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INTRODUCTION

Advances in macromolecular crystallography and new methods of

structure determination1 have led to the high throughput determi-

nation and deposition of protein structures to the Protein Data

Bank (PDB).2 Along with the increase in the overall number of

structures deposited to the PDB, the complexity of these structures

also has increased, with larger macromolecular complexes consisting

of dozens of subunits/polypeptides and thousands of residues de-

posited every month, if not every week. This data increase requires

new methods for structure analysis to be capable of dealing with

large individual macromolecular complexes, as well as be applicable

on a large-scale to numerous structures at a reasonable time. For the

means of comparative analysis, such methods also should be sensi-

tive to capture small but biologically important differences between

structures in families of similar proteins or alternative conforma-

tions of the same protein.

Analysis of molecular motions is important for studying func-

tion, including understanding mechanism of catalysis, signal trans-

duction, and complex formation. The majority of protein motions

can be classified as joined, where two or more rigid parts/blocks

(domains or loops) move relative to each other. Therefore, knowl-

edge of protein’s rigid parts is a de facto prerequisite for analysis

of protein motions that can be applied to: (i) identification of

functionally important sites, (ii) description of motion trajectories,

(iii) analysis of interfaces between movable parts, and, as was

recently pointed out, (iv) for better motion prediction by normal

mode analysis.3 However, cases of motions not involving rigid

blocks or partial structure refolding also are known.4,5

Methods of rigid block detection in protein structures can be

divided into two broad categories: those requiring only one con-

formation and those requiring two or more different conforma-

tions. Although methods in the latter category can be applied to

the limited subset of PDB structures, they set a gold standard for
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ABSTRACT

Advances in structure determination have made pos-

sible the analysis of large macromolecular complexes

(some with nearly 10,000 residues, such as GroEL).

The large-scale conformational changes associated

with these complexes require new approaches. His-

torically, a crucial component of motion analysis has

been the identification of moving rigid blocks from

the comparison of different conformations. However,

existing tools do not allow consistent block identifi-

cation in very large structures. Here, we describe a

novel method, RigidFinder, for such identification of

rigid blocks from different conformations—across

many scales, from large complexes to small loops.

RigidFinder defines rigidity in terms of blocks,

where inter-residue distances are conserved across

conformations. Distance conservation, unlike the

averaged values (e.g., RMSD) used by many other

methods, allows for sensitive identification of

motions. A further distinguishing feature of our

method, is that, it is capable of finding blocks made

from nonconsecutive fragments of multiple polypep-

tide chains. In our implementation, we utilize an ef-

ficient quasi-dynamic programming search algorithm

that allows for real-time application to very large

structures. RigidFinder can be used at a dedicated

web server (http://rigidfinder.molmovdb.org). The

server also provides links to examples at various

scales such as loop closure, domain motions, partial

refolding, and subunit shifts. Moreover, here we

describe the detailed application of RigidFinder to

four large structures: Pyruvate Phosphate Dikinase,

T7 RNA polymerase, RNA polymerase II, and GroEL.

The results of the method are in excellent agreement

with the expert-described rigid blocks.
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the significantly more computationally extensive methods

in the first category that include Molecular Dynamic

simulations, Normal Mode Analysis, rigidity percolation,

and various computational approaches.6–15 In fact, if

applied to predicted conformations, rigid block identifi-

cation can complement analysis done by those methods.

Additionally, detection of rigid blocks from two different

known conformations puts motion analysis in direct bio-

logical context. Therefore, identification of movable rigid

blocks from several protein conformations is important.

While several attempts to rigid block identification have

been reported in the literature,3,16–21 they are aimed at

rigid block identification applicable to the movements of

large domains only. The simple sieve-fit utilized in Mol-

MovDB19 and more complicated clustering and jump-

minimizing path algorithm16 can only detect the largest

rigid block. The deformation plot analysis assumed22 con-

secutive order of rigid blocks in the polypeptide chain,

which is often not true. Most of the methods leave

motions of small subdomains, elements of secondary

structure and loops unattended because of relying on aver-

aged values like root mean-square deviation3,16,19,21 or

Mean-Square Fluctuations.17 When averaged over large

set of residues, small structural variations, or pronounced

structural variations (but only in a small subset of resi-

dues) are missed by those methods. The effect of averag-

ing persistently increases with the size of the analyzed pro-

tein, simply because of the averaging over larger residue

numbers, decreasing sensitivity of the mentioned methods

and making them less applicable to detection of motions.

Although, a method for sensitive rigid block analysis has

been described20 that requires approximate block size as

an input or, if not given the size, performs an exhaustive

search that scales exponentially with the number of resi-

dues in a protein. This makes its application to the larger

macromolecular complexes practically impossible. Besides,

the method produces multiple overlapping rigid blocks,

thus, making interpretation of the results difficult.

Another typical problem for existing methods is that they

operate on a single polypeptide chain, while macromolec-

ular complexes are essentially multi-chain. Therefore, to

date there is not a sensitive and fast method that can be

applied to partition large multi-chain macromolecular

complexes into rigid blocks.

Here, we describe a new method, RigidFinder for iden-

tification of rigid blocks from two known conformations

of a large macromolecular complex. Similar to the previ-

ous works,18,20 we adopted the physical definition of ri-

gidity by the distance difference between equivalent

points in two conformations. As explained in the text,

the definition allows for precise and sensitive identifica-

tion of rigid blocks. RigidFinder is able to detect rigid

blocks as small as four residues in size, and it does not

have a minimal block size or number of rigid blocks as

input parameters. Moreover, the novel search algorithm

utilized by the method is fast enough to allow for analy-

sis of large macromolecular complexes, and we describe

the application of RigidFinder to the analysis of Pyruvate

Phosphate Dikinase,23 T7 RNA polymerase,4,5 RNA

polymerase II,24–26 and GroEL.27,28

Additionally, we developed a public web server for rigid

block identification by RigidFinder method (http://

rigidfinder.molmovdb.org) where a user can instantly find,

analyze, and visualize rigid blocks from two conformations

of a protein complex. The server is interactively linked

to a new multi-chain morphing server (http://morph2.

molmovdb.org) with the option of using superposition by

any calculated rigid block to generate a morph.

APPROACH

Definition of rigidity

In this analysis, we represent protein structures as

points in the center of the residues’ Ca-carbons. Given
two conformations (A and B) of a protein structure, we

consider a part/block consisting of N residues to be

rigid if the distance difference between any two residues

in the two conformations is smaller than the sensitivity

cut off d

�
�
�dAij � dBij

�
�
� � d; 8i ¼ 1 . . .N ; j ¼ 1 . . .N ð1Þ

It is easy to see that this definition allows the develop-

ment20 of a much more sensitive method than the one that

uses some kind of integral value as a definition. For instance,

the characterization of rigid blocks by RMSD after the best

fit of equivalent parts from two conformations is not prone

to detect changes that involve a small fraction of residues,

even though the absolute number of residues can be large.

This is simply because those conformational changes are

averaged over all fitted residues and do not significantly

affect the overall RMSD, regardless of whether it is included

in the fit. For the same reason rigid blocks defined by RMSD

or any other integral value will tend to have regions, which

are actually not rigid and can be quite different. Definition

(1), on the contrary, has to be applied to every pair of resi-

dues in a block; thus, conformational change in a single one

will be noticed. Also note that the definition does not assume

any residue order in protein and thus can be applied to find

rigid blocks consisting of nonconsecutive fragments of poly-

peptide chains. The downside of the definition is that n2 dis-

tances have to be checked for each rigid block consisting of n

residues. Therefore, in order to apply the definition to large

macromolecular complexes an efficient algorithm for finding

the optimal solution has to be developed.

Algorithm to find rigid blocks

The method operates iteratively by finding the largest

rigid block in the given set of residues. All protein
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residues are used to find a rigid block in the first itera-

tion. Each of the following iterations operates on residues

not assigned to rigid block(s) on previous iteration(s).

The iterations stop when no rigid block of size 4

(Methods) or larger can be found. Every iteration pro-

ceeds in two steps: initial block detection and refinement.

At each step multiple rigid blocks are initiated at each

residue and are extended, as long as rigidity condition

(1) is met, by all possible paths through the residue list

in the direction toward the end of the list (Fig. 1). The

combinatorial complexity of block extension through all

possible paths is enormous but, importantly, is redun-

dant as paths from two residues in the same rigid block

overlap. Therefore, we apply reasonable heuristics to cope

with this by parallel tracking a limited number of block

extensions at a time: namely, when a residue initiates a

rigid block it is also considered to be added, by rigidity

condition (1), to other rigid blocks initiated and

extended till this point from already passed residues.

Only the largest blocks, a residue has been assigned to,

are tracked [Fig. 1(B)]—thus, effectively reducing combi-

natorial complexity by eliminating redundant and

unlikely paths (with a small number of residues) for

block extension. For each such block, a number of values

are stored to trace previously assigned residues in the

block and to track the block size n. Once traversal

through all the residues is completed, finding the maxi-

mum n and tracing back residues gives the largest block.

The described algorithm is neither greedy nor a pure

dynamic programming algorithm.29 The greedy algo-

rithm is tracking only one (best) solution at each step,

that is, with index i on Figure 1(B). Dynamic program-

ming would track all possible nonoverlapping solutions,

that is, with indices i through vii. Our algorithm tracks a

subset (more than one) of the most promising solutions,

that is, with indices i though iii. We, thus, call it a

‘‘quasi-dynamic programming’’ algorithm.

During the first step, initial block detection, residues are

put in a residues list in the same order as in a polypeptide

chain from N- to C-terminal with chain order as submitted

by a user. In the second step, refinement, residues are

sorted in ascending order by their distance to the closest

residue in the initial block (residues in the block will have

zero distance and be first in the list). Refinement is neces-

sary to avoid bias due to ordering residues by polypeptide

chain. The ‘‘quasi-dynamic programming’’ is applied to the

sorted residue list to calculate refined rigid block.

On a test data set no significant differences in block defini-

tion were observed when more than 30 and up to 100 blocks

were tracked. Therefore, the algorithm conservatively tracks

several more block assignments for each residue, namely the

49 largest and one initiated (a total of up to 50).

The rigid block found to be largest is postprocessed to

remove and/or cluster residue fragments and gaps of length

less than four residues (Methods). First, gaps and fragments

of size 1 are removed, with gaps removed before fragments.

The procedure is repeated for gaps and fragments of size 2

and 3. Finally, we require all the residues in the rigid block

to be in contact with each other, that is, to form a single

cluster with contact distance less than 10 Å in at least one

protein conformation. The resulting rigid block is discarded

if its size is less than four residues.

Rigidity condition (1) allows efficient implementation

of the algorithm. All distances and distance differences

can be calculated only once and saved in a matrix for use

during the largest block search by quasi-dynamic pro-

gramming. The method is implemented in Java language.

RESULTS

The test data set

We used a manually curated set of motions from the

Database of Molecular Motions.8 We excluded entries in

the category of suspected motions and motions of nucleic

acids. To demonstrate the applicability of RigidFinder to

larger proteins with large conformational change, we fur-

ther extended the set with three large complexes (Pyruvate

Figure 1
Schematic diagram of the RigidFinder method. (A) Example of all paths

for block extension from residues A and Y for the comparison of two

protein conformations. Paths from residue R will be redundant with

paths 1 and 2 from residue A. The largest rigid block will consist of the

first four residues (shown in green) and another rigid block will consist

of the remaining two residues (shown in orange). (B) Details of quasi-

dynamic programming to find the largest rigid block for the first four

residues. Each block is tracked by three numbers: r – index of the

previous residues in the block, b – index of the block as it is for the

previous residue, and n – number of residues in the block. Assuming

that only four blocks are tracked (the algorithm actually tracks 50),

after passing residue Y four paths are not tracked (shown in gray).
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Phosphate Dikinase, RNA polymerase II, and Nitroge-

nase). The resulting set consisted of 196 proteins with two

different conformations (Supporting Information). Repre-

sentative examples from the set for proteins of different

sizes and scales of motion are listed in Table I and can be

viewed at a dedicated web server (http://rigidfinder.

molmovdb.org). Later in this article, we will describe the

application of RigidFinder to the analysis of Pyruvate

Phosphate Dikinase,23 T7 RNA polymerase,4,5 RNA poly-

merase II,24–26 and GroEL.27,28

Choosing a value of sensitivity cutoff

The RigidFinder method iteratively runs a simple

quasi-dynamic programming algorithm to find succes-

sively the largest blocks of residues that conform to the

rigidity condition such that the difference in distance for

two conformations between any two residues in a block

is less than the value of sensitivity cutoff d (Approach

section for details). The value of cutoff d defines the tol-

erance level between variations in structure and confor-

mational change, thus directly affecting the method’s sen-

sitivity. In the extreme example where d is set to infinity

any two conformations of any two proteins will be con-

sidered as one rigid block by the method. In the other

extreme, where d is set to zero each residue (except for

the case of two identical conformations) will be defined

as a rigid block. The optimal value of d should be high

enough for the method to ignore small structural varia-

tions but low enough for the method to notice confor-

mational change(s) and thus detect rigid blocks. Below

in the text, we will discuss the lower limit for d.

Table I
Collection of Proteins Used as Example Cases in the Text and on RigidFinder Server (http://rigidfinder.molmovdb.org)

Protein name PDB codes Equivalent chains
Protein
size, res

Value of
cutoff, �

# of
blocks Time

Large protein and complexes

Pyruvate phosphate dikinase 1kc7 A
2r82 A 872 1.75 10 �3 s
1qln A

T7 RNA polymerase 1msw D 843 2.5 8 �5 s
1i50 ABCEFHIJKL

RNA polymerase II 2nvq ABCEFHIJKL 3519 2.0 15 �5 m
1kp8 FEDCBAGHIJKLMN

GroEL-GroES 1pcq ABCDEFGHIJKLMN 7336 6.0 34 �1 h
1m1y ABCDEFGH �35 s

Nitrogenase 2afi ABCDEFGH 3074 2.0 8
1f88 AB

Rhodopsin 3cap BA 627 2.0 9 �3 s
Medium size proteins

2eck B
Phosphostransferase 4ake B 214 2.5 5 �1 s

1brd A
Bacteriorhodopsin 2brd A 170 1.25 5 �1 s

2fmq A
DNA polymerase beta 9ici A 328 1.5 3 �1 s

8adh A
Alcohol dehydrogenase 6adh A 374 1.25 4 �2 s

4mdh A
Malate dehydrogenase 1bmd A 333 2.0 6 �1 s

1dqz A
Antigen 85C 1dqy A 280 1.75 3 �1 s
Aspartate aminotransferase 9aat A

1ama A 401 1.5 3 �2 s
Small proteins

1k9p A
S100A6 1k9k A 89 1.25 7 <1 s

5cro A
Cro repressor 6cro A 61 1.25 2 <1 s

4hvp A
HIV-1 protease 3hvp A 99 1.5 2 <1 s

1ctr A
Calmodulin 1cll A 141 1.25 3 <1 s

1idg A
Bungarotoxin 1idi A 74 2.5 4 <1 s

Number of rigid blocks is given for a cutoff value corresponding to the first maximum on robustness curve for the protein. The cutoff for GroEL is chose at a global

maximum. Time bench marking was done on 2.6 GHz Intel Core 2 Duo CPU at cutoff 2.5 Å.
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It is intuitively clear that the value of d cannot be uni-

versally defined for all proteins, as scales of motions vary

from few to 70 Å and every protein has different small

variations in its structure caused by intrinsic flexibility

and experimental errors. Clearly as different scales of

motion can be observed in the same protein, different

values of d can be appropriate for an analysis of the pro-

tein. To formalize this, we analyzed robustness curves cal-

culated in the following way. We started at a cutoff value

of 1 Å and gradually increased it to 6 Å with a step of

0.25 Å. At each step, we analyzed the consistency of the

rigid block definition compared with the previous step—

namely, we calculated and plotted the number of equiva-

lent residues in the both definitions. The procedure to

calculate equivalent residues in two block assignments is

described in the Methods section but here we highlight

its important feature that differences in both block boun-

daries and the number of rigid blocks are accounted for

when calculating equivalent residues.

A rationale behind such an analysis is that rigid block

assignments cannot be continually consistent with a

steadily increasing value of d. Consider starting from a

very sensitive block assignment (very small d) and

decreasing sensitivity (i.e., increasing d). This will enlarge

blocks until almost all residues will be assigned to a

block. Until this ‘‘critical point,’’ block assignments are

consistent from one step to another. At the critical point

a slight increase in value of d will not change their over-

all extent, that is, block partitioning has reached a satura-

tion. However, further increase in the value of d will

eventually reduce the method’s sensitivity to such an

extent that smaller blocks will need to joined into larger

ones, dramatically changing block assignments. Then,

with increasing values of d, the block assignment will

remain consistent until the next critical point is reached

(Fig. 3).

More specifically, consider the example shown in Fig-

ure 2. A gradual increase of cutoff for steps 1, 2, 3, and 4

leads to different block assignments. Green and orange

rigid blocks are enlarged at step 2 when compared with

step 1 with six equivalent residues between the assign-

ments. Block sizes almost do not change at step 3, yield-

ing eight equivalent residues, the maximum of all steps.

At step 4, however, the green block is enlarged at the

expense of the red block, with the red block not assigned

anymore, leading to a decreased consistency in block

assignment compared with step 3. Therefore, the best

consistency between the two block assignments is

archived at the local maximum number of equivalent res-

idues. In other words, block assignment is robust to var-

iations in sensitivity cutoff d in the region defined by the

maximum.

Different local maximums on robustness curves [Fig.

3(A–C)] will define values of cutoff d for different rigid

block partitioning at different sensitivity levels. While

each such partitioning is of potential interest, in this

work, we focused our analysis on the most sensitive par-

titioning (corresponding to the first local maximum). It

is important that the location of the maximum defines

the upper boundary of the 0.25 Å region where rigid

block partitioning is similar; thus, any value in this

region may be appropriate for analysis. Figure 3(D)

shows the distribution of the first, second, and third local

maximums on robustness curves from proteins from the

test data set. Each distribution is rather broad and spans

at least 2 Å. Therefore, it can be concluded that no uni-

versal cutoff can be applied for all proteins, and analysis

of individual robustness curves is desirable in each case.

Quality of structures and value of
sensitivity cut off

It is important to account for the fact that experimen-

tal conformations are not exact and that differences in

atom pair distances are due to both a conformational

change and an experimental error. As the resolution of

the crystallographic data is finite, the positional uncer-

tainties (crudely described by the B-factors) limit the pre-

cision of the atomic positions. This imposes a lower limit

on the lower value of d at which rigid blocks can be

identified meaningfully.

While there is a straightforward relationship between

the value of the experimentally measured B-factor and

uncertainty in the atomic coordinates, crystallographic

refinements usually disregard structural heterogeneity

and thus overestimate the accuracy of crystallographic

Figure 2
An example of rigid block assignments that will be reflected as local

maximums on the robustness curve. Assignments 1 through 4 will

correspond to a gradual increase in the value of cutoff d. Consistency

(the number of equivalent residues) between steps 2 and 3 is the

largest, since at step 4 the green block is enlarged at the expense of the

red block.

RigidFinder: A Fast and Sensitive Method to Detect Rigid Blocks
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structures.30 A number of previous studies30–32 esti-

mated uncertainty in atomic coordinates by comparing

different crystallographic structures of the same protein.

While using different sets of proteins, the researchers

arrived at a similar conclusion that atomic coordinates in

high resolutions structures typically are precise to the

extent of 0.3–0.8 Å. As RigidFinder is dealing with inter-

residue distances, the lower limit for d will be, approxi-

mately, the double of those values.

To formalize this, we have calculated and plotted the

distribution of residue pairwise distance differences for

10,000 random pairs of motionless protein conforma-

tions, that is for conformations that can be superimposed

with RMSD of less than 2 Å (Supporting Information

Figure S1). Thus, the distribution represents variations in

distance difference due to experimental errors. 95% of all

distance differences are less than 1 Å; therefore, to find

meaningful rigid blocks, the lowest value of sensitivity

cut off should be on the order of 1 Å.

Timing

For the number of residues N in a protein, a pass

through the residue list by the quasi-dynamic program-

ming algorithm will require O(N2) operations since each

residue is considered for possibility to be added to a

block initiated by preceding in the list residues. Each

operation will be proportional to N since for each new

residue added to a rigid block a rigidity condition (1)

has to be checked with respect to every residue already

in the rigid block, that is, all preceding residues in the

worst case. Thus, the method scales as O(N3).

We empirically measured the performance of Rigid-

Finder on the test data set. We ran the method on a sin-

gle 2.6 Intel Core 2 Duo CPU. Figure 4 demonstrates

that the method scales according to our estimate and

that the calculation of rigid blocks for an average size

protein with 100–400 residues will take less than a sec-

ond to complete. Calculations for proteins of up to 1000

residues will typically complete within 10 seconds. By

extrapolation one can estimate that if applied to larger

proteins or complexes of up to 10,000 residues calcula-

tions will take few hours on a single CPU. This perform-

ance is likely to be improved by parallelizing the

algorithm and running it on multiple CPUs.

Web server

To facilitate usage of the RigidFinder method, we set

up a user-friendly web server (http://rigidfinder.mol-

movdb.org) for rigid block analysis using the RigidFinder

method (Fig. 5). A user can upload structures for analysis

or simply provide PDB-code for structures from PDB.2

The server will then perform an input check and, if suc-

cessful, generate a web page for on the-fly interactive

rigid block visualization, calculation, and analysis. The

Figure 3
Robustness curves for various proteins. Critical points, i.e., local

maximums, are highlighted by blue, red, green, and orange. (A) For

Pyruvate Phosphate Dikinase. (B) For T7 RNA polymerase. (C) For

RNA polymerase II. (D) Distribution of first, second, and third local

maximum locations on robustness curves for the test data set. The

quantity on ordinate for figures (A), (B), and (C) is the number

of common residues between partitioning at value of cutoff v

(termed iteration i) and portioning a value of cutoff v-0.25 (termed

iteration i-1).
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interactive nature of the page is especially important as

the user has the opportunity to adjust the method’s

parameters to get the best results.

Once calculated, rigid blocks can be instantly high-

lighted by applying different colors or line thicknesses.

Simple but effective 3D structure visualization allows

instant view manipulation with a mouse. As an addi-

tional control feature, each block can be fitted to mini-

mize RMSD between corresponding residues. The web

page also has several buttons with associated scripts for

quick view manipulation. Results of a rigid block assign-

ment can be printed as residue fragments or as a PDB-

file with block numbers in the occupancy field.

Visualization and the RigidFinder method are imple-

mented in the Belka applet embedded into the page,

which allows performing analyses or saving the whole

web page for further analysis on the client machine,

independent of server and network. Coupled with the ef-

ficient implementation of the underlying algorithm (typi-

cal rigid block calculation is done within seconds on a

fairly average laptop) the generated page provides a fast,

easy and convenient way for analysis.

The RigidFinder server is also interactively linked to a

new multi-chain morphing server (http://morph2.

molmovdb.org). A user can submit structures for morph-

ing using current superimposition (global or for a partic-

ular rigid block). The morphing server will then produce

and visualize a morphing trajectory by linear interpola-

tion between submitted structures.

The standalone application for visualization with the

integrated RigidFinder method is freely available and can

be downloaded from the same web server.

Examples

To demonstrate the abilities of RigidFinder, we give here

several examples of its application to four large-scale

motions in macromolecules, namely the analysis of

Pyruvate Phosphate Dikinase,23 T7 RNA polymerase,4,5

RNA polymerase II,24–26 and GroEL-GroES.27,28 For

every protein/complex, we chose the value of sensitivity cut-

off d at the first local maximum on the robustness curve.

We then compared the partitioning of protein/complexes

into rigid blocks with the annotation described in the litera-

ture and with partitioning produced by DynDom17 and

Hingefind.21 Information for every example is summarized

in Table I. Each example can be viewed interactively at

http://rigidfinder.molmovdb.org.

Pyruvate phosphate dikinase

Pyruvate Phosphate Dikinase (PPDK) catalyzes the re-

versible conversion of phosphoenolpyruvate (PEP), AMP,

and Pi to pyruvate and ATP. The enzyme consists of four

domains and contains two remotely located reaction cen-

ters: the nucleotide partial reaction takes place at the

N-terminal domain, and the PEP/pyruvate partial reac-

tion takes place at the C-terminal domain. A His-domain

tethered to the N- and C-terminal domains by two

Figure 4
Measurement of RigidFinder performance. Each star on the plot represents a performance measurement for a protein from the test data set. The

black solid line displays the linear regression by the O(N3) line, i.e., analytically predicted performance. The regression was done for points that

correspond to proteins of at least 200 residues long. By extrapolation one can estimate that if applied to larger proteins or complexes of up to

10,000 residues calculations will take few hours on a single CPU. The benchmarking was performed on a 2.6 Intel Core 2 Duo CPU.

RigidFinder: A Fast and Sensitive Method to Detect Rigid Blocks
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closely associated linkers contains a phosphorylatable his-

tidine residue. The central domain swivels to shuttle a

phosphoryl group between the two reaction centers.23

By locating the first local maximum on the robustness

curve [Fig. 3(A)], we set 1.75 Å as the most suitable

value of sensitivity cutoff d to calculate rigid block parti-

Figure 5
Web server for rigid block identification using the RigidFinder method. (A) A user can upload structures for analysis or simply provide PDB-code

for structures from PDB. (B) The server performs an input check and, if successful, generates a web page for on the-fly interactive rigid block

analysis. (C) The generated page.

A. Abyzov et al.
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tioning for PPDK. At this value, comparison of the two

protein conformations revealed 10 rigid blocks (Fig. 6).

Five of the blocks corresponded to the protein domains

and two subdomains of the fourth domain, four corre-

sponded to three loops that change orientation, and one

corresponded to the tethering linker of His-domain. Two

loops were previously reported as having conformation

change. In the region of the first one (residues 217–232),

RigidFinder found two rigid blocks (residues 218–228

and 229–232), thus indicating that the motion of the

loop is the superposition of the two motions. The second

loop (residues 98–103) corresponded exactly to one rigid

block. Additionally, RigidFinder reported another rigid

block (residues 81–85) that represents a loop located on

the outer surface of the ATP-grasp domain, far away

from the active sites.

The fact that RigidFinder was able to find all the func-

tionally important elements that were previously

described23 without prior knowledge of the number and

sizes of those elements is remarkable. DynDom and Hin-

gefind were unable to reach such a fine level of partition-

ing; with each method producing only four rigid blocks

and completely missing the motion of central domain,

the linker, loop 98–103 and subdomains in the ATP-grasp

domain.

T7 RNA polymerase

T7 RNA polymerase is an 883-residues-long protein

capable of initiating and elongating RNA transcripts. Ini-

tiation and elongation are accomplished by two different

protein conformations, and transition from one to

another is accompanied by a massive motion and refold-

ing of 300 N-terminal residues.4,5

By locating the first local maximum on the robustness

curve [Fig. 3(B)], we set 2.5 Å as the most suitable value

Figure 6
Comparison of rigid block assignment in pyruvate phosphate dikinase made by RigidFinder, Hingefind, and DynDom with literature-annotated

domains and movable parts. Rigid blocks are highlighted by different colors. Linear diagram at the bottom shows projection of rigid blocks on

polypeptide chains. RigidFinder found 10 rigid blocks, with five corresponding to the four domains of PPDK: PEP/pyruvate domain (in green),

His-domain (in red), ATP-grasp domain with two movable subdomains (in blue and magenta), and central domain (in orange); four corresponding

to loops that change orientation (in cyan, brown, pink, and dark green); and one corresponding to the tethering linker of His-domain (in yellow).
Results are in very good agreement with the description provided in.23 Hingefind and DynDom provide less detail on the possibly functional

relevant small blocks.
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of sensitivity cutoff d to calculate rigid block partitioning

for this protein. A comparison of the two protein confor-

mations revealed eight rigid blocks (Fig. 7). The largest

rigid block corresponded to the "palm" domain, while a

slight closing of the "thumb" and "fingers" domains

resulted in detection of a rigid block for each (this

motion was not detected by either DynDom and Hinge-

find). Additionally, RigidFinder reported a block for loop

712–720, which changes its conformation as a rigid body.

The specificity loop (residues 739–772) largely refolds

but residues 743–752 have the same conformation and

are reported as a rigid block. The large motion of an

N-terminal domain results in its easy detection as a sec-

ond largest rigid block.

Another region (residues 7–71) undergoes a complex

transition. The position and conformation of residues 21–

43 does not change, and RigidFinder includes them in the

largest rigid block along with the "palm" domain. The

region of residues 47–56 also does not change conforma-

tion but flips by about 908 to form a single helix with resi-

dues 21–43. Considering that residues in these two stretches

are in direct contact with the largest moving domain of the

polymerase they may play important role in the modula-

tion of conformational transition. Other residues in region

7–71 are not included in any rigid block.

Finally, only RigidFinder was able to detect a rigid

block in the H-subdomain (residues 151–190), which was

previous believed to completely refold. While the block is

Figure 7
Comparison of rigid block assignment in T7 RNA polymerase made by RigidFinder, Hingefind, DynDom with literature-annotated movable parts.

Rigid blocks are highlighted by different colors. Linear diagram at the bottom shows projection of rigid blocks on polypeptide chains. RigidFinder

found eight rigid blocks, with four corresponding to the four domains: ‘‘palm’’ domain (in green), ‘‘fingers’’ domain (in red), ‘‘thumb’’ domain (in

orange), and N-terminal domain (in blue); and four corresponding to loops and refoldable regions (in yellow, magenta, cyan, and brown).

RigidFinder demonstrates the best agreement with the descriptions provided in Refs. 4 and 5.
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small (residues 159–163), it may be essential by serving

as a folding core while the folding itself can be modu-

lated either by the length of the initiated RNA transcript

or movement of the C-terminal domain.

In conclusion, the RigidFinder method detected all

known and one extra feature of structural rearrangements

up to the resolution of loops in T7 RNA polymerase. As in

the previous example, the result was achieved without prior

knowledge of the number and sizes of those elements.

RNA polymerase II

The complex of RNA polymerase II consists of 12

polypeptide chains with lengths ranging from 46 to 1423

residues, with a total of 3627 residues refined in a crystal

structure. Free and elongation structures are mainly dif-

ferent in the orientation of clamp.33

We used the location of the first maximum on the

robustness curve [Fig. 3(C)] to set 2 Å as the most suitable

value of sensitivity cutoff d to calculate rigid block parti-

tioning for this protein. We also considered partitioning at

the second maximum, that is, at a 3.25 Å value of cutoff, to

confirm residue shift around the DNA helix (see below).

With a value 2 Å of sensitivity cutoff, RigidFinder

found 15 rigid blocks (Fig. 8). It clearly identified that

the majority of the complex (�2200 residues) holds as a

rigid body and clamp swing is the second rigid body.

Several other rigid blocks found included regions around

the DNA helix, a total of �600 residues that shift by a

few angstroms in elongation conformation toward the

helix to wrap it tighter for, presumably, better processiv-

ity. Remarkably, RigidFinder was sensitive enough to

detect this shift that has not been noticed before. The

shift was not annotated in the literature nor detected by

Figure 8
Comparison of rigid blocks assignment in RNA Polymerase II made by RigidFinder, Hingefind, and literature annotation. Linear diagram at the

bottom shows projection of rigid blocks on polypeptide chains. Lengths of short chains are not proportional. Two different RigidFinder partitions,

for cutoff 2 and 3.25 Å, are shown. There are 15 and 10 blocks, respectively. Rigid blocks are highlighted by different colors with all small blocks

colored in black. RigidFinder found previously uncharacterized motions of regions wrapping the DNA helix.
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Hingefind (DynDom cannot handle multiple chain pro-

teins). However, we argue that this motion is real as Rig-

idFinder finds rigid blocks, in the same location even at

decreased sensitivity (cutoff value of 3.25 Å).

The remaining rigid blocks represent various loops

that only slightly alter their conformation in two struc-

tures. Most of them become parts of larger rigid blocks

when sensitivity is reduced, which we attribute to the

low resolution of RNA polymerase II crystal structures

(resolution �2.8 Å with R-free of �0.28). However, loop

865–872 was consistently detected at both cutoffs. There-

fore, RigidFinder demonstrated excellent agreement with

published results and was able to detect novel motion of

large regions adjacent to the DNA helix and alterations

in loop conformations.

GroEL/GroEL-GroES

GroEL and GroEL-GroES are the two conformations

of E.coli’s chaperonin complex, assisting protein folding

with the consumption of ATP. The GroEL complex con-

sists of 14 identical chains of 526 residues each, compris-

ing two symmetrical rings (cis and trans) stacked back to

back. Co-chaperonin GroES binds to the cis ring and sta-

bilizes the massive movement of domains in the ring to

form a folding chamber.27,28

We identified rigid blocks in GroEL/GroEL-GroES by

comparing both conformations of individual chains

(at 2.5 Å of cutoff) and the whole complexes. When

comparing individual chains, RigidFinder clearly identi-

fied three rigid blocks corresponding to the known

domains of GroEL chains. For analysis of the whole com-

plexes, we used 6 Å as cutoff. We chose this value

because we observed that the most robust partitioning is

observed when the value of sensitivity cutoff is between

5.5 and 7 Å (Supporting Information Figure S2).

A comparison of GroEL and GroEL-GroES complexes

revealed 34 rigid blocks (Fig. 9). The largest block included

the trans ring and all equatorial domains from chains

comprising the cis ring (one for each chain). Fourteen more

blocks corresponded to the intermediate and apical

domains of the cis ring (two for each chain). Seven other

blocks included residues from regions 420–445 and some-

times 105–120 from equatorial domains of the cis ring. Sur-

prisingly, the same regions in the trans ring were detected in

only four chains and were by 5–10 residues shorter, which

may be due to a slight asymmetry of structures. Remarkably,

those regions represent conformational changes not charac-

terized before. In both rings, the described rigid blocks are

located on the ring interface and involved in cross-ring

interaction. Other rigid blocks corresponded to smaller

loops with sporadic locations in the structure. Because of

the decreased method sensitivity and nonsymmetrical loca-

tion of those loops, we question their relevance to the analy-

sis and do not describe them here.

Hingefind produced partitioning similar to Rigid-

Finder and literature description. However, the largest

rigid block (consisting of trans ring and all equatorial

Figure 9
Comparison of rigid blocks assignment for GroEL-GroES chaperonin made by RigidFinder, Hingefind, and literature annotation. Linear diagram at

the bottom shows projection of rigid blocks on polypeptide chains. Each chain is 526 residues long. Blocks found by RigidFinder are in excellent

agreement with known annotation,28,34 but RigidFinder identifies additional rigid blocks (shown in orange). Hingefind is not able to find all

residues in the largest rigid block (shown in green) that includes the trans ring and equatorial domains from the cis ring. Hingefind misses six

equatorial domains and reports them as separate rigid blocks (shown in yellow). Boundaries of these blocks are also imprecise (linear diagram on

the bottom). Similarly, boundaries of apical (shown in blue) and intermediate (shown in red) domains are not correct.
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domains) was split into two highly nonsymmetrical rigid

blocks, namely: one consisting of trans ring and one

equatorial domain and the other one from six equatorial

domains. Taking into account that GroEL and GroEL-

GroES complexes are symmetric, we feel that such

partitioning is not reasonable.

DISCUSSION

In this work, we developed and applied a novel

method, RigidFinder, for the assignment of movable rigid

blocks from two different conformations of large macro-

molecular, multiple, and single chain proteins. With the

aim of developing a sensitive method, we considered a

block to be rigid if all inter-residue distances are almost

the same, that is, the difference in distance between any

two residues in a block is less than the value of sensitiv-

ity cutoff d. Following this definition we applied an effi-

cient heuristic algorithm to find the largest rigid block.

Iterative application of the algorithm identifies multiple

rigid blocks in a given protein structure.

The method has been tested on proteins from the

Database of Molecule Motions and its application to sev-

eral macromolecular proteins, Pyruvate Phosphate Diki-

nase, T7 RNA Polymerase, RNA polymerase II, and

GroEL have been described. In all cases the results of

RigidFinder were in excellent agreement with previously

described motions and function annotation for each of

the proteins. However, RigidFinder was able to detect

previously unreported rigid blocks that can potentially

have functional implications. It was demonstrated that

RigidFinder is indeed very sensitive and, for two given

conformations of a protein, it is capable of detecting

rigid blocks in the full range of sizes from large domains

to loops as small as four residues long. The minimal size

of four residues arises as a natural limitation due to the

inherent variability in protein structure. Remarkably, the

method does not require a specific number of rigid

blocks as an input; thus, the search for rigid blocks by

RigidFinder is exhaustive and objective.

Comparison of RigidFinder results against results from

DynDom17 and Hingefind,21 other methods aimed at

movable rigid block identification, revealed that Rigid-

Finder provides substantially more details on possible

functional small blocks. This result is not surprising as

both DynDom and Hingefind were designed to identify

large domains/blocks that exhibit clearly identifiable

rigid-body movements and are likely to ignore small

structural variations.

The analysis of rigid blocks by RigidFinder has a few

limitations. Experimental error in atom positioning

imposes the lower limit on sensitivity cut off, which, we

estimated, is around 1 Å. Also, the fact that the method

is more sensitive to smaller rigid blocks obviously

increases the risk that experimental artifacts affect it.

To facilitate usage of the RigidFinder method, we set up a

user-friendly web server for rigid block analysis using

RigidFinder at (http://rigidfinder.molmovdb.org; Fig. 5).

Efficient implementation of the underlying search algorithm

allows on the-fly identification and visualization of rigid

blocks, thus allowing a user to quickly sample values of sensi-

tivity cutoff d to find the optimal one. An additional benefit

of the server is that a user does not need to install any soft-

ware and can work from his/her favorite browser or save the

whole web page for local use. The server is interactively

linked to the new multi-chain morphing server (http://

morph2.molmovdb.org) with the option of using superposi-

tion by any calculated rigid block to generate a morph.

Besides applying the RigidFinder method to the analy-

sis of motions in individual macromolecular protein

complexes, it can be used in the large-scale analysis of

motions and to improve motions predictions by NMA

Figure 10
Explanation of residues categories for method comparison. This

hypothetical example shows two assignments (Assignment #1 and

Assignment #2) with three and two rigid blocks, respectively. Blocks are

colored green, red, and orange. Residues in overlapping assignments can
be classified as equivalent, split, or different. If both blocks have largest

mutual overlap then overlapping residues are classified as equivalent, as

in case of green and orange blocks. Red block by Assignment #1 has

largest overlap with the green block by Assignment #2 but the opposite

is not true. Such overlapping residues are classified as split. All other

overlapping residues are classified as different, i.e., those that are not in

equivalent or split categories. New residues are those that are assigned

to a rigid block by only one method.
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analysis.3 Information about rigid blocks can also be

used for better morphing between protein conformations.

Thus, RigidFinder is a novel, unique, convenient, and

freely available tool for the scientific community.

METHODS

Methodology to compare different block
assignments

Given two rigid block assignments (termed Assignment

#1 and Assignment #2) we introduced four different cate-

gories of residues for comparison (Fig. 10):

� Equivalent—overlapping residues from blocks of

Assignment #1 and Assignment #2 that have the largest

mutual overlap;

� Split—overlapping residues from blocks of Assignment

#1 and Assignment #2 where only one block has the

largest overlap with the other;

� Different—overlapping residues from blocks of Assign-

ment #1 and Assignment #2 that cannot be classified

as equivalent or split;

� New—residues not assigned to any rigid block by one

of the methods.

The suggested set of categories represents a comprehen-

sive classification of variations between two given block

assignments with a direct quantification of differences and

similarities. If most of the residues are equivalent then the

two assignments are similar. When assignments are differ-

ent then the nature of differences can be revealed: split resi-

dues will indicate split(s) in rigid blocks into two or more

smaller blocks, while different residues will indicate differ-

ent block boundaries.

Defining the size of short fragments
and gaps to be removed/clustered
during post-processing

Rigid blocks do not necessarily consist of a single poly-

peptide fragment. Consequently, a rigid block can be

described as a set of fragments of the polypeptide chain

with gaps between. However, flexibility and random

errors occurring during structure determination lead to

natural variations in protein structure. Because of these

variations, residues with inter-residue distances near the

threshold can potentially be included or excluded ‘‘by

chance.’’ This increases the fragmentation of rigid blocks.

It is intuitively clear that these gaps will be short. To

study this effect and determine the optimum ‘‘gap/frag-

ment size,’’ we analyzed the fragmentation of rigid blocks

on the test data set.

The RigidFinder algorithm was applied to every pair

of conformations in the test data set with different val-

ues of sensitivity cutoff d. Distributions of fragment and

gap sizes for the largest rigid block were then produced

(Figs. 11 and 12). All the distributions can be well

described by exponents except for region 1–3, where the

frequency of events is almost a full order of magnitude

higher than expected by interpolating exponents. These

fragments and gaps of lengths from 1 to 3 represent the

natural variation in the protein structure, while larger

Figure 11
Distributions of fragment sizes comprising the largest rigid block in each protein of the test data set at different values of sensitivity cutoff d. The

solid black line represents the fit of distributions by exponents. The distributions are very different from exponents in regions 1–3.
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fragments, with distribution described by exponents,

represent fragmentation due to the chosen cutoff d. On

the basis of this analysis, we clustered/removed from

rigid block assignment fragments and gaps of sizes up

to three, as those are likely to represent variations and

random residues in protein structure rather than

motions.

Figures preparation

Pictures were prepared with the aid of the ROOT data

analysis framework (http://root.cern.ch), an extensive

molecular modeling package by Chimera,35 and the

freely available program Belka that has RigidFinder inte-

grated (http://rigidfinder.molmovdb.org).
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