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We present RIBFIND, a method for detecting flexibility in protein structures via the clustering of second-
ary structural elements (SSEs) into rigid bodies. To test the usefulness of the method in refining atomic
structures within cryoEM density we incorporated it into our flexible fitting protocol (Flex-EM). Our
benchmark includes 13 pairs of protein structures in two conformations each, one of which is repre-
sented by a corresponding cryoEM map. Refining the structures in simulated and experimental maps
at the 5-15 A resolution range using rigid bodies identified by RIBFIND shows a significant improvement
over using individual SSEs as rigid bodies. For the 15 A resolution simulated maps, using RIBFIND-based
rigid bodies improves the initial fits by 40.64% on average, as compared to 26.52% when using individual
SSEs. Furthermore, for some test cases we show that at the sub-nanometer resolution range the fits can
be further improved by applying a two-stage refinement protocol (using RIBFIND-based refinement fol-
lowed by an SSE-based refinement). The method is stand-alone and could serve as a general interactive
tool for guiding flexible fitting into EM maps.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

One of the keys to understanding cellular processes at the
molecular level is the determination of the structures of macromo-
lecular assemblies (Alber et al., 2008). In recent years, cryo electron
microscopy (cryoEM) has become one of the most prominent tech-
niques in the field (Frank, 2006; Lawson et al., 2011). Combined
with image processing, single-particle cryoEM has been applied
to characterise the purified forms of assemblies at different confor-
mational states, mostly at intermediate (~5-15 A) and low (>15 A)
resolutions (Frank, 2009). It is almost standard now to obtain pseu-
do-atomic models of those assemblies by fitting into them atomic
structures of components of proteins and nucleic acids if available
(from X-ray crystallography, NMR spectroscopy or comparative
and ab initio modelling) (Beck et al., 2011; Chiu et al., 2005; Fabiola
and Chapman, 2005; Rossmann et al., 2005). Manual fitting using
visualisation programs such as Chimera (Pettersen et al., 2004)
can be affected heavily by user bias and can become obstinately
difficult, especially with maps of large assemblies containing many
different components. Automated fitting can alleviate these prob-
lems and therefore has become increasingly popular.

Indeed, automated rigid fitting has been very successful in pro-
viding many pseudo-atomic models of macromolecular assemblies
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(Fabiola and Chapman, 2005; Rossmann et al., 2005; Topf and Sali,
2005; Wriggers and Chacon, 2001). In most of these methods, the
goodness-of-fit measure for the placement of an atomic structure
in a density map is the cross-correlation between the cryoEM den-
sity map and a simulated density map of the structure, computed
by convolving its atomic coordinates with a point-spread function
(Fabiola and Chapman, 2005). However, the isolated component
structure may exhibit a different conformation than that reflected
in the assembly density map due to the experimental conditions
under which it was determined or errors in modelling (Alber
et al., 2008; Baker and Sali, 2001; Topf et al., 2008). In addition,
heterogeneity in the imaged sample often results in a number of
maps describing different conformational states of the intact
assembly (Spahn and Penczek, 2009). Thus there is often a need
to modify the position and orientation not only of the entire com-
ponent but also of its parts, a process referred to as “flexible
fitting”.

One way to tackle this problem is to divide the atomic structure
of the component into rigid bodies, such as domains, and fit each of
them independently into the map (Volkmann et al., 2000; Wendt
et al,, 2001). This approach often results in the distortion of the
mechanical properties of the structure. A more objective approach
is to generate multiple “valid” conformations for the component
and select the top ranking conformation based on its fit into the
density (Topf et al., 2005). The component structure is usually first
placed into the density map by rigid fitting to reduce the sampling
of degrees of freedom and candidate conformations are then
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generated using normal mode analysis (NMA) (Ma, 2005; Suhre
et al,, 2006; Tama et al., 2002), comparative modelling (Chandra-
mouli et al., 2008; Rawi et al., 2010; Taylor et al., 2009; Topf
et al., 2006), ab intio modelling (Baker et al., 2006), geometric hash-
ing (Woetzel et al., 2011) or by exploring the structural variability
of protein domains within a given superfamily (Velazquez-Muriel
et al., 2006).

An alternative approach is to simultaneously refine the position,
orientation, and conformation of the component structure in the
cryoEM map (Fabiola and Chapman, 2005) while maintaining its
mechanical properties (Beck et al., 2011; Chen et al., 2003; DiMaio
et al., 2009; Grubisic et al., 2010; Schroder et al., 2007; Topf et al.,
2008; Trabuco et al., 2008; Zheng, 2011). Many refinement meth-
ods optimise the conformation using coarse-grained approaches,
including grouping atoms together into rigid bodies connected by
flexible regions (Beck et al., 2011). This can be done manually or
by automated methods, such as those based on graph theory
(Jacobs et al., 2001; Jolley et al., 2008); hinge identification based
on energetic interaction (Flores and Gerstein, 2007) and a compar-
ison of pairs of proteins (Abyzov et al., 2010; Hayward and Berend-
sen, 1998; Wriggers and Schulten, 1997). Unfortunately, the use of
rigid bodies can often limit the conformational degrees of freedom
of the atomic structure in ways detrimental to the fitting process. If
the number of rigid bodies is too small, the optimisation may not
reach the global minimum because a more detailed modification
of the conformation is needed. On the other hand, if an all-atom
representation is chosen the computational efficiency is largely re-
duced and the system is likely to get trapped in local minima. An
optimal partitioning of the structure into flexible and rigid bodies
would help guide the trajectory of the optimisation, and result in
a better fit.

Here we introduce RIBFIND, a new method for finding rigid
bodies in protein structures based on the clustering of SSEs (Sec-
tion 2). By incorporating the method into our flexible fitting proto-
col Flex-EM (Topf et al., 2008), we show how flexible fitting of
atomic structures into cryoEM maps can be significantly improved
by a superior partition of rigid bodies and flexible regions. We
tested RIBFIND on a benchmark of 10 protein structures. Each of
these was refined into a simulated density map representing a dif-
fering (known) conformation at 5-15 A resolution (Section 3). We
also tested the method on three structures using experimentally
determined cryoEM maps at the same resolution range (Section 3).
Finally, we discuss our approach and its implications for refining
structures and models using cryoEM density maps (Section 4).

2. Methods
2.1. Neighbourhood-based clustering

The RIBFIND method identifies rigid bodies in protein structures
using a clustering approach based on the spatial proximity be-
tween secondary structural elements (SSEs). Fig. 1a shows the
steps involved. Starting from the input atomic coordinates, the
SSEs are assigned using the program DSSP (Kabsch and Sander,
1983). These SSEs form an initial pool of members for clustering.
Next, a temporary “neighbourhood” list is created by adding an
SSE member selected randomly from the pool. All the neighbours
from the pool spatially proximal to this SSE are then identified
and added to the list. This process is repeated iteratively for each
member in the list until no new members can be added from the
pool. After completion of the iterative process, if the list contains
more than one SSE member then all the members are removed
from the pool, and a “cluster” is formed by these members; other-
wise the individual SSE member is added to a non-clustered list.
The whole process of clustering is repeated as long as the pool

contains more than one member. Finally, the method outputs each
cluster, and the loops connecting its SSE members, as a rigid body.
Each non-clustered SSE is defined as an individual rigid body, and
each of the atoms connecting them is treated as an individual rigid
body. The list of rigid bodies can then be used in flexible fitting.

The method defines two parameters to measure the spatial
proximity between any two SSEs (see Fig. 1b). The first parameter
is the residue contact distance, which represents the contact be-
tween any two residues. This parameter is measured by the dis-
tance between the side-chain centroids of the two residues
(Miyazawa and Jernigan, 1996). The second parameter is the cluster
cutoff, which helps to cluster any two SSEs based on the percentage
of residues in contact between them. The values of this parameter
run from 0% to 100%. Also, we do not treat any two helices in the
protein to form one cluster if the number of residues in either
one of the helix is less than the other by 40%. This condition will
avoid building up unrealistic clusters caused by long helices. Both
the contact distance and cluster cutoff can be user defined and can
be varied to achieve different levels of clusters. Their choice is
discussed in Section 3.

2.2. Application to flexible fitting

To test the improvement in flexible fitting using RIBFIND we use
our Flex-EM method (Topf et al., 2008). The method can optimise
the position and conformation of an atomic structure in a cryoEM
map in three stages: (i) a Monte Carlo search; (ii) a conjugate-gra-
dients minimisation; and (iii) a simulated annealing molecular
dynamics (MD) refinement. The scoring function of Flex-EM in-
cludes stereochemical and non-bonded interaction terms in addi-
tion to the cross-correlation function (CCF) term. We typically
apply the method at the ‘domain level’ first (i.e., the rigid bodies
correspond to domains and the individual atoms that connect the
domains), followed by the ‘SSE level’ (i.e., the rigid bodies corre-
spond to the SSEs and the individual atoms that connect them)
(Topf et al., 2008). However, the method is flexible, allowing any
of the optimisation procedures to be applied to any groups of rigid
bodies, including user-defined rigid bodies (for example, based on
prior knowledge of the structure or visual inspection in the context
of the density). For our purposes we applied the Flex-EM simulated
annealing MD refinement to two sets of rigid bodies — one based on
RIBFIND (i.e., the ‘clustered set’) and the other based on the SSE le-
vel (i.e., the ‘non-clustered set’).

2.3. Benchmark

The refinement protocol was tested on two benchmarks repre-
senting proteins with a maximal number of five domains mostly
from o/ fold classes. The first benchmark (simulated benchmark)
contained 10 proteins (see Table 1) with two conformations each.
From each of these pairs of conformations, one conformation was
defined as the initial conformation. The other conformation (target
conformation) was used for simulating density maps (target maps)
at 5,10, and 15 A resolution. To minimise bias, the simulated maps
were not produced with the same blurring technique used for
fitting (as described in Topf et al., 2005), but with the molmap com-
mand in Chimera (Pettersen et al., 2004), using a different sigma
factor for the Gaussian blurring (sigma factor = 0.356 x resolution,
grid spacing = resolution/3). Five of the 10 pairs of benchmark
proteins (PDB IDs of the initial conformation: 1wdnA, 1f6mE,
1k89A, 1mrpA, and 1dpeA) were selected from the molecular mo-
tions database (Flores et al.,, 2006) that stores experimentally
determined structures of macromolecules in two distinct confor-
mations. For actin, the initial (act2A) and target (act1A) conforma-
tions are the models of actin taken from a Situs package tutorial
(Wriggers, 2010). The remaining pairs of proteins (PDB IDs of the
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(Flexible Fitting

Fig.1a. A flowchart of the RIBFIND method for finding sets of rigid bodies based on the spatial proximity between secondary structure elements (SSEs). The protein under
investigation is shown in a cartoon representation. The input to the program is a structure of a protein (PDB format) and the output is a set of rigid bodies, each of which is

composed of a group of SSEs selected within a cluster and the loops connecting them.

initial conformation: 1oaoD, 11fgA, 2driA, and 1ompA) were taken
from other studies (Grubisic et al., 2010).

To demonstrate the ability of the method to refine atomic struc-
tures in more realistic cases, we tested it on experimentally deter-
mined cryoEM maps. These are included in a second benchmark
(experimental benchmark) containing three pairs of proteins, for
which experimental density maps were used (see Table 1). These
proteins are a monomer of actin, the elongation factor EF4 (lepA),
and a subunit of the heptameric ring of the GroEL chaperonin. All
target fits in the experimental benchmark are based on fits depos-
ited in the PDB. These are treated as the “gold standard” fits for our
quality assessment of fits. For the actin monomer, the initial con-
formation was taken from the Situs package tutorial (Wriggers,
2010) (act2A), the experimental map of rabbit actin at 6.6 A reso-
lution from the EM database (EMDB) (EMD-5168) (Lawson et al.,
2011), and the corresponding fit (target conformation) from the
PDB (PDB ID: 3mfpA) (Fujii et al., 2010). For EF4, the initial confor-
mation was the crystal structure of EF4 from Escherichia coli (PDB
ID: 3cb4F) (Evans et al., 2008). The experimental map at 11 A

and its corresponding target conformation were taken from EMDB
(EMD-1524) and PDB (PDB ID: 3degC), respectively (Connell et al.,
2008). For GroEL, the initial conformation was a subunit of the
crystal structure from E. coli (PDB ID: 1o0elA) (Braig et al., 1995).
The experimental map at 15 A and its corresponding target confor-
mation were taken from EMDB (EMD-1047) and PDB (PDB ID:
2c7eA), respectively (Ranson et al., 2001).

For each of the 13 pairs of benchmark proteins, the initial con-
formation was first superposed onto its target and then fitted rig-
idly in the corresponding density map, using the match and
fit_in_map commands in Chimera, respectively. Flex-EM MD refine-
ment was then performed for 15 cycles, except for two proteins
(1oelA and 10aoD), which required 35 cycles due to their large size.
The resulting conformation was defined as the final conformation.

2.4. Measures of accuracy

We have used the following four scores to assess the accuracy of
a structure in a given conformation.
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Fig.1b. A schematic diagram representing the RIBFIND parameters - contact
distance and cluster cutoff. The two helices (H1 and H2) and the sheet (S1) are
shown in a cartoon representation and their corresponding side-chains in a stick
representation. In this illustration, the number of residues in H1, H2, and S1 are 11,
15, and 10, respectively. Only the contacts between pairs of residues for which the
distance between their side-chains centroids is within 6.5 A are shown as dotted
lines. H1 has 36% of its residues in contact with H2 and H2 has 40% of its residues in
contact with H1. H2 has 33% of its residues in contact with S1 and S1 has 30% of its
residues in contact with H2. Thus, each of the three SSEs shows 30% or more
residues in contact with the nearby SSEs. A cluster cutoff of 30% or more will cluster
all the three SSEs into one cluster.

2.4.1. Cat RMSD

The root-mean square deviation (RMSD) is calculated be-
tween the Co atoms of a given conformation (i.e., at the initial
conformation, a conformation during refinement, or at the final
conformation) and the corresponding atoms in the target confor-
mation. The score is calculated upon superposition of the two
structures using a rigid-body least-squares minimisation, as
implemented in the superpose method of MODELLER-9.0 (Sali
and Blundell, 1993).

2.4.2. minRMSD
We calculated a “minimal” Cot RMSD (minRMSD) for each con-
formation, corresponding to the best-possible conformation that

Table 1
Summary of the simulated and experimental benchmarks.

our refinement could theoretically reach given that the SSEs (in
the non-clustered set) or the clusters of atoms (in the clustered
set) are treated as rigid bodies. For the non-clustered set, the
best-possible conformation has all loop atoms overlapping
perfectly with the equivalent target positions and each SSE in the
initial conformation superposed independently onto the corre-
sponding SSE in the target conformation. For the clustered set,
the best-possible conformation has each cluster in the initial con-
formation superposed onto its corresponding cluster in the target
conformation, and all the non-clustered SSEs in the initial confor-
mation superposed independently onto the corresponding SSE in
the target conformation; the rest of the atoms (non-clustered
loops) overlap perfectly with the equivalent target positions.

2.4.3. Area-based component placement score (ACPS)

An assessment score previously used by us, the component
placement score (CPS) (Lasker et al., 2009; Topf et al., 2008; Zhang
et al,, 2010), was implemented here in a modified fashion. The CPS
calculates the difference between the orientation and position of
equivalent clusters (identified by RIBFIND) in the initial or final
conformation and the target conformation. This gives two values
for each rigid body, i.e., the shift and rotation angle needed to
superpose the rigid body in the given initial or final conformation
onto the corresponding rigid body in the target conformation. In
order to better visualise the deviation, we combine the shift and
rotation angle into one score. A sector is defined based on these
two parameters, and the new score (ACPS) is the area of the sector:
ACPS = (71/360°) x (shift)* x angle. If the method identifies more
than one cluster, then the ACPS scores for each cluster are summed
and reported. The units of the ACPS are in A2,

2.4.4. Cross-correlation coefficient (CCC)

A local CCC between the rigid bodies identified by RIBFIND in a
given conformation (i.e., the initial or the final conformation) and
the target density map was calculated with Chimera (Pettersen
et al., 2004). First a density map is simulated for each identified ri-
gid body at the appropriate resolution, using Chimera’s molmap
command (with an edgepadding parameter of 8 A). The local CCC
is then calculated between the simulated map and the target
map using the measure correlation command in Chimera. Addition-
ally, CCCs for the fit of the entire protein was calculated.

Initial Target Range Cluster No. of clusters No. of SSEs Total No. of SSEs Percentage of SSEs
PDB ID PDB ID cutoff (%) in clusters in clusters (%)
Benchmark 1 (simulated)

TwdnA 1gggA 5-224 25 2 11 13 85

1f6mE 1tdeA 1-316 30 2 9 12 75

1oaoD 1oaoC 2-729 33 6 22 28 79

2driA TurpA 1-271 37 3 9 11 82

1k89A ThrdC 1-449 40 3 13 21 62

1mrpA 1d9vA 1-309 35 3 13 14 93

1dpeA 1dppG 1-507 15 3 22 24 92

TompA lanfA 1-370 30 4 16 21 76

act2A? act1A? 1-375 20 2 18 20 90

11fgA 11fhA 1-691 44 6 19 29 66

Benchmark 2 (experimental)

act2A 3mfpA 1-375 20 2 18 20 90

3cb4F 3degC 1-13, 18-30, 57-545 35 4 15 18 83

ToelA 2c7eA 2-525 30 3 22 25 88

Descriptions for the items are: initial and target PDB ID, the PDB and chain ID for the initial and target conformations, respectively; range, the start and end residues; cluster
cutoff, one of the RIBFIND parameters; No. of clusters, the number of clusters identified by RIBFIND; No. of SSEs in clusters, the total number of SSE included in clusters; total

No. of SSEs, the total number of SSEs in the whole protein.

a

act2A and act1A represents the models of initial and target conformations of actin taken from the Situs tutorial (Wriggers, 2010).
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3. Results and discussion
3.1. Selection of parameters

The value of the contact distance parameter was fixed to 6.5 A
for all the test cases (Miyazawa and Jernigan, 1996). As the cluster
cutoff increase from 0% to 100%, RIBFIND tends to find clusters of
rigid bodies that were more compact. To determine what values
to use for the cluster cutoff, we ran RIBFIND with all possible val-
ues from 0% to 100% (in increments of 1, see Fig. 2). For each such
value, the method calculates a specific number of clusters and its
members in the protein structure. Because two different cluster
cutoffs can result in the same number of clusters but different
numbers of members in them, we calculated a “unique” number
of clusters by summing the number of clusters and the fraction
of total SSE members included in each. We then used the cluster
cutoff value that corresponds to the maximal unique number of
clusters (see Table 1 and Fig. 2). The rationale behind this was to
have as many rigid bodies as possible in the protein to allow more
flexibility during fitting. Although the clustering method may re-
sult in some SSEs not being part of any cluster (see Table 1), in
11 out of 13 test cases 75% of the total SSEs were captured by
the clustering (the exceptions are 1k89 and 1Ifg). For these cluster
cutoff values, the composition of the clusters identified by the
method had no direct correlation with the domains identified by
the CATH database (Orengo et al., 1997).

3.2. Accuracy of refinement

The results of the flexible fitting of the 10 proteins in the simu-
lated benchmark are summarised in Table 2. The average percent-
age improvement in CCC (calculated from the initial and final
averages of CCC) for the clustered set is 9.761%, 5.126%, and
4.720% for 5, 10, and 15 A resolution maps, respectively, and for
the non-clustered set is 9.569%, 5.345%, and 4.615%, respectively.
The improvement in CCC is comparable between the clustered
and non-clustered set, and in both cases it drops when using lower
resolution maps. The average improvement in Co. RMSD for the
clustered set is 76.70%, 51.30%, and 40.64% for 5, 10, and 15 A res-
olution, respectively, and for the non-clustered set is 65.97%,
43.77%, and 26.52%, respectively. Irrespective of the use of clus-
tered and non-clustered sets, the average improvement in Co
RMSD decreases with the resolution. Although at 15 A resolution
the average improvement in Coo RMSD using the clustered set is
double that of the non-clustered set, the best Coo RMSD obtained

~

Unigque number of clusters

at this resolution is 2.95 A. The Cot RMSDs of the best models ob-
tained at 5 and 10 A resolution are 0.82 and 1.71 A, respectively
(Table 2). Thus, for resolutions worse than 10 A, obtaining an accu-
rate refined model remains a challenge. In most cases, the Co
RMSD between the final conformation and the target conformation
is lower for the clustered set than the non-clustered set. Only 6 out
of the 30 test cases (act2A and 1dpeA at 5 A; 1f6mE and 1dpeA at
10 A; and 1f6mE and 1ompA at 15 A) have higher Co. RMSD when
using the clustered set. In three of these test cases (act2A and
1dpeA at 5 A, and TompA at 15 A), the difference in Cot RMSD for
the clustered and non-clustered set is almost comparable (see
Table 2a and c). In many cases, it is clear that the ACPS score serves
as a better indicator than the Ca RMSD for quantifying the subtle
differences between final conformations based on the clustered
and non-clustered. For example, the difference between the final
Co. RMSD of 1mrpA using the clustered and non-clustered sets at
15 A resolution (4.24 vs. 5.08 A, respectively) (see Table 2c), may
appear less significant than the corresponding difference in the
ACPS scores (8.128 vs. 16.566 A2, respectively, see Table S2 in the
Supporting material for the translational and rotational values for
the respective rigid bodies).

3.3. Specific examples

Three specific examples are selected from the simulated bench-
mark for further analysis. These are 10aoD, 2driA, and 1dpeA, each
refined at 5, 10, and 15 A resolution, respectively. Below, the re-
sults of the flexible fitting using the clustered and non-clustered
sets of rigid bodies in each case are compared and discussed.

3.3.1. 1oaoD

1oaoD is the largest protein in the benchmark, with 729 resi-
dues. It has a total of 28 SSEs composing 22 helices and 6 beta
sheets. Initial RIBFIND clustering with a cluster cutoff of 33% re-
sulted in a maximal number of six clusters, containing a total of
22 SSEs (see Table 1). The CCC for the initial conformation is
0.788. For the two final conformations corresponding to the clus-
tered and non-clustered sets refined at 5 A resolution the CCCs
are 0.896 and 0.843, respectively (see Table 2a). The Co. RMSDs
for the initial conformation and final conformations (clustered
and non-clustered sets) are 14.22, 5.37, and 9.44 A, respectively
(see Fig. 3a). Clearly, flexible fitting using rigid bodies created from
the clustered set is far better than the non-clustered set in this case
(see Table 2a and Fig. 3a). The improvement in Cot RMSD for the

¥1wdnA
=1f6mE
"1o0aoD
" 2driA
H1k89A
"1mrpA
"1dpeA
"1ompA
act2A
"1ifgA
H1oelA
©3cb4F

Fig.2. Unique number of clusters calculated by RIBFIND with all possible cluster cutoff values for all benchmark proteins. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Table 2
Flexible fitting into simulated density maps at 5 A (a), 10 A (b), and 15 A (c) resolution using clustered (RIBFIND) and non-clustered (SSE elements) sets of rigid bodies.
cce Co. RMSD (A) ACPS (A?)
Initial Final Initial Min Final Initial Final
C NC C NC C NC C NC

(a) Initial and target PDB IDs

1wdnA-1gggA 0.797 0.932 0.937 10.60 0.30 0.33 1.25 1.79 76.91 0.06 0.13
1fémE-1tdeA 0.850 0.927 0.927 9.89 0.21 0.22 145 2.04 90.87 0.05 0.44
ToaoD-loaoC 0.788 0.896 0.843 14.22 0.56 0.22 5.37 9.44 168.52 0.61 74.76
2driA-1urpA 0.832 0.942 0.945 7.55 0.21 0.18 0.82 0.97 26.62 0.04 0.08
1k89A-1hrdC 0.872 0.939 0.933 3.78 0.33 0.25 1.01 1.46 3.64 0.03 0.17
TmrpA-1d9vA 0.877 0.932 0.934 3.73 0.10 0.15 1.76 2.07 6.56 0.05 0.14
1dpeA-1dppG 0.814 0.867 0.891 12.28 0.61 0.20 3.92 3.69 126.73 441 1.97
TompA-1anfA 0.842 0.938 0.939 7.24 0.21 0.26 1.05 1.33 50.32 0.04 0.16
act2A-act1A 0.828 0.898 0.925 5.87 0.31 0.43 2.54 2.12 2.45 1.09 0.52
11fgA-11fhA 0.861 0.905 0.886 8.13 0.32 0.23 2.66 5.07 153.37 0.76 41.89
Average 0.836 0918 0.916 8.33 0.32 0.25 2.18 3.00

SD 0.030 0.025 0.032 3.46 0.16 0.08 1.48 2.57

Average % improvement? 9.761 9.569 76.70 65.97

(b) Initial and target PDB IDs

TwdnA-1gggA 0.868 0919 0.924 10.60 0.30 0.33 5.32 6.39 76.91 4.57 10.10
1f6mE-1tdeA 0.920 0.948 0.962 9.89 0.21 0.22 5.88 4.66 90.87 22.16 7.67
ToaoD-loaoC 0.864 0.947 0.933 14.22 0.56 0.22 8.64 10.66 168.52 64.88 143.51
2driA-1urpA 0914 0.977 0.974 7.55 0.21 0.18 1.71 3.04 26.62 0.37 2.77
1k89A-1hrdC 0.947 0.975 0.973 3.78 0.33 0.25 217 2.74 3.64 0.40 1.09
1mrpA-1d9vA 0.960 0.973 0.972 3.73 0.10 0.15 3.14 4.09 6.56 2.52 7.01
1dpeA-1dppG 0.878 0.941 0.956 12.28 0.61 0.20 5.91 4.89 126.73 15.56 7.30
TompA-1anfA 0918 0.976 0.980 7.24 0.21 0.26 2.32 2.65 50.32 0.58 1.07
act2A-act1A 0.919 0.964 0.963 5.87 0.31 0.43 2.76 4.41 245 1.61 13.47
1lfgA-11fhA 0.923 0.957 0.961 8.13 0.32 0.23 434 4.40 153.37 6.66 8.03
Average 0911 0.958 0.960 8.33 0.32 0.25 4.22 4.79

SD 0.032 0.019 0.018 3.46 0.16 0.08 2.21 235

Average % improvement?® 5.126 5.345 51.30 43.77

(c) Initial and target PDB IDs

1wdnA-1gggA 0.886 0.975 0.975 10.60 0.30 0.33 5.07 5.27 76.91 11.69 8.06
1fémE-1tdeA 0.934 0.970 0.969 9.89 0.21 0.22 7.05 5.58 90.87 34.02 17.31
ToaoD-loaoC 0.883 0.960 0.948 14.22 0.56 0.22 10.14 13.00 168.52 103.90 250.36
2driA-1urpA 0.934 0.977 0.974 7.55 0.21 0.18 4.36 5.37 26.62 7.09 14.32
1k89A-1hrdC 0.965 0.976 0.966 3.78 0.33 0.25 3.69 5.40 3.64 2.70 10.39
1mrpA-1d9vA 0.977 0.981 0.975 3.73 0.10 0.15 4.24 5.08 6.56 8.13 16.57
1dpeA-1dppG 0.887 0.964 0.969 12.28 0.61 0.20 417 7.00 126.73 532 25.76
TompA-1anfA 0.933 0.980 0.984 7.24 0.21 0.26 3.93 3.79 50.32 5.85 478
act2A-act1A 0.938 0.974 0.973 5.87 0.31 0.43 2.95 5.74 2.45 1.60 20.26
1lfgA-11fhA 0.938 0.961 0.970 8.13 0.32 0.23 5.13 5.64 153.37 13.17 13.84
Average 0.928 0.972 0.970 8.33 0.32 0.25 5.07 6.19

SD 0.033 0.008 0.009 3.46 0.16 0.08 2.09 2.52

Average% improvement® 4.720 4.615 40.64 26.52

Descriptions for the items are: initial and final PDB IDs, the PDB and chain ID for the initial and final conformations; initial and final, initial and final conformation; C and NC,
final conformations based on the clustered and non-clustered sets of rigid bodies, respectively; CCC, the value of the cross-correlation coefficient of a given conformation with
the density map calculated with Chimera; Co. RMSD, Co root-mean square deviation between the a given conformation and the target conformation; ACPS, the area based
component placement score between a given conformation and the target conformation; min, the minimal RMSD (see minRMSD in Section 2); SD, the standard deviation.

2 Average % improvement in CCC for clustered and non-clustered sets is calculated by (average_initial — average_final)/average_initial x 100; Average % improvement in
RMSD for clustered and non-clustered set is calculated by (average_initial — average_final)/(average_initial — average_minRMSD)/100.

clustered set (65%) is twice higher than the non-clustered set
(34%).

Although the fit based on the clustered set is better than the one
based on the non-clustered set for all three resolutions, it is still far
from the target conformation at 10 and 15 A resolutions. The final
Co. RMSD:s for the clustered set at 10 and 15 A resolution maps are
8.64 and 10.14 A, respectively, compared with 10.66 and 13.00 A
for the non-clustered set (see Table 2b and c). Interestingly, flexible
fitting with a new clustered set obtained using a cluster cutoff of
10% resulted in final conformations whose Co. RMSDs with the
target conformation are 1.74, 2.93, and 6.99 A at 5, 10, and 15 A
resolution, respectively. At this value of cluster cutoff only three
clusters were identified by the method (vs. six with the cluster cut-
off of 33%, Table 1), containing a total of 25 SSEs. Out of these three
clusters, one cluster contains two helices (residues 627-634 and

671-684) and a sheet (residues 599-604, 609-614, 643-646,
666-668), which were not clustered with the cluster cutoff of
33% (therefore represented as individual rigid bodies). The devia-
tion of these three rigid bodies from the target conformation is
quite large (with ACPS=208.21 A% shift=21.3 A, angle =52.6°),
and therefore, treating them as one cluster resulted in a better fit.

3.3.2. 2driA

2driA has a total of 11 SSEs composing 9 helices and 2 beta
sheets. With the cluster cutoff of 37% the method identified the
maximal number of three clusters containing a total of 9 SSEs
(see Table 1). The CCCs for initial conformation and the final con-
formations corresponding to the clustered and non-clustered sets
refined at 10 A resolution are 0.914, 0.977, and 0.974, respec-
tively (see Table 2b). The Ca RMSDs for the initial conformation
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RIBFIND rigid bodies

Final clustered Final Non-clustered

(a) 10aoD, 5 A

535A

Fig.3. Flexible fitting with and without RIBFIND of 10aoD (a), 2driA (b), 1dpeA (c) into simulated cryoEM maps at 5, 10, and 15 A, resolution, respectively, and of 1oelA (d) into
the segmented experimental cryoEM map (EMD-1047) at 15 A resolution. On the left we show the rigid bodies identified by RIBFIND (uniquely coloured) on the initial
conformation (cartoon representation). For 1oaoD (a), the six rigid bodies are coloured magenta, blue, green, cyan, red, and coral in order. For 2driA, 1dpeA, and 1oelA, the
first, second, and third rigid bodies are coloured magenta, blue, and green, respectively. On the right we show the initial conformation (yellow) and the final conformations
based on the clustered (pink) and non-clustered (cyan) sets of rigid bodies superposed onto the target conformation (grey) and fitted in the density map (grey). The Cot RMSDs
of the initial and the two final conformations (corresponding to the clustered and non-clustered sets) from the target conformation are shown below the respective examples.

The figures were generated with Chimera (Pettersen et al., 2004).

and final conformations (clustered and non-clustered set) are
7.55, 1.71, and 3.04 A, respectively. At 15 A resolution, the Co.
RMSDs for the two final conformations are 4.36 and 5.37 A,
respectively. The higher Cao RMSDs for the final conformation
based on the non-clustered set are caused by the rigid bodies
being drawn towards the centre of the density map during
refinement (see Fig. 3b).

This result is more profound for the rigid bodies that corre-
spond to the third cluster in the clustered set (residues 3-38,
58-63, 85-103, 237-263), for which the final fit of part of it
was located at a low-density region of the map. This is revealed
by the cluster-based CCC and ACPS scores (see Tables S5 and S2):

the cluster-based CCC scores for the first, second, and third rigid
bodies are 0.917, 0.860, and 0.934 at 10 A resolution, and 0.891,
0.819, and 0.900 at 15 A resolution for the final fits based on the
clustered set, and 0.920, 0.866, and 0.923 at 10A and 0.882,
0.833, and 0.896 at 15A for the final fits based on the non-
clustered set; The corresponding ACPS scores are 0.113, 0.170,
and 0.086 A2 at 10 A resolution, and 0.878, 1.951, and 4.259 A2
at 15 A resolution for the clustered set, and 0.162, 0.354, and
2.255 A% at 10 A resolution, and 0.617, 1.093, and 12.605 A? at
15 A resolution for the non-clustered set. The improvement in
Co. RMSD for the clustered and non-clustered set is 80% and
60%, respectively.
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3.3.3. 1dpeA

1dpeA represents a challenging case of a large protein with
numerous loops. It is the third largest protein in the simulated
benchmark with 507 residues. It has a total of 24 SSEs composed
of 19 helices and 5 beta sheets, and 29 loops with varying lengths
ranging from 1 to 22 residues. Using a cluster cutoff of 15% RIBFIND
identified three clusters containing 22 SSEs (see Table 1). At 5 and
10 A resolution, the Co. RMSDs of the final conformations based on
the non-clustered set are 3.69 and 4.89 A and based on the clus-
tered set are 3.92 and 5.91 A, respectively (see Table 2a and b).
At 15 A resolution, however, using the clustered set resulted in a
significantly better fit than using the non-clustered set. At this res-
olution, the CCCs for the initial conformation and the two final con-
formations (clustered and non-clustered sets) are 0.887, 0.964, and
0.969, respectively (see Table 2c). The Ca RMSDs for the initial
conformation and the final conformations (clustered and non-
clustered sets) are 12.28, 4.17, and 7.00 A, respectively (see Fig. 3c).
The ACPS scores between the initial and target conformations cal-
culated for the rigid bodies corresponding to the first and second
clusters (0.004 and 0.004 A%) show that the clusters are already
close to the target conformation (see Table S1). In the final confor-
mation using the non-clustered set rigid bodies, the corresponding
ACPS scores (first and second clusters) are 4.582 and 6.391 A?,
respectively (see Table S2), which is worse than the initial confor-
mation ACPSs and worse than the corresponding scores for the fi-
nal conformation using the clustered set rigid bodies (0.353 and
0.425 A?). Hence, in low-resolutions, refinement with the clustered
set restricts over fitting.

The over fitting of the second cluster in particular is well pro-
nounced in the cluster-based CCC, which is higher for the non-clus-
tered set (0.899 vs. 0.880 for the clustered set, see Table S5). For the
rigid bodies corresponding to the third cluster, there is an improve-
ment in fit using both the clustered and non-clustered sets, but the
improvement is much more profound for the clustered set (ACPS
scores are 126.721, 4.539, and 14.788, for the initial and the final
conformations based on the clustered and non-clustered sets,
respectively, see Tables S1 and S2).

3.4. Experimental results

The results of the second benchmark, containing proteins which
were refined using cryoEM maps of an actin monomer, the elonga-
tion factor EF4, and one subunit of GroEL, at 6.6, 11, and 15 A,
respectively, are discussed below.

3.4.1. Actin (act2A, 6.6 A)

The actin monomer has a total of 20 SSEs containing 16 helices
and 4 beta sheets. The initial and target conformations represent
the open and closed forms of actin, respectively. With a cluster cut-
off of 20%, RIBFIND obtained two clusters containing a total of 18
SSEs (see Table 1). The CCCs for the initial conformation and the

final conformations corresponding to the clustered and non-clus-
tered sets are 0.482, 0.619, and 0.685, respectively (see Table 3).
The corresponding Co. RMSDs are 6.09, 3.37, and 3.15 A. Thus, in
this case the non-clustered based refinement produced a slightly
better fit. Interestingly, although a similar result was observed at
a comparable 5A simulated map in the first benchmark (see
Table 2a), at resolutions of 10 and 15 A, the same clustered set of
actin proved to be better than the non-clustered set. For the simu-
lated actin map at 10 A, the Cot RMSDs for the initial conformation
and two final conformations (clustered and non-clustered sets) are
5.87, 2.76, and 4.41 A respectively (see Table 2b), and for the cor-
responding 15 A map are 5.87, 2.95, and 5.74 A, respectively (see
Table 2c).

It is worth noting that in the case of actin, reversing the test by
refining the structure from the target conformation (closed confor-
mation) into the initial conformation (open conformation) was not
successful using RIBFIND cluster-based rigid bodies (data not
shown). In this case, the SSEs in the closed conformation are tightly
packed and therefore the method was not able to identify rigid
bodies that allowed flexibility between the closed and open
conformation.

3.4.2. EF4 (3cb4F, 11 A)

EF4 has 18 SSEs composed of 11 helices and 7 beta sheets. Using
a cluster cutoff of 35% RIBFIND identified 4 clusters containing a to-
tal of 15 SSEs (see Table 1). The Ca. RMSDs of the initial conforma-
tion and the two final conformations (clustered and non-clustered
sets) are 6.16, 3.95, and 5.43 A, respectively (see Table 3). The CCCs
for the clustered and non-clustered sets are comparable (0.763 vs.
0.782, respectively) while the percentage improvement in Co
RMSD (relative to the initial conformation) of the former is twice
the latter (36.35% vs. 12.27%, respectively). Interestingly, the ACPS
scores of the 4th cluster in the initial conformation and final con-
formations resulting from the clustered and non-clustered sets
are 2.262, 1.374, and 31.000 A2, respectively (see Tables S3 and
S4), indicating a poor fit using non-clustered rigid bodies during
the refinement.

3.4.3. GroEL (1oelA,15A)

The subunit of GroEL has 25 SSEs composing 18 helices and 7
beta sheets. With a cluster cutoff of 30% the subunit is divided into
three clusters (corresponding to the equatorial, intermediate and
apical domains) containing 22 SSEs (see Table 1 and Fig. 3d). The
Co. RMSDs of the initial conformation and the two final conforma-
tions (clustered and non-clustered sets) are 8.36, 4.55, and 5.35 A,
respectively (see Table 3). The CCC scores for the clustered and
non-clustered sets are comparable (0.926 and 0.928, respectively).

For the clustered set, the ACPS scores of the first, second, and
third cluster are 0.378, 1.618, and 2.748 A®> and for the corre-
sponding non-clustered set are 0.651, 3.326, and 6.977 A (see
Table S4), respectively. For the initial conformation the ACPS

Table 3
Flexible fitting of into experimental cryoEM maps using clustered (RIBFIND) and non-clustered (SSEs) sets of rigid bodies.
Initial and target PDB IDs EMDB ID ccc Cot RMSD (A) ACPS (A?)
Initial Final Initial Min Final Initial Final
C NC C NC C NC C NC
act2A-3mfpA EMD-5168 (6.6 A) 0.482 0.619 0.685 6.09 1.67 1.00 3.37 3.15 116.09 15.90 15.38
3cb4F-3degC EMD-1524 (11 A) 0.672 0.763 0.782 6.16 0.08 0.21 3.95 5.43 23.85 4.01 38.75
1oelA-2c7eA EMD-1047 (15 A) 0.897 0.926 0.928 8.36 0.38 0.48 4,55 535 51.75 4,74 10.95

Descriptions for the items are: initial and final PDB IDs, the PDB and chain ID for the initial and final conformations; EMDB ID, the EMDB ID of the target map (the resolution of
the target map in parentheses); initial and final, initial and final conformation; C and NC, final conformations based on the clustered and non-clustered sets of rigid bodies,
respectively; CCC, the value of the cross-correlation coefficient of a given conformation with the density map calculated with Chimera; Co. RMSD, Co root-mean square
deviation between a given conformation and the target conformation; ACPS, the area based component placement score between the a given conformation and the target

conformation; min, the minimal RMSD (see minRMSD in Section 2).
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scores of the first, second, and third cluster are 0.009, 6.507, and
45.232 A?, respectively (see Table S3). Thus, the ACPS score indi-
cates a better fit for the second and third clusters (corresponding
to the intermediate and apical domains) in the final conformation

based on the clustered set than for the corresponding fit based
on the non-clustered set. Over fitting is observed in the first
cluster in both cases, but it is more pronounced in the non-
clustered set.
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Fig.4. The Co RMSD and the Flex-EM CCC profiles for the clustered and non-clustered sets calculated along the Flex-EM refinement of actin (act2A) in the (a) 5 A, (b) 10 A, and
(c) 15 A simulated cryoEM maps. The Co. RMSD profiles for the clustered and non-clustered are shown in dark red and red. The corresponding CCC profiles are shown in dark
green and green, respectively. (Note that the Co. RMSD of the final conformation, which is usually obtained after a short conjugate gradient minimisation at the end of the MD
simulation, is not included in the figure.)
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Fig. 4 (continued)

3.5. Optimisation

The course of flexible fitting during the Flex-EM refinement is
very much dependent on the choice of rigid bodies. Fig. 4 shows
the Co RMSD and CCC profiles of the actin (act2A) refinement in
the simulated maps at all three resolutions (5, 10, and 15 A). Start-
ing from a Cot RMSD of ~6.0 A between initial conformation and
the target conformation, the simulations using rigid bodies corre-
sponding to the clustered and non-clustered sets show similar con-
vergence until around 400, 130, and 100 simulation steps in the 5,
10, and 15 A resolutions maps, respectively, where the Co. RMSD
approaches 2.70, 4.30, and 4.90 A, respectively. Unlike the case cor-
responding to the clustered set, at 10 and 15 A resolution the Co.
RMSD corresponding to the non-clustered set diverges early and
increases with time, indicating a poor fit that moves away from
target conformation. Therefore, the lower the resolution, the more
essential is the identification of proper rigid bodies in order to
drive the rest of the simulation towards the target conformation.
Even at 5A resolution, although the non-clustered set shows
slightly better convergence, the Coo RMSD and the CCC profiles of
the clustered set converge steadily (without fluctuations), i.e., less
likely to allow over fitting. The Coo RMSD and the CCC profiles of
non-clustered set show even greater fluctuations with the 10 and
15 A resolution simulated maps. The steady convergence of the
CCC for the clustered set is an added advantage if the decision on
the length of the simulation is unclear.

3.6. Two-stage refinement protocol

Flexible fitting of the atomic structure into the density map can
be further improved if the refinement is done in independent
stages starting by defining larger rigid bodies (i.e., clustered set)
and moving toward a selection of smaller rigid bodies (i.e., non-
clustered set) in a hierarchical fashion. To demonstrate this, we
applied a second round of refinement to all test cases (in the sim-
ulated benchmark) for which the non-clustered results performed
better than the clustered ones at sub-nanometer resolution (1dpe

and act2 at 5 A and 1dpe and 1f6m at 10 A, see Table 2a and b).
In each of these cases, starting from the final conformation ob-
tained using the clustered set of rigid bodies, a second stage of
refinement with five simulated annealing MD cycles was per-
formed by treating individual SSEs as rigid bodies (non-clustered
set). This procedure not only improved the results obtained in
the first round of refinement (using the clustered set) but also re-
sulted in conformations better than those of initial non-clustered
based refinement. After applying the second stage of refinement,
the Cot RMSDs of 1dpe and act2 at 5 A resolution improved from
3.92 to 2.12 A (see Fig. S1 in the Supporting material) and from
2.54 to 1.93 A, respectively. The corresponding CCC scores im-
proved from 0.867 to 0.919 and from 0.898 to 0.921, respectively.
The Cot RMSDs of 1dpe and 1f6m at 10 A resolution improved from
5.91 to 3.09 A and from 5.88 to 4.07 A, respectively. The corre-
sponding CCC scores improved from 0.941 to 0.972 and from
0.948 to 0.963, respectively. The final Coo RMSDs of the original
non-clustered based refinement for 1dpe and act2 at 5 A are 3.69
and 2.12 A, respectively, and for 1dpe and 1f6m at 10 A are 4.89
and 4.66 A, respectively (Table 2a and b).

4. Conclusion

Our broad objective is to be able to characterise the structure of
macromolecular assemblies as accurately as possible at different
functional states. Flexible fitting of atomic structures into cryoEM
maps has become an important tool in achieving this goal. How-
ever, optimising the fit of an atomic structure in a low-resolution
density map is a multiple minima problem, and adding flexibility
to the atomic structure (in comparison to rigid fitting) further in-
creases the complexity of the problem. Dividing the atomic struc-
ture into a series of smaller rigid bodies may help the optimisation
by limiting the conformational degrees of freedom relative to full
flexibility (where each atom is essentially a rigid body), and pre-
venting it from getting trapped in many of the local minima. Inap-
propriate identification of rigid bodies, however, can result in too
limited flexibility, preventing the optimisation from exploring the
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directions leading to the global minimum. We presented here a
method for finding appropriate rigid bodies solely based on struc-
tural information in protein structures (RIBFIND). We compared
the flexible fits obtained using rigid bodies identified by the method
(clustered set) with fits obtained using each SSE as an individual
rigid body (non-clustered set). Our results show that the quality
of the fit using the clustered set was better for most of the proteins
in the benchmark, and in those cases for which the fits were not
better (at the sub-nanometer resolution) they were further improved
by applying a second round of refinement using the non-clustered
set (two-stage refinement protocol). Thus, at resolutions between 5
and 15 A we recommend to apply cluster-based refinement first.

The method (which is applicable to any size of an atomic struc-
ture) outputs a set of rigid bodies that can be used when refining
the structure in a cryoEM map (typically at intermediate resolu-
tions). The method is stand-alone and fully automated while also
allowing user intervention to select different sets of rigid bodies
based on two parameters - the contact distance and cluster cutoff.
Despite the possibility of changing the values of both parameters
we kept a constant value for the former throughout the benchmark
while the value of the latter was selected based on the maximum
unique number of clusters. However, depending on the complexity
of the problem, using different values (especially for the cluster
cutoff) will allow the identification of different sets of rigid bodies.
Using the corresponding different sets of rigid bodies, one, in prin-
ciple, could design a hierarchical optimisation for the refinement
protocol that is beyond the scope of this paper. Other methods
for identifying rigid bodies in proteins could also be used for that
purpose. However, our two-stage refinement protocol is a first
example showing the potential of such approach.

RIBFIND was tested on three different resolutions at the inter-
mediate range (5, 10, and 15 A). It generally performed best on
the low-resolution maps (15 A). At these resolutions, there is a ten-
dency for over fitting where the rigid bodies are “pulled” into the
centre of the map. This is because at this resolution many fits have
similar scoring and therefore reaching the optimal fit is much more
challenging. Based on our benchmark, clustering the SSEs into lar-
ger rigid bodies clearly minimises this effect. In addition, it allowes
the optimisation to converge better and stay steadier, without over
fitting. This effect of a more stable optimisation was evident also at
the higher resolutions but to a lesser extent.

As expected, at the highest resolution (5 A), where the density
information is greater, the differences between results based on
clustered and non-clustered rigid bodies were smaller on average.
Furthermore, one problem with our method, which is based on the
proximity of the SSEs is that in principle if the protein is very com-
pact it sometimes fails to capture appropriate rigid bodies, espe-
cially if the protein under consideration moves from a tightly
packed conformation to a open conformation (e.g., actin - from
close to open). In those cases using cluster-based rigid bodies
may not allow any refinement to take place. Manual intervention
and the use of additional experimental information may help to re-
solve the problem.

Finally, when fitting into cryoEM maps it is often the case that
the structure of the individual components is not known. In those
cases one could use protein structure prediction methods (homol-
ogy or ab initio modelling). However, these methods carry model-
ling errors, which could complicate the optimisation in the cryoEM
map. Clustering individual SSEs into groups of larger rigid bodies
may help minimising this problem. Similarly, having larger rigid
bodies that work as an additional constraint on the optimisation
may help minimising the effect of noise.

In summary, although our results suggest that obtaining an
accurate model for low-resolution maps (10-15A) remains a
challenge irrespective of the rigid body definition, they also show
that flexible fitting at these resolutions can often be significantly

improved using a proper selection of rigid bodies. Our method, in
principle, can be applied to other fitting programs or other tech-
niques that rely on refinement of rigid bodies using experimental
information, such as SAXS (Forster et al., 2008). Due to the simplic-
ity of the method it can be easily integrated into molecular visual-
isation programs (such as Chimera, Pettersen et al., 2004), thereby
helping the process of manual and automated fitting. Future direc-
tions will involve extending the method to identify optimal rigid
bodies for refinement using lower resolutions density maps and
design of optimal parameters for hierarchical clustering.
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