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Abstract

The use of sub-nanometer resolution electron density as spatial constraints for denovo and ab-
initio structure prediction requires knowledge of protein boundaries to accurately segment the
electron density for the prediction algorithms. Here we present a procedure where even poorly
segmented density can be used to determine the fold of the protein. The method is automated, fast,
capable of searching for multiple copies of a protein fold, and accessible to densities encompassing
more than a thousand residues. The automation is particularly powerful as it allows the procedure to
take full advantage of the expanding repository in the Protein Data Bank. We have tested the method
on nine segmented sub-nanometer image reconstruction electron densities. The method successfully
identifies the correct fold for the six densities for which an atomic structure is known, identifies one
fold that agrees with prior structural data, one fold that agrees with predictions from the Fold &
Function Assignment server, and one fold that correlates with secondary structure prediction. The
identified folds in the last three examples can be used as templates for comparative modeling of the

bacteriophage P22 tail-machine (a 3 MDa complex composed of 39 proteins).
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Introduction

Cryo-electron microscopy (cryo-EM) allows for direct visualization of large macromolecular
complexes in their near native state. The automation of image acquisition and processing,
image reconstruction, has allowed cryo-EM to routinely produce sub-nanometer resolution
electron density of the molecule of interest (Bubeck et al., 2005; Frank et al., 1996; Lander et
al., 2009b; Ludtke et al., 1999; Suloway et al., 2005; Yan et al., 2007). At sub-nanometer
resolution it is possible to identify a-helices and B-sheets in the density (Jiang et al., 2001;
Kong and Ma, 2003). Hence if a general mechanism of action involves secondary structure
reorganization, it can be described from image reconstructions of the different functional states
of a macromolecular complex. Accurate incorporation of atomic models into the image
reconstruction can provide a more detailed interpretation of the complex's mechanism of action,
its architecture and assembly, and its evolutionary history (Baker and Johnson, 1996; Khayat
et al., 2005). There are currently four procedures to incorporate atomic models into the image
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reconstruction: 1) docking the crystal or NMR structure of individual subunits, 2) docking of
comparative models of individual subunits, 3) docking de novo or ab-initio predicted structures,
or 4) tracing the polypeptide chain from the electron density (Baker and Johnson, 1996; Chen
etal., 2009; Das and Baker, 2008; Jiang et al., 2008). Comparative modeling requires an initial
atomic structure with sufficient sequence identity to the protein under study to be used as a
template. De novo or ab-initio predicted structures are currently limited to proteins smaller
than 180 residues possessing a single domain (Helles, 2008). Tracing the polypeptide chain
into the cryo-EM derived electron density is currently restricted to 4.5 A or better resolution
electron density (Chen etal., 2009; Jiang et al., 2008). Here we describe an additional procedure
where a database of structures is systematically mined for matches to sub-nanometer resolution
electron density. Conceptually this is the molecular replacement method first described by
Rossman and Blow in 1962 (Rossmann and Blow, 1962). We call our procedure FREDS (fold
recognition electron density search). FREDS is independent of sequence information, and is
therefore advantageous for systems where limited sequence homology exists such that
comparative modeling becomes difficult. FREDS can be used for densities of any size, as it
searches through a non-redundant database of protein structures for an atomic counterpart to
the electron density rather than attempt to predict the structure. Lastly, FREDS is particularly
powerful as it does not discriminate between a-helical, B-sheet, or an a/p class of proteins.

The procedure is remarkably simple, automated, accessible to sub-nanometer resolution
electron density, applicable to symmetrical or multi-subunit densities, parallelized for multiple
processors, and, with constant updates from the Protein Data Bank (PDB)
(http://lwww.pdb.org/), has an ever-increasing searchable database. FREDS is modular and
uses a series of available software. This provides flexibility for the user to use alternative
programs, and allows for FREDS to grow as more powerful software packages become
available. FREDS only requires as input a sub-nanometer resolution electron density,
preferably segmented to temporally facilitate the search.

The overall goal of FREDS is similar to that of SPI-EM-the prediction of a domain's fold by
parsing through a database of domain structures looking for a match to the user provided
electron density. However, the algorithms used by FREDS and SPI-EM are different. FREDS
attempts to identify the structures that best describes the user provided electron density,
whereas SPI-EM attempts to identify the CATH superfamily that best describes the user
provided electron density (Velazquez-Muriel et al., 2005). This single distinction allows
FREDS to freely search any protein structure database, while it restricts SPI-EM to a pre-
categorized protein structure database. We will discuss this further below.

Fig. Lisaflow chart outlining the strategy used in FREDS. A non-redundant database of protein
chains, containing a single representative from clusters of chains with more than 30% sequence
identity, is updated from the PDB on a monthly basis (Altschul etal., 1990). A domain database
is automatically generated from the chain database to define the searchable database. All
structures from the domain database are fitted to the user provided electron density and a raw
cross correlation coefficient (rCC) is calculated. Each rCC is normalized, a Z-score is
calculated, and the solutions are then sorted from highest to lowest Z-score.

A benchmark set of nine segmented densities, derived from six sub-nanometer image
reconstructions deposited into the Electron Microscopy Data Bank (EMDB)
(wwwe.ebi.ac.uk/pdbe/emdb), is used to test the procedure. FREDS identifies all of the correct
folds when the atomic counterpart to the density is known, and identifies three convincing folds
for densities with unreported atomic structures. FREDS will be available for download
((http://www.scripps.edu/~rkhayat).

J Struct Biol. Author manuscript; available in PMC 2011 June 1.
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Materials and Methods

Generating and maintaining a non-redundant parent database

A list of clustered PDB chains, based on sequence identity, is made available for download by
the PDB. We have been using the list with 30% sequence identity threshold to remove
homologous folds when generating our database. The first entry for each cluster is subjected
to a number of conditions prior to being deleted or inserted into the parent database. These
include: 1) removal if non-protein entries, 2) removal of chains with only Ca entries, (3)
mutation of UNK to ALA residues, and 4) removal of all but the first (lowest energy) model
of an NMR entry. The parent database is updated as a new list becomes available from the
PDB each month. The update involves applying the four conditions mentioned above to the
first entries of clusters with no previously downloaded entries. Hence, only new clusters have
a representative added to the database.

Domain Detection and Searching the Database

The domains in each protein chain are automatically detected from the parent database using
PDP: protein domain parser (Alexandrov and Shindyalov, 2003). Each domain is used in a real
space molecular replacement with the program MOLREP (Vagin and Teplyakov, 1997). The
atomic structures of domains from GroEL and bacteriophage Lambda gpD were used to
empirically optimize the parameters for a successful MOLREP search of the segmented
electron densities from the corresponding normalized image reconstructions. The success and
quality of each search was based on the MOLREP correlation coefficient score of the solution
and visual assessment of the solution's fit into the density. A number of MOLREP parameters
were combinatorially tested. These include the resolution, the density contour level, the search
modes, and the scoring modes. The resolutions tested were 9.0 A, 8.0 A, 7.0 A, and that shown
in table 1. The density contour levels tested varied from 0 to 3-sigma —in 1-sigma increments.
The parameters producing the best results were then used in the remaining searches. Each
domain is independently fit; therefore the process has been parallelized.

Calculating the Z-score

The cross correlation coefficient (CC) scores, produced by MOLREP, are dependent on domain
size (Fig. S1). We will refer to these scores as the raw CC (rCC). This dependence must be
eliminated in order to calculate a statistically meaningful description of the search —a Z-score
for the fit of each domain. To model the dependence of rCC on domain size, a plot of rCC
versus domain size is fitted to two functions. A linear model is used if the searched domains
range from 25 to 400 residues, and a powerlaw model is used if the searched domains possess
more than 400 residues. Variables from the fitted plots are used to calculate the average score

() for any domain size. The quotient of rCC and . is a size independent value —we refer
to this as nCC (Fig. S2). A Z-score is then calculated for each fitted domain using the nCC
values. The highest Z-score is indicative of the best solution.

Benchmark set

A benchmark set of nine segmented densities was generated from experimental sub-nanometer
resolution cryo-EM image reconstructions. Six image reconstructions were used: two
segmented densities from GroEL at 6.0 A (EMDB 1457), Bovine Metarhodopsin | at 6.0 A
(EMDB ID: 1079), the RshR146-274RsbS stressosome core at 8.0 A (EMDB ID: 1552), the
P3 subunit of Rice Dwarf virus at 8.5 A (EMDB ID: 1378), gp1, gp4 and gp10 of the
bacteriophage P22 tail machine at 8.0 A (EMDB ID: 5051), and the gpD trimer of the mature
bacteriophage Lambda at 7.0 A (EMDB ID: 5012). The electron densities were low-pass
filtered to the mentioned resolution using the EMAN package.

J Struct Biol. Author manuscript; available in PMC 2011 June 1.
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The densities were segmented so as to simulate the segmentation that would occur when no
knowledge of the subunit boundaries is known. This was done similar to that described to Zhou
et al., 2001. Briefly, subunit boundaries were determined by interactively examining the
continuity of density at various contour thresholds using the UCSF Chimera package.
Segmentation was carried out with the UCSF Chimera package (Pettersen etal., 2004). Density
exterior to the subunit defining boundaries was intentionally included with the segmented
density to test the reliability of FREDS. Segmented densities were padded into cubic volumes
and centered using the EMAN package, and converted to CCP4 format using BSOFT
(Heymann, 2001; Ludtke et al., 1999).

Building the search database

Conformational flexibility in proteins can pose difficulty in X-ray crystallography when
searching for a molecular replacement solution (Suhre and Sanejouand, 2004). This problem
has also been documented for cryo-EM image reconstructions, where the subunit adopts a
conformation that differs from the reported crystal structure (Trabuco et al., 2008).
Consequently the conformational difference between the atomic structure and the cryo-EM
image reconstruction may be large enough to impede finding a match using a high throughput
search. To address this possibility we generated a database of protein domains, with the
expectation that domains in general, but not always, do not undergo dramatic conformational
changes. Moreover, since domains are the building blocks of proteins and therefore
interchangeably used, it would be more suitable to search for domains rather than entire chains.

The purpose of generating a new domain database, as opposed to using an existing database
such as SCOP or CATH (Murzin et al., 1995; Orengo et al., 1997), is to take advantage of the
continually expanding PDB. Both SCOP and CATH are updated either annually or once every
several years, and therefore lag behind the PDB. There are also a number of bacteriophage and
viral protein structures with no entries in SCOP or CATH. While these examples may be
exclusive, they do raise the important point that both SCOP and CATH have limitations that
should be considered.

A non-redundant database is important for expediting the search by removing nearly identical
structures. We currently use sequence identity to identify chains with homologous folds;
however, we are implementing a structural similarity algorithm to further distill the database
and facilitate the search.

There are a number of automatic methods for protein domain decomposition: PDP, PUU,
Domain-Parser, and DDomain (Alexandrov and Shindyalov, 2003; Guo et al., 2003; Holm and
Sander, 1994; Zhou et al., 2007). DDomain is restricted to contiguous domains and therefore
not preferred. An evaluation between PDP, PUU, and Domain-Parser suggested that PDP was
the most accurate method (Holland et al., 2006). Consequently, we chose PDP as our automated
method for protein decomposition. Currently there are 16,087 domains in the searchable
database.

Running the search

The success of the search requires the use of a robust program that can quickly search through
a database of atomic structures for a fit to the electron density. It is important to use a program
capable of searching in real space, and of searching for multiple copies of the same or different
proteins within the electron density. To our knowledge, candidates for a real space search

include Situs, 3SOM, MOLREP, MODELLER, COAN, and FOLDHUNTER (Ceulemans and
Russell, 2004; Eswar et al., 2007; Jiang et al., 2001; Vagin and Teplyakov, 1997; VVolkmann,
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2002; Wriggers et al., 1999). While both 3SOM and MOLREP complete a database search
quickly enough to make them a suitable search engine (data not shown), only MOLREP
manages to return the correct structures for our six control searches —two densities for GroEL,
Bovine Metarhodopsin, the P3 subunit of Rice Dwarf Virus, the stressosome core, and the
bacteriophage Lambda gpD trimer. Moreover, only MOLREP is capable of searching for
multiple copies of proteins in the electron density. Hence, we designed our search protocol
using MOLRERP as the search engine. Using the corresponding atomic domains as search
models, the segmented electron densities of GroEL and the bacteriophage Lambda gpD trimer
were used to optimize the MOLREP search parameters.

Identifying the correct solution

Throughout our searches it became evident that there was a general decay in the correlation
coefficient with increasing domain size. Fig. S1 is a series of plots of the domain size (number
of residues) and the raw cross correlation coefficient (rCC) reported by MOLREP. The decay
in rCC as a function of domain size is the background distribution and describes the fit of a
randomly selected domain, of a given size, to the electron density —with smaller domains fitting
the electron density better than larger domains. To model the background distribution, we fitted
each plot to a linear function as well as a number of non-linear functions including: one to three
parameter exponential decay functions, two to three order polynomials, a one-parameter power
function, and a simplified Bleasdale-Nelder model (data not shown). Our analysis
demonstrated that a linear function fit best for domains ranging from 25 to 400 residues (Fig.
S1).

A Z-score for each domain can be obtained by eliminating the dependency of the rCC to domain
size (see Experimental Procedures). The Z-score of the correct solution should thus be greater
than the Z-scores of the remaining domains (see below). The greater the difference between
the highest Z-score(s) and the remaining top solutions signifies the greater the confidence that
an accurate fold has been identified.

Case Examples

To test the procedure we used segmented density from experimentally determined cryo-EM
image reconstructions obtained from the Electron Microscopy Data Bank (EMDB). Each
search included all the structures present in the domain database.

GroEL—The GroEL complex is a 0.8 MDa tetradecamer with D7 symmetry (Fig. 2a). The
cryo-EM image reconstruction was determined to 5.4 A resolution using single particle
analysis, and several crystal structures have been reported (Braig et al., 1994;Stagg et al.,
2008). Two visibly distinguishable volumes of densities can be identified in the image
reconstruction —the upper apical domain and the lower equatorial domain. These volumes were
manually segmented for the search after the density was low-pass filtered to 6.0 A resolution
with EMAN (see Experimental procedures). Searching the first segmented density at 6.0 A
resolution produced the top 10 solutions shown in Table 1. A sharp decay in Z-scores can be
seen between the second and third solutions. The top solution was the corresponding domain
from GroEL (PDB ID: 1GRL), and the second solutions was a domain from the Groupl|
Thermococcus strain KS-1 chaperonin (PDB ID: 1Q2V). Fig. 2a shows the fit of the solutions
to the segmented density. Alignment of the domains from 1GRL and 1Q2V with the SSM
server produces an RMSD of 1.70 A and a Z-score of 8.8 —indicating similar folds (Krissinel
and Henrick, 2004).

The search for the second segmented density produces a similar trend. The decay in Z-scores
is sharpest between solutions two and three (Table 1). The top two Z-scores belong to different
domains of GroEL (PDB ID: 1GRL) accounted for by different regions of the density (Fig.

J Struct Biol. Author manuscript; available in PMC 2011 June 1.
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2a). The third solution is a domain from a Groupll Thermococcus strain KS-1 chaperonin (PDB
ID: 1Q2V). The comparable domains from GroEL and the Thermococcus chaperonin overlay
with an RMSD of 1.73 A and a Z-score of 5.1 —indicating similar folds.

Bovine Metarhodopsin I—The density for Bovine Metarhodopsin | was determined to 5.5
A resolution using 2D electron crystallography (Ruprecht et al., 2004). Bovine Metarhodopsin
I is a 39 kDa monomer that forms a mainly alpha helix up-down bundle. The search identifies
a sharp decay in the Z-scores of the second and third solutions (Table 1). The top solution is
the Bovine Rhodopsin (PDB ID: 1GZM), and the second solution is the Xanthorhodopsin (PDB
ID: 3DDL) (Fig. 2b).

The Rice Dwarf Virus—Rice Dwarf Virus (RDV) is a 70 MDa double-shelled icosahedral
virus. The T=1 inner core is composed of 120 copies of the P3 protein, and the T=13 outer
shell is composed of 780 copies of the P8 protein (Naitow et al., 1999). The crystal structure
of RDV has been determined to 3.5 A (Nakagawa et al., 2003). A 8.3 A cryo-EM image
reconstruction of the P3 subunit was obtained using single particle analysis (Liu et al., 2007).
The entire P3 density, corresponding to a 114 kDa polypeptide, was used for the search. The
top ten solutions identified by FREDS show a sharp decay in the Z-scores of the seventh and
eighth solutions (Table 1). The top four and seventh solutions are different domains of the P3
crystal structure (Fig 2c; PDB ID: 1UF2). The fifth and sixth solutions are two domains from
the VVP7 subunit of Rhesus rotavirus (PDB ID: 3GZU). Structural comparison between the two-
rotavirus subunit domains was carried out with the SSM server. Domains 3GZU_A1 and
1UF2_A4 overlap with an RMSD of 3.3 A, a Z-score of 2.4, and 50% of matched secondary
structure elements. Domains 3GZU_A2 and 1UF2_A1 overlap with an RMSD of 3.8 A, a Z-
score of 0.6, and 50% of matched secondary structure elements. The low Z-scores returned by
the SSM server suggest that the structures are different, however visual inspection of the
aligned structure reveals that the structure are indeed similar (Fig. S3).

RsbR146-274RsbS stressosome core—The stressosome core cryo-EM image
reconstruction was determined to 8.0 A resolution using single particle analysis (Marles-
Wright et al., 2008). The 1.8 MDa complex forms an icosahedral shell composed of RsbR and
RsbS (Fig. 2d). Both RsbR and RsbS have similar atomic structures (Marles-Wright et al.,
2008). The top two solutions include the Geobacillus Stearothermophilus Anti-sigma F factor
antagonist (PDB ID: 1TID), and the Sigma B protein from Moorella thermoacetica MtRsbhS
(PDB ID: 2VY9). MtRsbS is the atomic structure of the segmented density. Structural
comparison between the Anti-sigma F factor antagonist and MtRsbS returns a Z-score of 4.3
—indicating that the structures are similar.

The bacteriophage Lamdba gpD—The bacteriophage Lambda gpD is a 31 kDa trimeric
assembly that decorates the T=7I icosahedral capsid at the quasi and icosahedral 3-fold axis
(Lander et al., 2008). The crystal structure of gpD has been determined to 1.1 A resolution
(YYang et al., 2000). The trimeric density of gpD was used for searching the entire database.
Table 1 shows a sharp decay in the Z-scores for the first and second solutions. The top solution
is the capsid-stabilizing protein of lamboid phage 21 (PDB ID: 1TD3). Comparison of this
structure with the lambda gpD crystal structure returns a Z-score of 9.8 —indicating the structure
to be similar (Fig. 2d). PDB entry 1TD3 is the representative of the cluster containing the
Lambda gpD.

The bacteriophage P22 tail-machine—The tail machine of P22 is a 3 MDa complex
composed of five gene products. The gene products are assembled in a combination of 12-, 6-,
and 3-fold symmetry (Fig. 3a) (Lander et al., 2009a). The portal complex is composed of 12
gpl subunits (80 kDa each) and is at the periphery of the tail machine. The atomic structure of
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the gp1l has not been reported, but structural data suggest that it is homologous to the

bacteriophage SPP1 portal protein (Lander et al., 2009a;Lebedev et al., 2007). A search of the
database using the segmented density of gpl produces the top ten-solution list in Table 1. The
lack of a sharp drop in the Z-scores suggests that FREDS could not identify a fold for the P22
portal protein with high confidence. However, inspection of the top 10 solutions reveals a 274-
residue domain of the SPP1 portal as the tenth solution of the search (Fig. 3c) (PDB ID: 2JES).
The top nine solutions are helical and cluster to a helical section of the gp1 density (Fig. 3b).

Attached to the base of the portal are 12 copies of the 18 kDa scaffold protein gp4 (Strauss and
King, 1984). The crystal structure of gp4 has not been reported, and no homologous structures
are known. Secondary structure prediction using the Jpred3 server indicates that gp4 is
composed of four helices (Cole et al., 2008). The search with the segmented density produced
a set of solutions with fairly close Z-scores (Table 1). The top two solutions are helical domains
and show good agreement with the density; however, the second solution is visually more
coincident with the density (PDB ID: 1LLQ) (Fig. 3d). While the two identified domains are
composed of four helices, they do not share a similar structure.

Attached to the gp4 complex are 6 copies of the 52.5 kDa gp10 protein (Strauss and King,
1984). There is a sharp drop in the decay in the Z-scores for the third and fourth solutions
(Table 1). The top three solutions share the WD40 fold (PDB IDs: 1R16, 1L0Q, and 1GXR).
Structure prediction of gp10 using the FFAS03 server also produces the WD40 fold with high
confidence (data not shown).

Resolution and the Z-score

We tested the effect of the electron density resolution on the Z-score by running FREDS at
various resolutions for the two GroEL and the Rice Dwarf Virus P3 subunit electron densities
(Table 2). FREDS identified identical solutions for the first segmented density of GroEL at 6,
7,8, and 9 A resolutions. Moreover, a sharp drop in the decay of Z-scores could be seen between
the second and third solutions at all of these resolutions. For the second segmented density of
GroEL, FREDS identified the same top three solutions at 6 and 7 A resolution -the two GroEL
domains corresponding to the segmented density (LGRL_A3 and 1GRL_AZ2), and the GroupllI
Thermococcus strain KS-1 chaperonin domain (1QV2_A3) that is similar to a GroEL domain
(1GRL_A3) (Tables 1 and 2). The Groupll Thermococcus strain KS-1 chaperonin domain was
the seventh solution at the 8 A resolution search, and solution fifty-five at the 9 A resolution
search.

The results from the RDV search at 8 A are nearly identical to those at 8.5 A, with the exception
that the sixth solution at 8 A is the seventh solution at 8.5 A —and vice versa. A similar trend
can be seen for the solutions at the 9 A resolution search. Once again, a sharp drop in the decay
of Z-scores between the seventh and eighth solutions at all the resolutions signifies that FREDS
has confidently identified the folds for the experimental electron density. Table 2 shows that
the Z-scores and the magnitude of sharp decay in Z-scores, associated with confidently
identifying the correct fold, are resolution dependent.

Discussion

The incorporation of experimentally and theoretically derived atomic models into cryo-EM
image reconstructions can provide a wealth of information that may be inaccessible to either
method alone. Here we present a method where the electron density is used to search for an
atomic structure counterpart. The identified structure can then be used as a template for
comparative modeling. As mentioned earlier, FREDS has similarities to SPI-EM. Both FREDS
and SPI-EM rank the folds/superfamily folds that best describe the user provided electron
density by comparing the fit of each fold/superfamily fold to a background distribution. FREDS

J Struct Biol. Author manuscript; available in PMC 2011 June 1.
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calculates a background distribution for each search using the scores obtained for the fitted
structures during that particular search. The FREDS background distribution is therefore
dependent on the electron density. SP1-EM however calculates the background distribution by
comparing all the members of a CATH superfamily to all the superfamily representatives in
the CATH database. The SPI-EM background distribution is therefore independent of the user
provided electron density, but heavily influenced by the superfamily classification of the
CATH database. Any inaccuracies in the CATH superfamily classification may result in SPI-
EM inappropriately ranking superfamily folds that describe the user provided electron density.
This is problematic as the CATH superfamily classification is under constant reorganization.
Domain structures are regularly reorganized into different CATH superfamilies, and CATH
superfamilies are merged or removed with each CATH update.

The densities used in our searches are experimental densities and therefore reflect real case
scenarios. Time constraints require the macromolecular densities to be segmented into
searchable portions; however, our method is not stringent on accurate segmentation, as
demonstrated by the GroEL and Rice Dwarf Virus examples. FREDS successfully identified
two distinct domains in the second example of GroEL. The smaller intermediate domain is an
86-residue structure that corresponds to less than 35% of the mass of the density. FREDS also
accurately identified the five domains pertaining to the 114 kDa RDV P3 protein. The smallest
domain accounts for less than 10% of the entire P3 mass. FREDS can also identify the correct
fold from symmetric densities, as shown with the gpD trimer of Lambda.

Table 1 also shows that FREDS can successfully, and with confidence, identify structural folds
that are similar to the known solutions. The identity column in table 1 is calculated from a
structure based sequence alignment between the known atomic structure of the indicated
electron density and the remaining solutions confidently identified by FREDS. The identities
between the similar folds vary from 24% for the case of the first segmented density of GroEL
to 6.5% for the case of the rhodopsins. The effect of resolution on the success of FREDS has
been tabulated in Table 2. There is deterioration in the magnitude of Z-scores with decreasing
resolution. FREDS identifies the same solutions at various resolutions for the first segmented
density of GroEL and the RDV P3 density. FREDS performs similarly at 6 and 7 A resolution
for the second segmented GroEL density. FREDS identifies the corresponding domain(s) of
GroEL to the density at 8 and 9 A resolution, but has difficulty in identifying the fold similar
to GroEL —indicating a resolution limitation to FREDS in some cases.

For densities where atomic structures of the proteins are not available (gp1, gp4 and gp10 of
the bacteriophage P22 tail machine) the top solutions identified by FREDS are structurally and
biologically convincing. The search for a fit to the gp1 segmented density does not produce a
distinct solution; however, visualization of the top ten solutions reveals the top nine solutions
to be helical domains that cluster to a helical region of the gp1 density. The tenth solution is
the 274-residue domain of the evolutionary related bacteriophage SPP1 portal protein. The
structural homology between the P22 and SPP1 portal subunits was demonstrated by Lander
etal. 2009, where the crystal structure of the SPP1 subunit was readily docked and refined into
the P22 gpl segmented density. The top two solutions for the P22 gp4 density belong to
domains from serine/threonine phosphatase 2C and malic enzyme from Ascaris suum. The role
of the domain from serine/threonine phosphatase 2C is unknown, but the domain from malic
enzyme acts as a scaffold by engaging two additional malic enzyme domains (Coleman et al.,
2002). This function appears to be similar to that of gp4, which is necessary for attachment of
gp10 to the growing tail machine complex (Strauss and King, 1984). The domain from A.
suum malic enzyme accounts for 66% of the gp4 mass. Docking twelve of the malic enzyme
domains into the P22 tail-machine image reconstruction identifies two regions of density where
additions to the domain could account for a portion of the missing mass. These include a p-
sheet region on the exterior of the tail-machine, and the gp4-gp10 interface (Fig. S4). The
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WD40 domain identified for gp10 is one of the most abundant structures in eukaryotic proteins
and is incorporated into proteins with diverse functions. Regardless of the protein function, the
WD40 domain acts as a scaffold for protein assembly and disassembly. Similarly, the WD40
domain of gp10 appears to act as a scaffold for the attachment of the needle-like gp26 of the
P22 tail-machine (Fig. 3a and 3e).

Conclusion

As with all methods, there are limitations to FREDS. For the case of P22 gp4, FREDS was
unable to distinguish the difference between two proteins with different topologies. This
indicates that there may be situations where FREDS is unable to identify the accurate fold by
discerning the difference between distinct topologies belonging to the same architecture. For
example, there are a number of topologically different p-sandwich structures in the PDB and
it is foreseeable that it would be difficult for FREDS to identify the proper topology at
resolutions where the connectivity of loops cannot be resolved. In such instances, the secondary
structure connectivity obtained from secondary structure prediction could eliminate the
ambiguity. An additional foreseeable failure of FREDS would involve a scenario where the
user provided electron density pertains to a protein with a fold that is not represented in the
database —a novel fold. A solution to this problem could be to incorporate FREDS into the ab-
initio structure prediction process of Rosetta. The initial low-resolution decoys produced by
Rosetta can be processed with FREDS to identify the candidate(s) correlating best with the
electron density. These decoys can then be processed through the high-resolution decoy
procedure in Rosetta to identify the most likely structure(s) (Rohl et al., 2004).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A flowchart of the described search procedure. As of Oct. 2009 the searchable database contains
16,087 domains larger than 25-residues.
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Figure 2.

Surface and ribbon representations of cryo-EM image reconstructions with known atomic
structures. Shown are the image reconstructions in cyan, the segmented densities in grey, and
the top three solutions identified and fitted with FREDS as blue, cyan, and yellow ribbon
cartoons. A) GroEL at 6.0 A resolution. An ellipse identifies the 2-fold symmetry axis of
GroEL. B) Bovine Metarhodopsin at 6.0 A resolution, C) the P3 subunit of Rice Dwarf Virus
at 8.5 A resolution. D) The Stressosome complex at 8.0 A resolution. E) The bacteriophage
Lambda at 7.0 A resolutions.
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Figure 3.

Surface and ribbon representations of cryo-EM image reconstructions with unknown atomic
structures. The same coloring scheme is used as in Fig. 2. A) The P22 tail-machine density at
9.4 A resolution in cyan, the gp1, gp4 and gp10 segmented densities as different shades of
grey. B) The P22 gpl density in grey with the top nine and tenth solutions shown as light red
and blue ribbon cartoons —respectively. C) The P22 gp4 density in grey with the second top
solution as a blue ribbon cartoon. D) The P22 gp10 density in grey and the top three solutions
in blue, cyan, and yellow ribbon cartoons.

J Struct Biol. Author manuscript; available in PMC 2011 June 1.



Page 16

Khayat et al.

Sv 0ctT IV AVIZ
N7 09 €Z ANCT
8'v G8 TV NOMT
8v GOT TV HIACZ
%S9 59 ese TV 1aas (6201)
(@ vvT | %001 v'91 8z¢ IV WZOT | Y09 | uisdopoytelsin
SY €91 TV €001
8'v 85 vH Z611T
67 65 ¥V NSO
67 8 TV LvOC
0's e 19 2axt
TG ra4 TV 9671
A G6 TV Sdre
%ST 9'G 9ST eV AZOT
%00T G'8 98 v 1d91 (25v7)
(s | wooT | 96 8T eV MOT | Y079 ;13019
TV €L eV dM3z
A7 v0T rAN\Y/e))
ey 6. €V N6E
€Y 69 TV 1221
vy 11T [A #4074
Sy 114} vV ATart
9v 18 V. MOMT
€'s vST PV ULYT
%Y ¥'ST 852 v AZOT (25v7)
(r) g9 | woot | +Tz VT4 TV WOT | yo09 » 13040
%(Ndd)
SINoH yAl | su00s-z | senpisey | suonnjos 'soy gfusueg

(5002 Mo1ujoxs pue Bueyz) ubije-A L weiboid ayr yum juswubife sousnbas paseq a1n1onais Aq payejnajes sem
uwinjo9 A1uspi 1uadJad ayL "SPIOJ JejIwIs YIIM S$2InJonuls ayl aJe Solfell U "UydJeas Yyoes Joj UMOYS aJe SUoIN|os usl dol syl 'Sa3yd YHm pauleiqo sijnsey

T 3lqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Struct Biol. Author manuscript; available in PMC 2011 June 1.



Page 17

Khayat et al.

9€ g6 TV Z6MT
9€ ¥9€ 2V OVAT
L' 91T TV 981z (2109)
187 v6€ TV 1502
(8oL | woe< 18 €0T TV €dLT | YOL | qdbepquen
17 a8 2V ssnt
Ty €8 v Mmdae
T €T IAAUAR: )
vy 70T v 101t
Sy 96¢ ZH d44de
9v 012 TV ¥9AC
L'y 01T TV XVHT
8v 95T 2V zoas
%9T 8'G 2T TV 6AAT (zgsT)
(¥) sv G'9 GIT T QILT | Y08 | dwosossens
8'c €81 2V T4ANT
6'€ GTT €T 1042
vy 99 TV CIMT
%00T L'S S0T SV z4ntT
%58 65 6T¢ TV NZ9¢
%E"L 09 Gee v Nz9g
%00T Ll 00T [AZ )
%00T TTT €61 eV 2dnt
%00T 97T 192 ¥V eant (8L€T)
(®8s | woor | vzZ 20€e v zdnNT | y&8 $A\dd
vy 0S€ v €l72
G 6 [AAARe 1
Sy 6 €V EIMT
Sy 6. AN VA4
1(nd2)
sinoH | Al | a100s-z | senpisay | suonnjos sy gfusued

NIH-PA Author Manuscript

NIH-PA Author Manuscript NIH-PA Author Manuscript

J Struct Biol. Author manuscript; available in PMC 2011 June 1.



Page 18

Khayat et al.

€g 652 TV OATZ

69 vee TV 4X91

89 962 v 0071 (1509)
() ozt | MNN 69 gee IV oldT | yos otdb zzd

6'€ Gee 2V AANZ

0¥ Gge vV A907

v 85 YH Z61T

T €ee TV 299¢

4% z8 v axoe

47 ¥6€ v 1502

1A% 60T €3 v631

S 6§ 19 9432

06 g6 v O (1509)
(¥) 8y NN GG 29 v 09vI | yo8 db zzd

Sv vi2 Zv sare

9 79 19 M0ZT

8 90T TV GESZ

8 0zt v LI9¢

6 o €0 OH9OT

6 85 2V 6vdl

0S 68 TV NOMZ

1§ 08 vV NoNt

€5 89 TO MXdT (1509)
(996 | NN 8'g ¥9T TV ONOT | Y08 1d6 zzd

1€ 14 TV 1dde

T€ 98¢ TV A0DE

ze 98¢ TV CIACT

4> 8ye TV X822

€€ A v 1902
1(nd2)
sinoH | Al | a100s-z | senpisay | suonnjos sy cfusuaa

NIH-PA Author Manuscript

NIH-PA Author Manuscript NIH-PA Author Manuscript

J Struct Biol. Author manuscript; available in PMC 2011 June 1.



Page 19

Khayat et al.

"pasn s10ss8004d | INT-NOIX 0£#ST [81U] JO Jaquunu ay) si sisapusied ul “yasess sy Buns|dwod 1oy palinbal swi ay L

¥

“JOAIBS INSS 8y} YHM JuswiuBife 8duanbas paseq an1on.ls WoJy parenafes si Siy L "anonis paiyiuap! ayl pue A1isusp UoJ10318 paluawBas syl 4o ainjonis [e1sAI0 ayl usamiaq Anuapl wwsosed ay |

NIH-PA Author Manuscript

by

*J3Y10UE 3UO J0 S3NBOJOWIOY 81 SBINJONIIS PAUILIBPUN OMI pUR PZIDI[E} OMI 8L “HUNGNS £d SNIA Jemd 901y

t

713019 40 BWNJOA pPaIUBWIAaS PUOIBS

!

73019 J0 8WN|OA PaluBWBaS 1S11-4
x

‘uoieaiyiuapl (gainz) Mueq erep Adodso.aoiw U0JI08Ia Ay} aJe sisayiuased ul sisquuinN

Iy

*A)Isusp uo1199[3 paluaWBas ay} 1oy d|qe[IeAR SI a1monus [e1sAI0 ou se ‘Aliuspl aousnbas umouyun MNN

6'¢ €et TV a3ge
6'€ v.€ 19 NAAC
Y (44 oV smae
584 8.2 TV N9dl
vy vee 2V avae
67 e1e GV TT3E
%(NdD)
SINOH ~al | s100s-7 | senpisey | suonnjos ‘say gfsusq

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Struct Biol. Author manuscript; available in PMC 2011 June 1.



Page 20

Khayat et al.

*A1ISusp PareaIpUI Y} J0) P|OJ 91100 BY) BJE SIIJEM Ul SUOIN|OS ‘SATH UO U0NN|0sal ANSUSP U083 4O 10848 8Y |

§'C A4 v'Z TV QYA v'Z 2V dore
9€ vV Nz9g 7'z 2V 0AVI 7'z vV VAT
9¢ GV 24Nt v'e IV orZt 1C 9V SNOT
8¢ v dnt §'Z TV 460€ 1T TV 8102
vy v Nzog 97 vV OIMe 6C TV 3072
LS eV 24Nt 1T 1V 0607 €€ TV 903¢
8L vV 24Nt LT TV $9d2 €9 TVA ¢0T
€zt v 24Nt GEg eV 49T L'6 IV 49T | Y6
L v 12zZ1 97 TV 92NT 97 2V dore
oY vV Nz9¢ 97 ev ACOT 97 2V €S9¢
a4 QY zdNnt 12 Gd 980z 12 TV MOMI
(8% v Nzog LT TV Orzt 87 TV XINT
TS v Nt 1T 1V $9dz 67 VA ZRSVRS1
9/ eV 24Nt 8¢ vV OIMZ Te TV 903¢
16 vV 24Nt 87 v 191 18 TV ACOT
6'€T v 24Nt (587 eV 49T 71T vV 49T | Y8
6T TV $9d2 0¢ v 02Nt
6C TV €001 0€ IV MOMI
0€ TV Jzde €€ 2V €S9OE
0€ eV ACOT €€ YV d.UT
6 v 1491 06 TV ACOT
TS eV 49T vzt V9T | YL
9J03s-Z7 _ suolnjos _ 9403s-Z7 _ suonnjos _ 94103s-Z7 _ suollnjos _
€d SNUIA Jaemq a0ly _ ¢ 3WN|OA 113049 _ T aWN|OA 713049 _ ‘S9y

"SA3Y4 01 uoIssiwgns 01 JoLid SUoIIN[OSal PaIedIPUI BY1 0] PaJs|1) ssed-Mmo| alam sanisuap
pajuswBas ay "Alsusp pPausWIBas syl JO 2INJoNIIS [RISAID UMOU BU1 0] JejIWIS SPJOS 8yl aARY SIIfell Ul $81n1onJlS "SAJ Y UO UoNN|osal JO S19a)Jd ay L

c?9lqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Struct Biol. Author manuscript; available in PMC 2011 June 1.



