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Abstract: The binding states of the substrates and the environment have significant influence on

protein motion. We present the analysis of such motion derived from anisotropic atomic
displacement parameters (ADPs) in a set of atomic resolution protein structures. Local structural

motion caused by ligand binding as well as functional loops showing cooperative patterns of

motion could be inferred. The results are in line with proposed protonation states, hydrogen
bonding patterns and the location of distinctly flexible regions: we could locate the mobile active

site loop in a virus integrase, distinguish the subdomains in RNAse A and hydroxynitrile lyase, and

reconstruct the molecular architecture in a xylanase. We demonstrate that the ADP-based motion
analysis provides information at high level of detail and that the structural changes needed for

substrate attachment or release may be derived from single X-ray structures.

Keywords: atomic resolution; atomic displacement parameters; molecular motion; catalysis;
functional unit

Synopsis: This article presents the investigation of

internal motion in a series of protein crystal struc-

tures. The study revealed internal flexibility of func-

tional units in the macromolecules. The study also

demonstrated that, for example the structural

changes needed for substrate attachment or release

may be derived from single X-ray structures.

Introduction

Molecular motion is a prerequisite for enzymatic ca-

talysis. Substrates and cofactors need to be admitted

and reaction products released. Often conformational

changes are needed to stabilize charges or accommo-

date the changing stereochemistry of the substrate

during the reaction. These changes may be subtle

and at the atomic level, such as the rotation of a sin-

gle side chain, but can also be of large scale, for

example the rearrangement of a whole domain. Most

often, it is a combination of both.1

Conformational adaptations play an important

role in the energy balance of an enzymatic reaction,

and the knowledge of them may help unravelling

the driving forces of catalysis, mechanisms of sub-

strate recognition and the influence of allostery. For

example, Lee and Craik2 showed that the use of allo-

steric inhibitors resulted in a loss of substrate bind-

ing and deactivation of the enzymes just as if the

inhibitors had been bound directly to the active site,

suggesting the molecules to be locked in an unfav-

ourable conformation. Indeed, certain regions in

macromolecules specifically change their patterns of

motion depending on the environment or the nature

of binding ligands. Identifying these regions and pin-

pointing the changes from structure analysis may

reveal conserved functional fragments in addition to

the sequence and structure conservation. The analy-

sis of molecular motion derived from the crystal

structures has also become of increasing interest for

drug design, where binding sites and their possible

adaptations during catalysis could be modelled.3

Crystallographic analysis of macromolecular

structures captures their picture in form of an accu-

rate 3D model. At sufficiently high resolution fine

structural and even electronic details can be directly

observed.4,5 The role of the constraints imposed by a
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crystal lattice is often overestimated. In the crystal

a macromolecule still retains an echo of the flexibil-

ity that it exhibits in solution.6 This flexibility is

reflected in the atomic displacement parameters

(ADPs) obtained during structure determination.7 If

ADPs are refined anisotropically, they allow deci-

phering not only the amplitudes of atomic motion,

but also their directionality.8

A protein crystal structure is typically deter-

mined to a resolution of about 2 Å, where the data-

to-parameter ratio does not allow the direct refine-

ment of anisotropic ADPs. For these structures

approaches requiring smaller number of parameters,

for example translation, libration, and screw (TLS)

analysis, can help dissect protein models into frag-

ments having concerted motion.9–11 If the resolution

of the crystallographic data is high enough, the indi-

vidual anisotropic ADPs can be used to reliably

describe directional motion and possible conforma-

tional changes, on the level of individual atoms.12

Here, we describe an approach for the analysis of

concerted directional motion in a set of atomic resolu-

tion protein crystal structures and discuss the effects of

ligand binding, environmental conditions (pH) and the

implications for the structure-function relationship.

Results

We used a set of 140 protein structures of various

sizes, protein families, enzyme classes, crystal forms,

which were obtained from the use of different refine-

ment programs and structure determination strat-

egies. We determined regions exhibiting concerted

motion, which we call ‘‘functional units.’’ A func-

tional unit could sometimes be as small as a single

residue, a structural element (helix or strand), but

could also comprise an entire domain. Five proteins

from this set were structures in different complexes

or chemical environment, and these, plus one addi-

tional case were used for a closer investigation of

ligand binding effects (Fig. 1).

General tendencies

To track possible effects from the crystallographic

refinement strategy, we analysed models containing

hydrogen atoms separately. However, as there was

no detectable difference, the statistics referred to

hereafter were obtained from the entire set of 140

structures. The classifiers used in the analysis (see

Methods) do not depend on crystallographic resolu-

tion, data completeness, protein size, atomic anisot-

ropy, lattice symmetry or space group. This indicated

that the adaptive setting of them worked well and

indeed reflected the intrinsic structural mobility.

One might have expected wedges of missing X-

ray data to affect the structure refinement and thus

also the anisotropic ADPs. However, we found only a

hardly significant correlation (10%) between the

atomic anisotropy and the completeness of the data.

Figure 1. Ribbon diagrams of representative structures. Each of these proteins was analysed as a set of structures with

different ligands or under different conditions. The coloring is in rainbow fashion starting with the N-terminus in blue.
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This may in part be due to the threshold of 90% (the av-

erage completeness for all structures is at 94%). Also,

we could not detect any correlation between average

atomic anisotropy, overall molecular anisotropy and

the resolution to which the structures were refined.

No robust tools yet exist for a thorough analysis

and validation of the values of anisotropic ADPs and

hence their accuracy is, as of now, practically unat-

tainable. For estimating the reliability of the

obtained directions of motion we looked at the three

rigidly covalently connected atoms pairs within each

residue (NACa, CaAC, and CAO) and their vectors

of principal directional motion, vpdm. We found that

their correlation values fall within a small range

which is about twice narrower than the one obtained

for the correlation values for neighbouring residues.

Interestingly, this was independent on the tightness

of the restraints used in the refinement. A validation

test that we carried out on a small subset of struc-

tures, where these restraints were artificially

altered, resulted in no significant changes in varia-

tion of the vpdm components within each residue.

As detailed in the Methods section, we define

blocks as sets of consecutive residues moving con-

certed (see Fig. 2). The first residue in each block we

call a node. A conserved node is a residue that is a

node in all structures of a subset. Blocks were

assembled into larger units called (molecular) frag-

ments if they were close in space and their direction

of motion was similar.

The majority of the structures shows a distinct

pattern of fragmentation and reflect ligand binding

Figure 2. Outline of the motion fragment assignment procedure. It starts from the sequence of residues (1), finding blocks

along them (2), and finally combining the blocks into (molecular) fragments (3).

Figure 3. Matrix plots (top row) and directions of motion (bottom row) for the hydroxynitrile lyase (HNL) structures. Top row:

The residue-based matrix plots show in-phase motion in blue, antiphase motion in red. Bottom row: For the CPK models the

XYZ components of the residue-averaged mpdm were translated into RGB color code, as described in Ref. 12, so that the

color hue indicates the direction of motion and the brightness the anisotropy. The division into ‘‘hydrolase domain’’ and ‘‘cap

domain’’ (bottom left; outlined, top part of the molecule) remains visible (see also Fig. 4).
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or changes in the environment (Figs. 3–5). In addi-

tion, the derived fragments mirrored well the molec-

ular architecture, as can be seen from the example

of a xylanase with the TIM barrel fold (Fig. 6). In

some cases the block and fragment boundaries corre-

spond to the domain boundaries.

Figure 4. Fragment assignment for HNL structures. Here the colors represent motion fragment numbers, starting at red for

fragment number 1 and following a rainbow scheme to orange-yellow-green-blue for higher fragment numbers. The fragment

numbering follows the fragment assignment (see Fig. 2). The cap domain (top part of the molecule, see also Fig. 3) is

underlain with gray in the lower, sequence part of the figure and distinguishes itself in the structures containing the acetone

(ACET) and thiocyanate (SCN) ligands. The structures containing acetone and isopropanol (ISOP) are more fragmented than

the other two.

Figure 5. Fragment assignment for the six atomic resolution structures of RNAse A.19,20 The representation and coloring is

the same as for Figure 4. The division into two subdomains is indicated by gray shading. Subdomain 1, underlain in gray,

shows further fragmentation upon increase of pH (left to right in the top row, top to bottom in the sequence maps).
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Ligand binding and environmental effects
Upon ligand binding an overall motion pattern is

generally retained. At the same time some residues

undergo distinct changes in the direction of motion.

A few examples are described below.

Example 1: avian sarcoma virus integrase (EC

2.7.7.49; transferases). This enzyme facilitates

the incorporation of the reverse transcribed viral

DNA into the host genome in two steps, called ‘‘proc-

essing’’ and ‘‘joining’’.13 The protein was considered

to be generally quite flexible. Three structures

(PDB-IDs: 1cxq, 1czb and 1cz9) constituted this set:

one mutant and two wild-type structures determined

at different pH. A prominent feature in this protein

is the highly mobile loop (residues 145–154) covering

the active site (Fig. 7). This loop is only visible in

the mutant structure (1cz9).13 Our fragmentation

pattern analysis identified residues 91 and 184 as

conserved nodes. The stretch 145 to 164 appears as

one single block and one fragment in the complete

mutant structure (1cz9, Fig. 7) but in the models

where the residues 146 to 151 are missing (1cxq and

1czb) it breaks up into four blocks (four fragments)

in 1czb and three blocks (two fragments) in 1cxq. In

1cz9, the active site loop shows high anisotropy val-

ues. As these residues belong to one motion frag-

ment (Fig. 8), this confirms the motion proposed by

the authors.13

Example 2: cholesterol oxidase (EC 1.1.3.6;

oxidoreductases). Cholesterol oxidase is a flavin-

dependent enzyme and its five structures (PDB-IDs:

1mxt, 1n1p, 1n4u, 1n4v, 1n4w14,15) were obtained at

different pH values and the effects of pH on the

interactions with the flavin moiety were studied.

The structures feature a tunnel admitting molecular

oxygen to the active centre. Opening and closing of

the tunnel is triggered by substrate binding and the

flexibility indicated by the presence of main- and

side-chain double conformers in that region. The

authors also state that conformational changes in

two surface loops would be required to admit the

substrate. No conformational changes had been

observed for the residues directly involved in sub-

strate binding, but their anisotropic ADPs were very

high. We found that these residues, Phe 444 and Tyr

446, belong to a small conserved block (i.e., embed-

ded between two conserved nodes) that starts at

around residue 442 and ends at residue 452, which

also includes the active site His 447.

Example 3: endothiapepsin (EC 3.4.23.22;

hydrolases). These aspartic proteinase structures

with different inhibitor complexes (PDB-IDs: 1gvt,

1gvv, 1gvw, and 1gvx16) represent different

Figure 6. Structure of a xylanase (1v0k, example 4)

showing the TIM barrel architecture of the molecule.

(A) Represented as a rainbow colored ribbon as in Figure 1.

(B) Colored for fragment numbers as in Figure 4.

Figure 7. The structure of avian sarcoma virus integrase

(1cz9, example 1) in the orientation where the active site

loop (full circle) can be seen. Start and end residues of the

loop are indicated with black arrows. The loop is part of a

larger motion fragment (dashed circle, light orange color).

Figure 8. Fragmentation pattern for the structures 1cxq, 1cz9 and 1czb (example 3). Fragments are colored as in Figure 4.

The loop covering the active site is underlain in gray. The structures where the loop is missing show a higher level of

fragmentation as can be seen from the number of occurring colors.
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transition state analogs. Two of the ligand binding

residues, Asp 35 and Ser 38, are situated in a highly

fragmented region, but still show almost the same

direction of motion, while the other two, Asp 219

and Thr 222 flank the conserved node residue Thr

220. Asp 35 moves entirely independently, but Ser

38 moves along with Asp 219 and Thr 222. Asp 35

was shown to be deprotonated in contrast to Asp

21916 and, the higher number of H-bonds involving

the neutral Asp 219 is, perhaps, one cause of its con-

certed motion with the other residues in that region.

The close contact between aspartates 35 and 219

might require a shearing motion for their H-bonding

interaction to be broken and the one to the inhibitor

to be established, which could be the reason for their

different directions of motion.

Example 4: xylanase (EC 3.2.1.8; hydrolases). The

four xylanase structures (PDB-IDs: 1v0k, 1v0l,

1v0m, 1v0n17) were determined at two different pH

values and with two different inhibitors, analogs of

xylobiose. The dynamic properties for these retain-

ing glucosidase structures had previously been

inferred only indirectly, as hydrogen atoms could

not be seen in the electron density: possible H-

bonding patterns gave an estimate of the level of

rigidity of the structure. Although no conserved

motion nodes have been identified in these struc-

tures, they revealed a similar overall block pattern.

The molecular organization of a xylanase is

depicted on the example of its native structure,

where each motion fragment consists of a helix-

strand stretch of the TIM barrel, plus there exists

an additional fragment containing one of the loops

around the active site (Fig. 6). These loops are a

unique characteristic of glucosidases and usually

define their specificity.18

Example 5: RNAse A (3.1.27.5; hydrolases). We

investigated the structure of RNAse A,19 a rather

small protein that displays an alpha–beta roll archi-

tecture. Its structure is U shaped with a hinge

region linking two subdomains. The hinge angle was

shown to depend on the pH (PDB-IDs: 1kf2, 1kf3,

1kf4, 1kf5, 1kf7, 1kf819,20). Our fragmentation analy-

sis reflects this molecular organization into two

regions with related directions of motion (Fig. 5).

Indeed, subdomain 2 shows antiphase motion to sub-

domain 1. The N-terminal part, residues 1 to 48,

consisted of 3 fragments in 1kf2 and showed further

fragmentation at higher pH (Fig. 5).

Example 6: HNL. HNL (E.C. 4.1.2.37; lyases) is

an enzyme used in industry for the production of

enantiomerically pure cyanohydrins, versatile com-

pounds for a wide variety of applications, such as

pharmaceutics and agriculture.21 The enzyme is a

compact molecule consisting of a core subdomain

featuring an a/b hydrolase fold and a so-called cap

domain that forms the access tunnel to the active

site.22 The cap domain seems to move apart its two

lobes in the native structure (Fig. 3) and in three

complexes with substrate analogs thus widening the

access tunnel to the active site (PDB-IDs: 3c6x, 3c6y,

3c6z, 3c7023). Our analysis showed that the motion-

based division of the structures into two subdomains

and the two lobes of the cap domain is visible in all

structures, although the directions of motion of these

segments may differ depending on the nature of the

ligands (Fig. 3). The number of motion fragments is

higher for complexes that contain ligands that are

structurally close to the natural substrate, acetone

and isopropanol (Fig. 4), or were obtained at very

low pH (result not shown). This conforms to the

requirement of the enzyme to admit the substrates

and release the products through the narrow access

tunnel. Also, it shows that catalytically relevant

flexibility and the mobility near the denaturing state

at low pH have similar characteristics.

Discussion

Relation to sequence similarity
Here, we used the Examples 1 to 4 which comprised

three to five structures of the same protein with dif-

ferent ligands (or no ligand) or at different condi-

tions (pH series). In endothiapepsin (Example 3) we

identified five conserved nodes. These were located

at the boundaries of highly conserved sequence

regions. In case of a xylanase (Example 4) with TIM

barrel architecture, we found no conserved nodes.

One may speculate that this may be a characteristic

of the (very abundant) TIM barrel topology. In an

example from the transferase family (Example 1)

the two conserved nodes were located at boundaries

of conserved regions in the sequence alignment (Fig.

9). Similarly to the xylanase case, the sequence and

structure conservation do not entirely coincide, a

fact that was also observed using the TLS fragmen-

tation patterns for citrate synthase, HIV-1 reverse

transcriptase and aspartate transcarbamylase.24

We observed that the conserved blocks of molec-

ular motion in a given subset of structures were gen-

erally found in regions with low sequence similarity.

We attribute this to the fact that the conserved resi-

dues are often the ones with high functional rele-

vance and are thus also dynamically important, that

is located in flexible regions. For example, in a study

by Zheng et al.25 using normal mode analysis, clus-

ters of sequence conserved residues in polymerases

were pinpointed as dynamically most important.

Relation to TLS fragments
The structure of human fibroblast growth factor 1

(FGF-1, PDB-ID: 1rg8) was analysed in terms of
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TLS fragments.26 The structure has a subdomain or-

ganization in which strands 1, 4, 5, 8, 9, and 12

form a b-barrel sitting on top of a b-hairpin triplet

consisting of strands 2, 3, 6, 7, 10, and 11 (Ref. 26

and Fig. 10). The b strands, of which the structure

largely consists, were used as the basis for the TLS

fragment definition.26 Two TLS rigid body domains

were assigned, one consisting of strands 1 to 5, and

the other of strands 6 to 12 (Ref. 26 and Fig. 10).

Using our ADP-based motion analysis we identified

four fragments in the structure, two of which were

large (containing 79 and 48 of the total of 146 resi-

dues). In addition, strand 12 and the link to strand

11 form a third, small fragment. Finally, the forth,

also small fragment consists of the linker between

strands 6 and 7 (residues 68–75) that corresponds to

a bridge between the two TLS rigid body domains.

The block encompassing residues 76 to 93 covers

strand 8 and a well-ordered turn region between

strands 8 and 9 that is a key region for the dimeri-

zation and receptor binding/recognition in different

members of the FGF family.26 Interestingly, the

motion fragments deduced from either TLS or the

ADP based analysis are different from the commonly

assigned domain structure.

Relation to normal modes
We compared the motion patterns in the structures

1cxq, 1cz9, and 1czb of avian sarcoma virus inte-

grase (Example 1) to normal mode analysis (NMA)

using the elNémo web service.27 The normal modes

predict possible vibrational modes based on the

atomic positions, and are output as a set of vectors

describing the average direction of motion for each

residue. However, different coordinates systems used

in NMA and ADP-based analysis impede direct com-

parison of vector directions. Another difference is

that the ADP-based analysis represents an overlay

of several modes of motion, while NMA lists vectors

and distance differences for the individual modes.

We used the NMA internal correlation patterns of

modes 7–11 for comparison to the ADP analysis and

found similarities. For example, NMA suggested the

residues of the active site loop of the 1czb structure

to have similar directions of motion, with correla-

tions between neighbouring residues in the range of

0.92–0.99. Similarly, the adjacent region of residues

156 to 163 shows high correlations of 0.96 to 0.99 in

all three structures in the NMA. The sequence con-

served block comprising residues 175–183 exhibited

common directions in the NMA modeling.

Figure 9. Sequence alignment for the 1cz9 structure of avian sarcoma virus integrase, example 1. Dark blue and green

shading indicates >50% identity, yellow 30–50% identity. The red arrows point out the motion-conserved nodes in the

structures, which lie on the borders of sequence-conserved regions. The red line indicates the loop covering the active site.

Figure 10. Structure of the human fibroblast growth factor

1. Panel (A) shows the structure colored according to its

structural domains with the ‘‘top’’ b-barrel in red and the

‘‘bottom’’ hairpin triplet in blue. While similarities remain,

neither TLS (panel C) nor our motion analysis (panel B) fully

support this domain definition.
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Implications and applications
The analysis of the anisotropic ADPs offers a power-

ful tool for the retrieval of dynamic properties from

a macromolecular model. This information comple-

ments the 3D atomic coordinates, reveals the subtle

changes that may not be seen by mere structure

comparison and may be extremely useful for the

investigation of protein-ligand complexes or pH-de-

pendent series. Indeed, in several examples pre-

sented here, the r.m.s.d. between the structures did

not reveal any significant variations while the direc-

tion of motion for the assigned fragments did.

Regions of concerted motion can be identified based

on classifiers that are independent on protein size or

the resolution of the X-ray data (provided it is high

enough). The binding state of the substrates and pH

has significant influence on the directional motion,

which can be derived from a single X-ray structure. If

applied to a series of structures containing different

ligands, the ADP-based motion analysis may cover a

wide range of possible conformations. The approach

alone, or in combination with the vibrational modes

and binding studies, may lead to a better understand-

ing of the energetics of enzymatic catalysis.

Methods

Extraction of directions of motion
We used a set of 140 protein structures in the PDB

that fulfilled the following criteria: data and refine-

ment to atomic resolution (1.2 Å or higher); ANISOU

(anisotropic displacement parameter) records pres-

ent; data completeness of 90% or higher (the average

data completeness for all structures is 94%); X-ray

data collection at cryogenic temperature. In case of

multimers in the asymmetric unit only one protein

chain (usually ‘‘A’’) was analysed and in case of multi-

ple conformers the default (‘‘A’’) was used. The aver-

age completeness of the 140 data sets is 96%, which

matches very well with 94%—the average complete-

ness of over 30,000 X-ray data sets in the PDB repre-

sented by the Uppsala Electron Density Server. The

subset of protein structures under investigation rep-

resented about one-half of the total number of protein

structures available to atomic resolution at the time

when this work has started (299 by mid-2007; this

number has grown to 900 in September 2009). For

the remaining structures, either not all selection cri-

teria were fulfilled or the required information could

not be derived from the PDB file headers. The extrac-

tion of directional motion from the ADPs was carried

out as described elsewhere.12 The longest semiaxis

vectors of the atomic ‘‘thermal ellipsoids’’ were used

as the vpdm. The anisotropy was defined as the ratio

of the longest to shortest axis length.12 Ambiguous

cases where two or more semiaxes lengths were equal

within a 5% margin were filtered out. Ribbon dia-

grams and CPK models of the structures were cre-

ated with Molscript28 and Raster3D.29

Averaging
For a residue-based analysis, the vpdm values were

determined from the ADP tensors averaged over all

atoms within each residue. The same procedure was

applied to the block-averaged analysis, where a

block was defined as a sequence of consecutive

residues showing similar direction of motion. The

discrimination between ‘‘similar’’ and ‘‘different’’

directions is described below.

Concerted motion and block assignment

We computed the correlation (absolute value of nor-

malized scalar product) between each pair of vpdm

vectors, Cij ¼ vpdm;i �vpdm;j

||vpdm;i||�||vpdm;j||
: The threshold discrimi-

nating between ‘‘similar’’ and ‘‘different’’ directions

was determined automatically for each structure.

The relatively narrow distribution of the normalized

scalar products from residue-averaged directions of

motion for pairs of consecutive residues served as a

measure for the overall intrinsic internal flexibility

of the protein molecule and yielded a useful metric.

We defined a threshold from the range of correlation

values set by the maximum occurring correlation

minus the standard deviation for the neighbor scalar

products. For smoothing, we employed a method pro-

posed by Yesylevskyy et al.,30 which provided a

modified correlation value for each residue pair that

is either upweighted or downweighted depending on

the correlation that a particular residue has to all

others. The threshold was then determined from

these modified neighbor scalar products. We vali-

dated the threshold values for subsets of structures

consisting of the same protein with different ligands

or at different pH. Indeed, the threshold values var-

ied only slightly, in the range of 1–5% within one

subset. For different (arbitrary) structures, those

variations are in the range of 15%. Residue pairs

with a scalar product higher than the threshold

were defined as moving concerted (with angles

between vectors up to ~30�). A motion block was

defined as a continuous region along the protein

sequence within which residues move concerted.

Block classification and molecular fragments

Blocks were assembled into larger molecular frag-

ments if they were close in space [determined by their

dimensions and distances between their centres of

mass (COM) i.e., the sum of their radii was smaller or

equal than their COM distances] and displayed simi-

lar directions of motion (see also Fig. 2). Sequence

alignment using the MacawWin31 program (BLO-

SUM62 search) against sequences available in Swis-

sprot (ExPASy)32 was used for the comparison of the

motion blocks to sequence-conserved regions.
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Vector orientation and relative direction of
movement

For comparison of the vpdm values between pairs of

atoms, residues or blocks we estimated whether

their directions are ‘‘in-phase’’ or ‘‘out-of-phase’’.

Rather than carrying out an excessive combinatorial

search, we used a simple model for the assignment

of the phase. Within one residue, we used distance

criteria as the system is small and the standard

stereochemistry is rigidly defined. For this, we first

scaled the vpdm values by the corresponding equiva-

lent isotropic displacement parameter. By addition

and subtraction of these scaled vectors to the atomic

coordinates, we created two extreme sets of ‘‘bound-

ary structures.’’ Their stereochemistry (1, 2 distan-

ces) within the residues was compared to the target

library values33 and to the values in the original

coordinate set, and for each atom the boundary posi-

tion causing less distortion was kept. Then, new

‘‘boundary structures’’ were constructed, their stereo-

chemistry checked and used for visualization and

analysis of the motion.

To estimate the relative motion between blocks

of residues, we built on the assumption for molecu-

lar vibration modes where the lowest energy (lowest

frequency) mode is usually a ‘‘breathing’’ or ‘‘pump-

ing’’ motion with respect to the COM. Hence, the

directional motion for blocks of residues should take

them away from (or towards) their common COM.

The directions of the vpdm vectors of the blocks were

inspected and their sign set to fulfil this condition

(e.g., ‘‘all-outwards’’). If during this procedure the

original direction of the vpdm vectors was reversed

then the corresponding phase change was back

applied from the blocks through the residues onto

the individual atoms. This information is exempli-

fied in the matrix plot to show which blocks move

in-phase or antiphase relative to each other (Fig. 3).
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