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PolC is one of two essential replicative DNA polymerases in Bacillus subtil-

is and other Gram-positive bacteria. The 3D structure of PolC has recently

been solved, yet it lacks the N-terminal region. For this PolC region of

� 230 residues, both the structure and function are unknown. In the pres-

ent study, using sensitive homology detection and comparative protein

structure modeling, we identified, in this enigmatic region, two consecutive

globular domains, PolC-NI and PolC-NII, which are followed by an appar-

ently unstructured linker. Unexpectedly, we found that both domains are

related to domain V of the s subunit, which is part of the bacterial DNA

polymerase III holoenzyme. Despite their common homology to s, PolC-
NI and PolC-NII exhibit very little sequence similarity to each other. This

observation argues against simple tandem duplication within PolC as the

origin of the two-domain structure. Using the derived structural models,

we analyzed residue conservation and the surface properties of both PolC

N-terminal domains. We detected a surface patch of positive electrostatic

potential in PolC-NI and a hydrophobic surface patch in PolC-NII, sug-

gesting their possible involvement in nucleic acid and protein binding,

respectively. PolC is known to interact with the s subunit, however, the

region responsible for this interaction is unknown. We propose that the

PolC N-terminus is involved in mediating the PolC-s interaction and possi-

bly also in binding DNA.

Introduction

Genome replication in bacteria is carried out by the

multicomponent protein machine, DNA polymerase

III [1]. The actual DNA synthesis is performed by

the catalytic a-subunit (PolIIIa), which belongs to the

C-family of DNA polymerases [2]. Polymerases of the

C-family fall into two major groups, DnaE and PolC,

typified respectively by Escherichia coli PolIIIa and

Bacillus subtilis PolC. DnaE and PolC can be readily

distinguished by the different composition and

arrangement of conserved modules. E. coli, similar to

many other Gram-negative bacteria, possesses DnaE

as its sole replicative polymerase. By contrast, Gram-

positive bacteria such as B. subtilis have both PolC

and DnaE. In B. subtilis, both polymerases have been

shown to be essential for the elongation step in DNA

replication [3]. Initially, it was proposed that PolC is

responsible for leading strand synthesis, whereas DnaE

replicates the lagging strand [3]. However, recent

experiments with the reconstituted B. subtilis replisome

[4] showed that the division of labor between PolC

and DnaE is of a different nature. DnaE, much like

eukaryotic DNA polymerase a, initially extends an
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RNA primer followed by more extensive rapid elonga-

tion by PolC [4]. These new results highlight the differ-

ences in B. subtilis and E. coli DNA replication at the

elongation step, including the different interactions

that coordinate leading and lagging strand synthesis.

Although bacterial DNA replication has been stud-

ied for decades, the first experimental structures of

C-family polymerases were determined only a few

years ago. DnaE representatives include full-length

Thermus aquaticus [5,6] and C-terminally truncated

E. coli [7] PolIIIa structures, whereas PolC is repre-

sented by the structure of Geobacillus kaustophilus

replicative polymerase [8].

Gram-negative and Gram-positive bacteria separated

over a billion years ago [9], providing ample time for

divergent evolution of DnaE and PolC. However,

despite the rearrangement of some domains and signifi-

cant divergence at the sequence level, DnaE and PolC

have many features in common. Both have a similar

polymerase core consisting of ‘palm’, ‘thumb’ and ‘fin-

gers’ domains. The polymerase core in both DnaE and

PolC is flanked by a polymerase and histidinol phos-

phatase (PHP) domain on the N-terminal side, and by

a tandem helix–hairpin–helix motif followed by the

b-clamp binding motif on the C-terminal side. The

PHP domain in some DnaEs of thermophylic bacteria

exhibits Zn2+-dependent 3¢–5¢ exonuclease activity

[6,10], although this enzymatic activity is not univer-

sally conserved [8,11]. The tandem helix–hairpin–helix

motif has been shown to be a major double-stranded

DNA binding determinant in the E. coli DnaE [12].

Crystal structures revealed that this motif binds dou-

ble-stranded DNA similarly in both PolC [8] and

DnaE [6]. The b-clamp binding motif mediates interac-

tion with the b-clamp [13], which confers processivity

on the replicative polymerase by tethering it to DNA.

There are three major differences between DnaE and

PolC at the domain level. These include the proofread-

ing 3¢–5¢ exonuclease domain, oligonucleotide ⁄oligo-
saccharide-binding (OB) domain and the additional

N- and C-terminal regions in PolC and DnaE, respec-

tively. The PolC proofreading 3¢–5¢ exonuclease

domain is inserted into the PHP domain and is an

integral part of the polypeptide chain, whereas DnaE

uses a separate proofreading subunit, e [14]. Interest-

ingly, the interaction between DnaE and e is mediated

by the PHP domain [15]. Thus, it may well be that the

DnaE-bound e and the intrinsic e-like PolC domain

represent structurally similar arrangements. The OB

domain is present in both DnaE and PolC, but in

opposite sequence regions. In DnaE, it is located next

to the b-clamp binding site and close to the

C-terminus. By contrast, the PolC OB domain is close

to the N-terminus immediately preceding the PHP

domain. However, it is interesting to note that, in 3D

structures of DnaE and PolC, corresponding OB

domains occupy positions that are much closer in

space than might be expected from their distinct loca-

tion in sequence. This suggests that the OB domain

may play a similar role in binding the incoming tem-

plate in both PolC and DnaE. The ability to bind sin-

gle-stranded DNA has indeed been demonstrated for

the E. coli DnaE OB domain [12,16]. The very N-ter-

minal region of PolC and the C-terminal domain of

DnaE appear to be specific for each type of polymer-

ase. The small a ⁄ b C-terminal domain of DnaE has

been shown to be responsible for binding the clamp

loader s subunit [13]. This interaction is critical for

retaining DnaE within the replisome and for its recy-

cling after the completion of each Okazaki fragment

on the lagging strand. The experimental structure of

the PolC N-terminal region (Pfam PF11490; � 230 res-

idues) is not available because it has been removed in

the crystallized PolC construct [8]. The function of this

region is also unknown, except for the fact that its

removal does not compromise core polymerase activity

in vitro [8].

In the present study, we used sensitive homology

detection methods in combination with comparative

protein modeling to explore the structure of the PolC

N-terminal region. We found that this region includes

two consecutive structural domains. Both domains are

distantly related to the structure of domain V of the

clamp loader subunit s. The identified relationship

coupled with the results of functional analysis and

structural considerations suggests an important role

for the PolC N-terminal region in interacting with

other components of the replisome and possibly DNA.

Results

Sequence searches identify two type II K

homology (KH) fold-like domains within the

PolC N-terminal region

For the PolC N-terminal region of � 230 residues, nei-

ther 3D structure nor function are known. It is also

one of the least conserved regions in PolC sequences.

For example, B. subtilis and G. kaustophilus full-length

PolCs share 74% identical residues, whereas the corre-

sponding N-terminal regions display only 44%

sequence identity.

Standard sequence searches using blast and psi-

blast [17] failed to detect any homology between the

N-terminal region of B. subtilis PolC (BsuPolC;

National Center for Biotechnology Information GI
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3110 FEBS Journal 278 (2011) 3109–3118 ª 2011 The Authors Journal compilation ª 2011 FEBS



number: 143342) and proteins with available 3D struc-

tures. Therefore, we turned to more sensitive homol-

ogy detection methods based on sequence profiles.

Thus, hhsearch [18] detected similarity between the

second half of the BsuPolC N-terminal region (� 100–

200) and both domain V of the DNA polymerase III s
subunit [PolIIIs-V; Protein Data Bank (PDB) code:

2aya] [19] and the N-terminal domain I of the replica-

tion initiator protein DnaA (DnaA-I; PDB: 2e0g) [20].

These structures were detected with high hhsearch

probability (97% for both), strongly suggesting a com-

mon origin. Interestingly, the first half of the PolC

N-terminal region (� 1–100) also detected the PolIIIs-V
domain, albeit weakly (hhsearch probability of 16%).

The structures of PolIIIs-V and DnaA-I adopt a vari-

ant of the so-called type II KH fold [21]. One of their

major differences from classical type II KH domains is

the absence of the characteristic GXXG motif (where

X denotes any amino acid) involved in nucleic acid

binding. Two other profile-based methods, coma [22]

and compass [23], also matched the second half of the

PolC N-terminal region with PolIIIs-V and DnaA-I,

producing statistically significant scores (E-values

< 10)3). However, no significant matches were

detected for the first half.

To further explore these tentative structural matches,

we collected BsuPolC homologs using psi-blast and

constructed a multiple sequence alignment for the

N-terminal region. The alignment was iteratively

refined by removing sequences that were poorly aligned

and had long gaps or insertions. Using this refined

alignment as an input, the hhsearch results for the

second half of the PolC N-terminal region were very

similar, however, they improved dramatically for the

first half. In this case, hhsearch detected PolIIIs-V

with a probability of 78%, up from 16%. Because addi-

tional sequence regions may sometimes interfere with

homology detection, we decided to test whether the

removal of the second half of the PolC N-terminus

would help to improve the results further. Therefore,

we took only the fragment of the multiple sequence

alignment covering the first half of the PolC N-termi-

nus (corresponding to residues 1–89 of BsuPolC; resi-

due numbering is based on BsuPolC throughout the

present study) and used it as an input into hhsearch

for searching the PDB. PolIIIs-V was again detected as

the best match, with the probability increasing to 93%.

Taken together, the results of sequence-based

searches suggested that the PolC N-terminal region

has two adjacent structural domains, both related to

PolIIIs-V. We termed these two putative domains

PolC-NI and PolC-NII (Fig. 1). The presence of the

two similar domains is also supported by the predicted

secondary structure, which consists of two repeating

a-a-b-b-a-b topologies. Interestingly, we identified

extensive intrinsic disorder within the linker between

PolC-NII and the OB domain (approximately residues

170–224). The disorder in this linker region was pre-

dicted by three independent approaches (see Materials

and methods), with the strongest consensus spanning

residues 194–214. These data suggest that the linker

connecting the N-terminal two-domain structure to the

OB domain of PolC might be quite flexible.

Structural models strongly support the

sequence-based homology inference

Sequence-based searches are a powerful tool for

homology inference. However, the protein 3D struc-

ture provides a more rigorous means for the assess-

Fig. 1. DnaE and PolC domain architectures. Different domains are denoted by different colors and their common names. (HhH)2, tandem

helix–hairpin–helix motif; Th, thumb; C-ter, C-terminal domain; N-ter, N-terminal region. The 3¢–5¢ proofreading exonuclease activity in DnaE

is provided by a separately encoded subunit. Greek letters b and s indicate experimentally determined sites for binding corresponding subun-

its of the polymerase III holoenzyme. The expanded view shows the predicted domain composition for the PolC N-terminal region (PolC N-

ter), which includes two globular domains (PolC-NI and PolC-NII) and a presumably flexible linker.
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ment of any potential evolutionary relationship. In

addition, protein structure is usually more informative

in the search for a putative function. Therefore, we

next constructed structural models for each of the two

N-terminal domains.

Homology modeling of PolC-NII was fairly straight-

forward. Three structures identified in homology

searches were used as modeling templates. One of them

was the PolIIIs-V domain (PDB: 2aya) [19] and two

others represented DnaA domain I (PDB: 2e0g [20]

and 2wp0 [24]). Models were constructed using itera-

tive cycles of modeling and alignment refinement, as

described in the Materials and methods. According to

the structure assessment with prosa2003 [25], the

obtained models fare comparably to (or even better

than) the corresponding experimental structures used

as modeling templates (Table 1).

Because the sequence-based results for the PolC-NI

domain were less convincing, we considered modeling

to be especially useful for scrutinizing the inferred

homology for this PolC domain. Initially, we used the

structure of PolIIIs-V (2aya) identified with hhsearch

as the only modeling template. However, PolC-NI

models based on this single template were considered

to be inferior to the experimental structure of PolIIIs-
V. This suggested that the structure of PolIIIs-V may

not be the best approximation for the PolC-NI

domain. Therefore, we also considered additional

structural templates. The obvious choice was to

include structures representing the related DnaA-I

domain. In addition, we included structures of the

ribosome binding factor A (RbfA) family identified by

the structure-based search with dalilite [26] using the

structure of PolIIIs-V as a query. We then used differ-

ent combinations of structural templates to obtain a

large number of PolC-NI models, all of which were

assessed with prosa2003. Somewhat unexpectedly, the

assessment results showed that DnaA-I structures did

not help to improve models, whereas RbfA structures

(PDB: 2dyj [27] and 2e7g) did. After the iterative mod-

eling procedure, the assessment results for the best

B. subtilis PolC-NI model were slightly worse than for

the PolC-NII domain, yet comparable to those for the

template structures (Table 1). Additional PolC-NI mod-

els constructed for related sequences scored similarly or

even better.

To obtain additional reference points for struc-

ture evaluation, we constructed homology models for

PolIIIs-V and DnaA-I, based on each other’s experi-

mental structure and the ‘true’ alignment derived from

the structure comparison. This represents an idealized

distant homology modeling case in which the optimal

sequence alignment with the structural template is

known beforehand. Notably, according to the

prosa2003 evaluation, PolC-NI models are clearly bet-

ter than the homology models of either PolIIIs-V or

DnaA-I (Table 1). Thus, the evaluation results suggest

that PolC-NI models are quite a reasonable approxi-

mation of their native structure.

Taken together, the modeling results reinforced the

sequence-based homology finding that both N-terminal

domains of PolC are related to domain V of the PolIII

Table 1. PROSA2003 evaluation results. PROSA2003 assessment includes both modeled and experimental structures. In addition to models of

B. subtilis PolC N-terminal domains, five models of related sequences were evaluated. For experimental structures, the determination tech-

nique and the PDB code are indicated. For models, PDB codes in parentheses indicate the templates used in modeling. PROSA2003 Z-score

represents the estimated energy of the structure (the range of Z-scores is for the five additional models). A more negative PROSA2003 energy

Z-score suggests that the structure is more energetically favorable.

Structure Type Length PROSA2003 Z-score

PolC N-terminal domain I

PolC-NI, B. subtilis Model (based on 2aya, 2dyj, 2e7g) 79 )6.6

PolC-NI, other (5) Models (based on 2aya, 2dyj, 2e7g) 79 ()6.6; )7.9)

PolC N-terminal domain II

PolC-NII, B. subtilis Model (based on 2aya, 2e0g, 2wp0) 74 )8.4

PolC-NII, other (5) Models (based on 2aya, 2e0g, 2wp0) 74 ()7.8; )8.2)

Reference structures

PolIIIs-V, E. coli NMR, 2aya 72 )8.0

DnaA-I, E. coli NMR, 2e0g 77 )5.6

DnaA-I, H. pylori X-ray, 2wp0 86 )6.8

RbfA, T. thermophilus X-ray, 2dyj 82 )7.1

RbfA, Homo sapiens NMR, 2e7g 89 )7.1

PolIIIs-V, E. coli Model (based on 2e0g) 72 )5.3

DnaA-I, E. coli Model (based on 2aya) 77 )5.2
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s subunit. In addition, these results suggested that the

PolC-NI structure may be more similar to that of

RbfA, whereas PolC-NII may be more similar to

DnaA. Interestingly, PolC N-terminal domains are

only remotely related to each other. Although the cor-

responding structural models are fairly similar, their

structure-based sequence alignment shows < 10%

sequence identity. Moreover, we were unable to detect

the similarity between the two PolC N-terminal

domains with either hhsearch or other sensitive pro-

file-based homology detection methods. Collectively,

these observations suggest that the tandem structure is

not the result of domain duplication within the PolC

but rather has been acquired by PolC, either as an

already diverged two-domain structure or, sequen-

tially, one domain at a time, from different parental

sources.

Structure and surface properties of PolC

N-terminal domains

Although the type II KH fold-like structure and the

relationship to domain V of the PolIII s subunit are

convincing for both PolC N-terminal domains, their

function is not immediately obvious. At the same time,

the established structural similarity with additional

functionally characterized domains (e.g. DnaA-I and

RbfA) suggests that either of the two domains might

be involved in protein–protein interactions and ⁄or
nucleic acid binding. To obtain more specific clues

regarding the possible function of PolC N-terminal

domains, we used their structural models to analyze

surface properties, including residue conservation, elec-

trostatic potential and hydrophobicity.

Conserved surface residues in the PolC-NI domain

tend to cluster on its N-terminal side, including the

N-terminal part of a1-helix, b1-strand and the loops

connecting b1 with b2 and a3 with b3 (Fig. 2A,C).

Interestingly, this surface region shows an increased

positive electrostatic potential. The most conserved

positively charged position in BsuPolC corresponds to

Lys44. Other moderately conserved positively-charged

residues include Lys36 and Lys41. In addition, species

of the class Bacilli often have one to four Lys or Arg

residues in variable positions of the N-terminal part of

the a1 helix. These residues also contribute to an ele-

vated positive electrostatic potential. Our PolC-NI

structural models revealed several other conserved resi-

dues on the surface, including Gln17, Phe11, Leu15

and Ile75. The reason for their conservation is not

clear; however, at least for the hydrophobic residues,

the possibility that their localization on the surface is a

result of inaccuracies in the modeled structures cannot

be disregarded. On the other hand, even some posi-

tional errors within the cluster of positively-charged

residues in PolC-NI would not alter its surface electro-

static properties significantly. Therefore, the patch of

an increased positive electrostatic potential appears to

be the most distinct feature of the PolC-NI domain

surface. In turn, this suggests that the very N-terminal

domain of PolC may at least weakly bind DNA or

RNA. If so, the putative interaction is likely to be

nonspecific because the modeled structure of PolC-NI

lacks any prominent clefts that might contribute to the

structure or sequence specificity.

The PolC-NII domain does not have a positively-

charged surface patch, as was predicted for PolC-NI.

Nevertheless, some of the conserved positions are no

less intriguing. For example, Trp98 and its neighbor,

Tyr97, are highly conserved in the a1 helix

(Fig. 2B,D). Notably, Trp98 corresponds to the con-

served Trp residue in both E. coli PolIIIs-V (Trp523)

and DnaA-I (Trp6). The hydrophobic patch including

Trp6 has been implicated in E. coli DnaA dimerization

[20]. In addition, the same hydrophobic patch in

DnaA-I features the conserved Leu10 that corresponds

to the similarly conserved Ile102 in PolC-NII. Another

highly conserved site includes dipeptide Gly157-

Phe158, located in the loop between a3 and b4. The

strong conservation of Gly157 suggests severe confor-

mational constraints imposed at this position, making

the burial status of Phe158 uncertain. Interestingly, no

position is as highly conserved in corresponding loops

in either PolIIIs-V or DnaA-I. One additional moder-

ately conserved surface site corresponds to Thr134 at

the N-terminus of the a3 helix. It might be that this

residue has been conserved for structural reasons (e.g.

specifically as the N-cap for the a3 helix). Alterna-

tively, it might be an interaction site because the corre-

sponding region in Helicobacter pylori DnaA-I

mediates the interaction with HobA [24]. However,

unlike PolC-NII, the DnaA-I surface area for the

HobA interaction includes multiple (rather than a sin-

gle) conserved residues. Overall, the surface analysis

suggests that PolC-NII is more likely to participate in

mediating protein–protein interactions than in nucleic

acid binding.

Discussion

Sensitive sequence profile–profile comparison methods

combined with comparative modeling revealed that the

N-terminal region of the bacterial replicative polymer-

ase PolC includes two structural domains: PolC-NI

and PolC-NII. Both domains are distantly related to

domain V of the DNA polymerase III s-subunit, adopting

K. Timinskas and Č. Venclovas Structure of the PolC N-terminal region
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type II KH fold-like structure. In addition, PolC-NII

shows an even higher similarity to domain I of the initi-

ator of chromosomal replication DnaA (DnaA-I).

What might the function of these PolC N-terminal

domains be? The involvement of related structures in

protein–protein interactions [20,24] and nucleic acid

Fig. 2. Sequence alignments and corresponding structural models for the two domains of the PolC N-terminal region. Sequences of the

PolC-NI (A) and PolC-NII (B) domains aligned with the structures used for the construction of corresponding structural models (C, D). Labels

for PolC sequences include species abbreviation and the GI number. Labels for sequences of experimental structures include the name of

the protein, species abbreviation and the PDB code. PolC sequences for which models were constructed are indicated with an asterisk next

to the sequence label. Predicted secondary structures for the two domains of the B. subtilis PolC sequence (Bsu_143342) are shown above

the corresponding alignments, whereas the secondary structures shown below the alignments were derived from the experimental struc-

tures of domain V of the E. coli s-subunit (Tau-V-Eco_2aya) (A) and the E. coli DnaA-I domain (DnaA-Eco_2e0g) (B). Green stars above the

alignments indicate conserved surface residues shown with their side chains in the corresponding structural models of B. subtilis PolC-NI

(C) and PolC-NII (D) domains. The coordinates of PolC-NI and PolC-NII structural models are available at: http://www.ibt.lt/bioinformatics/

models/polc_nterm/.
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binding [27] suggests similar functions for these

domains. Taking into account the biological context,

an obvious hypothesis is that either one or both

domains mediate the interaction of PolC with the

s-subunit. It is known that PolC interacts with the

clamp loader subunit s [28–30], however, the region

mediating the interaction has not yet been identified.

This interaction is relatively weak compared to the

corresponding DnaE-s interaction in E. coli [30]. The

s-binding determinants in E. coli DnaE have been

mapped to the very C-terminus after the OB domain.

A single point mutation in this region decreased

s-binding by more than 700-fold [13], whereas the dele-

tion of 48 residues from the C-terminus completely

abolished binding [31]. Because PolC does not have

the corresponding C-terminal region, its interaction

with s must be mediated by other domains. The

N-terminal region, specific to PolC, appears to be the

most likely candidate for this role. Both the PolC

N-terminal region and the DnaE C-terminal domain

are attached to the OB domain, which likely binds the

DNA template in both polymerases. Although the

exact positions of the corresponding OB domains in

PolC [8] and DnaE [5,6] structures differ, the PolC

N-terminal region and the DnaE C-terminus may

potentially occupy very similar spatial positions with

respect to other domains. First, our analysis suggests

that the PolC N-terminal region is connected to the

OB domain through a flexible linker. Second, the anal-

ysis of full-length DnaE crystal structure suggests that

both C-terminal and OB domains may be mobile with

respect to one another and the other polymerase

domains [5]. Collectively, these general structural argu-

ments strongly support a s-binding role for the PolC

N-terminal region.

Our analysis of surface properties suggests that

PolC-NII is more likely to be involved in protein–pro-

tein interactions, whereas PolC-NI might have a role

in nucleic acid binding. Therefore, of the two domains,

PolC-NII appears to be more suitable for the putative

s-binding role. Interestingly, the s subunit in B. subtilis

and many other Gram-positive bacteria is shorter than

that in Gram-negative bacteria such as E. coli. The dif-

ference in length appears primarily the result of a

shorter domain IV, which has been shown to be lar-

gely unstructured in E. coli and to participate in bind-

ing both the replicative helicase [32] and the DNA

[33]. One of the possibilities is that PolC-NI contrib-

utes to DNA binding to compensate for the shorter

domain IV of s. It also cannot be excluded that one of

the PolC N-terminal domains might bind the replica-

tive helicase in addition to binding s.

In summary, the results obtained in the present

study suggest several possible interactions for PolC

N-terminal domains. We consider that the correspond-

ing structural models coupled with the analysis of their

surface properties provides a useful framework for

testing the proposed interactions not only at the

domain, but also at the residue level.

Materials and methods

Sequence search and alignment

Standard sequence similarity searches were performed

using blast and psi-blast [17] with default parameters in

locally installed and weekly updated databases of all non-

redundant protein sequences (‘nr’) and sequences corre-

sponding to known protein structures (‘pdb’). The ‘nr’

database was obtained from the National Center for Bio-

technology Information (ftp://ftp.ncbi.nlm.nih.gov/blast/db/)

and the ‘pdb’ database was obtained from the PDB

(http://www.pdb.org). Sequence searches aimed at the

increased sensitivity and accuracy were performed using

web server implementations of hhsearch [18], coma [22]

and compass [23], which comprise methods based on

sequence profile–profile comparison. For all methods

except hhsearch, an E-value of 0.001 or less was consid-

ered to represent statistically significant matches. For

hhsearch, the probability of 95% and higher was consid-

ered statistically significant.

Multiple sequence alignments for homologous sequences

identified during sequence searches were constructed with

mafft [34] using the accuracy-oriented L-INS-i algorithm.

Visualization and analysis of multiple sequence alignments

was carried out using jalview [35].

Structure search and alignment

Structure similarity searches were performed in the PDB

database using the dalilite server [26]. Dali Z-scores > 2

were considered to indicate a nonrandom structural similar-

ity. Structure-based alignments were generated from the

consensus of three methods: dalilite [26], tm-align [36]

and fatcat [37].

Prediction of secondary structure and disordered

regions

Predicted secondary structures and natively disordered

regions were derived from the consensus of results obtained

using several methods. psipred [38], jnet [39] and two vari-

ants of prof [40,41] were used for secondary structure predic-

tion. Disorder prediction was performed using disopred2

[42], iupred [43] and poodle-i [44].
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Modeling and assessment of protein 3D structure

Protein structure models were constructed using a slightly

modified template-based modeling methodology developed

previously [45]. The main feature of this methodology is the

iterative improvement of models by optimizing the set of

structures used as modeling templates and by refining the

query sequence alignment with those templates. The

improvement is monitored by the assessment of structural

and energy properties of the constructed 3D model. Here,

modeling templates were identified by sequence profile-pro-

file searches with hhsearch [18], coma [22] and compass

[23]. Additional templates were identified using structure

searches with dalilite [26]. To obtain a set of starting

sequence-to-structure alignments, three different profile–

profile methods (hhsearch, coma and compass) were used.

Four alignment variants were produced with hhsearch by

changing two parameters: inclusion of secondary structure

information (yes ⁄no) and the MAC (maximum accuracy

algorithm) parameter set to 0.3 or disabled. Two additional

alignments were generated by coma and compass, respec-

tively. To ensure that alignments would be produced with

all the templates, the E-value threshold was set to 1000 for

coma and compass, and the probability threshold set to

2% for hhsearch. One additional sequence-to-structure

alignment was produced in the context of multiple sequence

alignment using promals3d [46], a method that is capable

of including structural data. Alignment regions showing

agreement between all of the methods were considered to

be reliable. For the remaining regions, a number of differ-

ent alignment variants were explored by constructing corre-

sponding models followed by their assessment. Structural

models were generated automatically with modeller [47]

from sequence alignment with the specified structural tem-

plates. Models were assessed by estimating their energies

with prosa2003 [25], as well as by using visual inspection

for major flaws, such as steric clashes, buried uncompen-

sated charges, etc. Optimization of the template set and the

alignment was applied iteratively until energy scores could

no longer be improved and no significant defects could be

revealed by the visual assessment.

Analysis of surface features and conservation

Residue conservation analysis was performed with the

consurf server [48] using locally constructed multiple

sequence alignments. Sequences for alignment construction

were collected by running up to five iterations of psi-blast

and then retaining only sequences that are no more than

50% identical to each other in the analyzed region.

Sequence filtering was carried out with cd-hit [49]. Align-

ments were constructed with mafft using the L-INS-i algo-

rithm. Visual analysis of protein surface conservation,

electrostatic and hydrophobic properties was performed

using ucsf chimera [50].
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