocol using EM-IMO as a core
component, thus termed EM-IMO-based refinement protocol.
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