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Molecular replacement (MR) is the method of choice for X-ray

crystallographic data phasing when structural data of suitable

homologues are available. However, MR may fail even in cases of

high sequence homology when conformational changes arising for

example from ligand binding or different crystallogenic conditions

come into play. In this work, the potential of normal-mode analysis as

an extension to MR to allow recovery from such drawbacks is

demonstrated. Three examples are presented in which screening for

MR solutions with templates perturbed in the direction of one or two

normal modes allows a valid MR solution to be found where MR

using the original template failed to yield a model that could

ultimately be re®ned. It has been shown recently that half of the

known protein movements can be modelled by displacing the studied

structure using at most two low-frequency normal modes. This

suggests that normal-mode analysis has the potential to break tough

MR problems in up to 50% of cases. Moreover, even in cases where

an MR solution is available, this method can be used to further

improve the starting model prior to re®nement, eventually reducing

the time spent on manual model construction (in particular for low-

resolution data sets).
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1. Introduction

Molecular replacement (MR) is the most cost-

effective method for solving the three-dimen-

sional structure of a new protein by X-ray

crystallography. The success or failure of MR

depends on a variety of factors, not least of

which are the diffraction data quality in the

mid- and low-resolution range and the number

of molecules in the asymmetric unit cell that

have to be placed. The decisive factor is the

availability of a template of suf®ciently high

structural homology to the target. However, it

is likely that most structural genomics projects

have already encountered the frustrating

situation where MR failed despite a `good'

template with high sequence similarity (or

even identity) to the target. On the eventual

phasing of the diffraction data by applying

more time-consuming experimental methods

such as multiple isomorphous replacement

(MIR) and multiple-wavelength anomalous

diffraction (MAD), it often turns out that the

`new' structure exhibits an important confor-

mational change with respect to the original

template, explaining a posteriori the failure of

the MR attempt. A priori modelling of the

most likely conformational changes that a

given template might undergo would thus be of

signi®cant bene®t and could eventually allow

an increased number of crystal structures to be

solved by MR.

Here, we propose normal-mode analysis

(NMA) as a powerful tool for anticipating the

most likely conformational changes of a given

template and to screen its perturbed structures

for possible MR solutions. The rationale

behind this approach is as follows. It was

noticed almost 20 years ago, using empirical

force ®elds and a protein description at the

atomic level, that one of the largest amplitude

motions predicted by normal-mode theory for

proteins, that is one of the lowest-frequency

normal modes of motion, often compares well

with their functional conformational change as

observed by crystallographers upon ligand

binding (Harrison, 1984; Brooks & Karplus,

1985). More recently, using much more

simpli®ed protein descriptions, namely elastic

network models (Tirion, 1996; Bahar et al.,

1997; Hinsen, 1998), it was shown that of 3800

known protein motions more than half can be

described well by perturbing the considered

protein along the direction of at most two low-

frequency normal modes (Krebs et al., 2002),

that is, by displacing the structure along two

corresponding perpendicular directions of the

con®gurational space. Moreover, when the

collective character of the protein motion is

obvious, a single low-frequency normal mode

often proves to be suf®cient and it is usually

one of the three lowest-frequency modes

(Tama & Sanejouand, 2001; Delarue & Sane-

jouand, 2002). Such results strongly suggest
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that protein movements between open and

closed forms (e.g. without and with ligand)

may actually be under selective pressure to

follow mainly one or a few low-frequency

normal modes of the protein.

This suggests a screening approach in

which a given template is perturbed with

varying amplitudes in the direction of one or

two of its low-frequency normal modes. One

would then look for minima in the resulting

R values after standard MR, optionally

followed by a simulated-annealing and/or an

energy-minimization re®nement step. To

evaluate the potential of this idea, which has

been considered once before in the case of

the determination of the low-resolution

structure of F-actin (Tirion et al., 1995), we

selected proteins for which the structures

are known in two different conformations

(Echols et al., 2003) and for which structure

factors have been deposited in the Protein

Data Bank (PDB; Berman et al., 2000).

Proteins with two distinct domains

connected by a single linker peptide (such as

the diphtheria toxin or immunoglobin) were

excluded, as the standard MR procedure

would be to attempt a two-body search in

these cases. Also omitted are proteins with

only small conformational changes as these

would most likely be of no challenge in MR.

The idea is then to use one of the two

protein models as an MR template in order

to solve the structure of the other protein.

Here, we present results for three repre-

sentative cases in which the original

template failed to give a proper solution but

the perturbed model did: maltodextrin-

binding protein (Zanotti et al., 1992), HIV-1

protease (Backbro et al., 1997) and gluta-

mine-binding protein (Hsiao et al., 1996).

Although we limit this analysis to cases with

100% sequence homology for the sake of

simplicity, the ideas presented in this paper

can readily be applied to the more general

situation where the sequences of the

template and target are different. In that

case a number of different protocols can be

applied, including using all-alanine or

homology-based models in different stages

of the procedure.

2. Methods

Protein models (targets and templates) and

the corresponding structure factors were

downloaded from the Protein Data Bank.

Targets were orientated onto the templates

using rigid-body superposition. All atomic B

factors were set to a value of 10 AÊ 2 prior to

MR. The MR search was performed using

the stand-alone version of AMoRe in fully

automatic mode and data to a resolution of

3.2 AÊ (Navaza, 1994). Based on the best

rotation/translation function(s) found by

AMoRe, the models were re®ned to 3.2 AÊ

resolution using the standard protocol

implemented in CNS: reorientation with the

`realspace_transform.inp' script followed by

initial B-factor and bulk-solvent corrections

and two cycles of simulated annealing (only

applied for the glutamine-binding protein, as

discussed below) and coordinate and indi-

vidual B-factor minimization (constrained

torsion-angle dynamics) as implemented in

the `re®ne.inp' script. All parameters of

these script were kept to their default values

(BruÈ nger et al., 1998). Root-mean-square

deviations (r.m.s.d.s) between the C� atoms

of two proteins and the fraction of C� atoms

that are closer than 3 AÊ were computed

using LSQMAN from the DEJAVU

package (Kleywegt, 1996). Normal modes

were computed based on ideas from Tirion

(1996) as implemented by Tama & Sane-

jouand (2001) using the RTB approach

(Durand et al., 1994; Tama et al., 2000). All

calculations were perforned in all-atom

mode applying a 5 AÊ cutoff in the de®nition

of the elastic interactions. A web interface to

these tools for automatic computation of

NMA-perturbed structures for MR

(including the cases presented here as pre-

computed examples) is available at http://

igs-server.cnrs-mrs.fr/elnemo/index.html.

The Fortran source code of the software is

available at http://ecole.modelization.free.fr/

modes.html. Normal modes are numbered

by increasing frequency values, the ®rst six

zero-frequency modes being the three trivial

rigid-body translational and rotational

modes. The lowest non-trivial normal mode

is thus mode 7.

3. Results

The maltodextrin-binding protein is a prime

example for the application of NMA to MR

(see Table 1 for details). It is constituted of

two domains of about equal size. Upon

ligand binding, the maltodextrin-binding

protein undergoes a hinge movement from

its open towards its closed conformation. We

assume the open form to be our MR target

as structure factors are only available for

this model. Rigid-body superposition

between template and target allows ®tting of

the larger of the two domains, which corre-

sponds to 59% of the residues. The r.m.s.d.

between the C� atoms belonging to this

domain is 0.98 AÊ . An MR search using the

closed form as a template allowed the

identi®cation of the correct rotation/trans-

formation function, but even after a re®ne-

ment step (energy minimization) the ®nal

free R factor of the resulting model

remained at the quite high value of

R = 51.1%. This is because of the unmatched

second domain of the protein. By perturbing

the structure of the protein, following the

lowest-frequency mode (mode 7), we ®nd

that this movement captures the conforma-

tional change quite well. Rigid-body super-

position of the target and the perturbed

template shows that 91% of the residues of

the perturbed template have a r.m.s.d. of

1.2 AÊ with respect to the C� atoms of the

target. The total r.m.s.d. for all C� atoms is

1.4 AÊ , compared with 3.8 AÊ in the case of the

unperturbed template. Application of stan-

dard MR and re®nement with the optimal

Table 1
Overview of the crystallographic parameters, molecular-replacement results and re®nement statistics.

Maltodextrin-binding protein HIV-1 protease Glutamine-binding protein

Target 1omp 1ajx 1wdn
Template 1anf 1hhp 1ggg
No. residues 370 99 224
No. re¯ections² 5851 4280 3796
Completeness³ (%) 97.9 78.9 97.1
Space group P1 P212121 P212121

No. molecules 1 2 1
Best mode Mode 7 Mode 11 Modes 7 + 8
Perturbation§ 180 60 200 + 40
CC/R factor}

Target 86.0/20.9 73.2/31.3 72.1/29.9
Template 25.8/49.0 31.0/50.0 26.1/50.3
Best NMA 33.5/46.4 57.7/39.7 21.3/51.6

Rwork/Rfree²²
Target 16.5/23.3 35.4/38.6 25.9/35.9
Template 43.0/51.1 52.8/54.1 45.3/54.0
Best NMA 38.8/45.3 41.8/46.0 35.2/47.1

² Number of re¯ection theoretically available to a resolution of 3.2 AÊ . ³ Completeness to a resolution of 3.2 AÊ . § Arbitrary

units. Using Tirion's elastic network model, normal-mode frequencies as well as the corresponding unit for the displacements along

a normal mode are de®ned through a scaling free factor, which was set to k = 10 in the present study. } The CC and R factor of

the best translation/rotation solution(s) found by AMoRe (Navaza, 1994) when using data to 3.2 AÊ resolution. ²² Final R factor

for the working and the test set after CNS (BruÈ nger et al., 1998) re®nement using standard parameters to 3.2 AÊ resolution.
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perturbed model yields a ®nal free R factor

of 45.3%. An animated view of the predicted

protein movement following its lowest-

frequency mode is presented online (Suhre,

2004). A full analysis of the observed

conformational changes between its opened

and closed state is available via the

molmovdb website (http://molmovdb.org).

This corresponds to a gain of

almost 6% in the free R factor.

Visual inspection of the corre-

sponding electron-density map

and further re®nement to higher

resolution shows that here a

solution for the entire protein

was found, whereas only 60% of

the protein could be modelled

using the original template. In

Fig. 1, the result of the search for

MR solutions is shown in which

one of the three lowest normal

modes (modes 7, 8 and 9) is used

to apply the perturbation. In this

case, the free R factor depends

continuously on the perturbation

and the optimum can already be

identi®ed after the MR step.

Note that modes 8 and 9 do not

yield any MR solution better

than the original template.

Our second example, HIV-1

protease, pictures a case where

two molecules per asymmetric

unit have to be placed by MR.

This is a relatively small protein

with less than 100 residues and

the conformational change

between the two forms mainly

concerns a single antiparallel

�-sheet (see Suhre, 2004). Using

one molecule of the original

template, corresponding to the

open non-liganded form of the

protein, the correct position of

the second molecule, with both

molecules of the target being in the closed

form, could not be found. Unsurprisingly,

the ®nal free R factor obtained with such a

model is quite high, R = 55.1%. Application

of an appropriate normal-mode perturba-

tion along mode 11 eventually allows the

identi®cation of a suitable rotation/transla-

tion function which results in a sudden

decrease of the R factor, the best model

having a ®nal free R factor of R = 46.0%

(Fig. 2 and Table 1). Visual inspection of the

corresponding electron-density maps shows

that in this case NMA clearly yields a solu-

tion, whereas this is not the case when the

original template is used. Note that some of

the other modes also yield `good' solutions.

As a third example, we chose glutamine-

binding protein. This protein undergoes

extensive conformational changes (hinge

movement) between its open and closed

forms. Rigid-body superposition of both

models allows the ®tting of a large domain

that contains about 60% of the residues (134

of 224) with an r.m.s.d. of 0.8 AÊ , while the

r.m.s.d. between all C� atoms is as large as

5.3 AÊ . An MR attempt using the open form

as a template to solve the structure of the

closed form failed with a free R factor after

CNS re®nement (simulated annealing and

energy minimization) of 54.0%. Similarly,

screening for an MR solution using NMA

perturbation along only one low-frequency

mode also failed. Eventually, a bimodal scan

yielded a solution when combining pertur-

bations in the direction of the two lowest

normal modes, the best model having a ®nal

free R factor of 47.1% (Fig. 3 and Table 1).

The r.m.s.d. between all C� atoms of this

highest-scoring perturbed template and the

target is 2.1 AÊ and more than 90% (202) of

the residues have an r.m.s.d. of 1.6 AÊ to the

target. However, in this case a simulated-

annealing step was necessary for conver-

gence of the re®nement, because no optimal

model was found at the level of the MR step,

which is at variance with what was observed

with our two previous examples. This parti-

cular bimodal screen took about 13 h of

CPU time to complete on an Athlon 2400+

processor (MR with AMoRe and CNS

re®nement of 231 models).

Finally, we should also brie¯y mention

two cases where the use of NMA for MR is

not that ef®cient. In order to obtain better

results with a perturbed model than with the

original template to solve the structure of

the closed form of citrate synthase (437

residues; PDB code 6csc) with its open form

(PDB code 5csc) as a template, we had to

screen three low-frequency normal modes;

this yielded only a slightly improved free R

factor of 44.5% compared with 45.2%

obtained with the original template.

However, as the original template already

yields a `good' solution, this may not be such

a surprising result. Attempts to apply the

same approach to the quite large lactoferrin

protein (691 residues; PDB code 1cb6, open

form, used as target; 1lcf, closed form, used

as template) failed. In fact, successive

Figure 1
Maltodextrin-binding protein. Fraction of aligned residues, using LSQMAN and a cutoff distance of 3 AÊ (a) and
CNS ®nal free R factor (b), as a function of the perturbation dq (in arbitrary units) of the template along modes 7
(blue circles), 8 (red squares) and 9 (green triangles).

Figure 2
HIV-1 protease. AMoRe R factor as a function of the perturbation
(in arbitrary units) of the template along one of its seven lowest-
frequency normal modes.

Figure 3
Glutamine-binding protein. CNS ®nal free R factor as a function of
the perturbation along modes 7 and 8; circle size is proportional to
65 ÿ R factor; colour code: R factor better than 50, green; better
than 55, yellow; other, red; missing circles in the screened range
(100±300 arbitrary units for mode 7; 0±100 for mode 8; step size 10)
indicate that CNS failed to re®ne the corresponding model.
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application of the optimal perturbation

(computed by projecting the difference

vector between the open and closed forms

onto the normal modes) along the ®rst ten

normal modes steadily decreases the r.m.s.d.

between all C� atoms, but in the process the

®nal free R factor goes through a maximum

of R = 55.3% when the fourth mode is

added, reaching a value of R = 45.4% only

when the eleventh mode is also taken into

account. If we compare this to the free R

factor of R = 47.0% obtained with the

unperturbed template, we conclude that

lactoferrin falls into the class of cases where

more than two low-frequency modes are

needed in order to anticipate its conforma-

tional change.

4. Discussion

Molecular replacement is the most cost-

effective method for solving the three-

dimensional structure of a new protein by

X-ray crystallography and it is thus the

method of choice for structure determina-

tion. However, MR may fail even in cases of

high sequence homology when conforma-

tional changes, e.g. arising from ligand

binding or different crystallogenetic condi-

tions, come into play (by failure of the MR

approach we mean that no re®nable model

can be found and that additional experi-

mental techniques are required to achieve

phasing of the diffraction data). Here, we

demonstrate the potential of normal-mode

analysis as an extension to MR that allows

recovery from such drawbacks. We have

provided three examples where application

of standard MR protocol did not allow

solution of the structure of a protein in one

conformation (open or closed), whereas

using a template perturbed following one or

two low-frequency modes allowed lowering

of the ®nal free R factor below the `noise'

limit of about 50% (also con®rmed by visual

inspection of the resulting electron-density

maps and further re®nement to higher

resolution). Although we limited our

analysis to cases where template and target

have 100% sequence identity, this approach

should also be applicable to templates with

much lower sequence similarity. Ideally, one

would then start by building a homology

model, e.g. using programs such as

MODELLER (Sali & Blundell, 1993). Such

a protocol is already implemented in CCP4

(Collaborative Computational Project,

Number 4, 1994), so that an extension of

CCP4 including normal-mode perturbation

between the homology-modelling step and

MR can be envisaged. Note also that NMA

has already been used in order to re®ne

temperature factors (Diamond, 1990; Kidera

et al., 1992) based on the fact that atomic

¯uctuations computed by NMA are often

found to be well correlated with crystallo-

graphic B factors (Bahar et al., 1997).

Therefore, adding B-factor values predicted

by NMA to the perturbed templates could

also prove useful.

Overall, our approach can be viewed as

perturbing the original template structure in

different (but still physically meaningful)

directions until one of the new models

comes close enough to the searched struc-

ture to identify an MR solution. Even in

cases where an MR can be found, this

method can be of interest to further improve

the starting model for re®nement, eventually

reducing the time spent on manual

construction. This should be particularly

true when working with low-resolution data

sets. Jones (2001) has discussed the potential

of such fold-recognition models for MR, but

without referring explicitly to normal-mode

perturbations, as presented here. As

previously mentioned, an increase in MR

success rates would be especially valuable in

the context of the ongoing high-throughput

structural genomics projects (Rupp et al.,

2002).

It has been shown recently (Krebs et al.,

2002) that half of the known protein move-

ments can be modelled by displacing the

studied structure using at most two low-

frequency normal modes. A screening

procedure following ideas presented in this

paper would be highly ef®cient and paral-

lelizable on a cluster of Linux PCs. Thus,

NMA analysis may prove able to break

tough MR problems in up to 50% of cases.
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