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ABSTRACT

Motivation: We investigate the relationship between the quality of
models of protein structure and their usefulness as search models
in molecular replacement, a widely used method to experimentally
determine protein structures by X-ray crystallography.

Results: We used the available models submitted to the Critical
Assessment of Techniques for Protein Structure Prediction to verify
in which cases they can be automatically used as search templates
for molecular replacement. Our results show that there is a correlation
between the quality of the models and their suitability for molecular
replacement but that the traditional method of relying on sequence
identity between the model and the template used to build it is not
diagnostic for the success of the procedure.

Availability: Additional data are available at http://cassandra.bio.
uniromal.it/mr-results-casp.html
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wherep(x, y, z) is the electron density at position,(y, z), 17"(h, k, 1)

is the vector describing the diffracted waves in terms of their
amplitudesF (h,k,l) and phases (the exponential complex term).
The electron density at each point depends upon a sum of all of the
amplitudes and phases of each reflection.

In a diffraction experiment, a crystal is irradiated with a particular
X-ray wavelength and the resulting diffracted waves are collected on
physical or electronic devices. However, in this passage from 3D to
2D all the information on the phases is lost, and this is one of the
fundamental problems of structural science.

By and large, there are three approaches to solving the phase
problem: direct methods, interference-based methods and molecu-
lar replacement (MR) methods. The first type of method consists
of using all the possible values for the phases in the Fourier trans-
form equation until an interpretable electron density is found; this is
feasible only for small proteins. The second method consists of meas-
uring the effect of adding a known set of waves to the system. This

1 INTRODUCTION can be done either by adding one or more high atomic number atoms
) . . (the so-called heavy atoms) to the crystal, thus solving the phase
X-ray crystallography is the most used and most effective technique o jem by multiple isomorphous replacement, or by substituting
for obtaining the structure of proteins and protein complexes. As 0Ly me atoms with specific heavy atoms able to scatter anomalously
today, the X-ray structures of tens of thousand of proteins are depogge jncident wave, thus solving the phase by multiwavelength anom-
ited in the Protein Structure Data Base (PDB) (Berns#eah, 1977) 50,5 dispersion. In other words collecting the data from one single
and this number is also continuously increasing owing to the efforts,y o) ot three different incident wavelengths is equivalent to col-
of structural genomics projects aimed at providing representativgyq(ing three datasets with three different heavy atoms. Finally, there
examples of the protein structural space. ) is MR, which is based on the observation that, if the atomic coordin-
~ Inan X-ray diffraction experiment, crystals of the protein of 5ie5,  and; are known, the structure factors can be computed
interest are irradiated with X-rays, and interference effects give risg . by inverse Fourier transform. This implies that one can identify

to a characteristic diffraction pattern. The electron density of th_ethe correct model among a large number of possible solutions by

protein, i.e. the positions of the protein atoms, determines the difyomnaring the observed and computed intensities and is indeed the

fraction pattern of the crystal, i.e. the magnitudes and phases of thg,cequre that has been used for solving the structure of many small

X-ray diffraction waves, and vice versa, through a Fourier transformy, 60y les; but it is unfeasible for proteins where a large number
function. In practice of atoms makes the exploration of the conformational space simply

. impossible.
o(x,y,2) = Z hkl If the relative positions of the atoms in the protein structure are
hkl known (or can be estimated) the problem is reduced to finding the

position of the whole molecule in the unit cell rather than that of each
of its atoms. The prior knowledge of a protein structure thereby sim-
plifies the solution of a different crystal form of the same molecule.
In some cases, the structure of a homologous protein or a model of
*To whom correspondence should be addressed. the target protein can be sufficient to approximate the relative pos-
tThe authors wish it to be known that, in their opinion, the first two authorsition of the atoms in the structure and allow the structure factors to
should be regarded as joint First Authors. be computed. This strategy is known under the name ‘molecular
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replacement’ and was introduced by Michael G. Rossmann and994), both included in the CCP4 suite (Collaborative Computational Project

David M. Blow in 1962 (Rossmann and Blow, 1962). Number 4, 1994). The procedure consisted of the following steps:
Recently there has been an explosive growth in the number of pro- (1) Each template (including its side chains) was given to MolRep to

tein structures solved using this technique, and automated packages perform 10 rotational searches to orient it into the experimental data

can make the app”cation quite straigh’[forward. Progress has been and 10 translational searches for each rotational solution.

made in using models from NMR or modelling (Turkenburg and (2) The bestsolution was converted into a poly-Alanine model, then given

Dodson, 1996; Wilmanns and Nilges, 1996; Jones, 2001). as input to AMoRe to perform 20 cycles of automatic solution search-
The predicted structure of a protein can be used in MR when the ing. When the first solution did not allow the map to be reconstructed,
computational model is sufficiently accurate for a reasonably large subsequent ones were tried. In no case the subsequent attempts were

fraction of the structure in the crystal. A generally accepted rule of successful when the first was not.

thumb is that MR is effective if the model is reasonably complete and  (3) The bestsolutionfrom AMoRe was given as inputto Refmac5 (version
shares at least 40-50% sequence identity with the unknown struc- ~ -0-32, Murshudoet al., 1997) to perform 10 cycles of restrained
ture. On the other hand, techniques for predicting protein structures reflngment without prior phase information and the default weighting
have matured in recent years, most of them taking advantage of the matrix (0.3).

increased availability of sequences and structures of homologous (4) Maps were generated and displayed for inspection.

members of a protein family; thus sequence identity is not necessar- (5) Structure building was performed automatically using the program
ily an appropriate parameter to estimate the likelihood that a given ArpWarp, version 6.1.1 (Morrist al., 2002), as implemented in the
model is suitable as an MR search template. CCP4 suite.

At present, a clear rule relating the quality of a model and itsAll the calculations were run through the graphical interface CCP4i of the
suitability for MR is lacking, and filling this gap is the aim of the CCP4 suite (Collaborative Computational Project Number4‘, 1994) on Linux
present analysis. machines. Although other programs are available for solving structures by

It should be mentioned that the ability of the crystallographer,MR’ we chose those most widely used by CryStanog.raphers'_
several rounds of trial and error and manual intervention in the inter- For each MR experiment we monitored the fo'_lowmg data:
mediate steps of the process can also increase the rate of succesél) The residual factor or agreement factodefined as

of MR in very difficult cases. For example, it has been shown that Refactore ki I1Fonsth. K, D || Fealc(h, K, DIl

in some cases, screening for MR solutions with a large number of 2 ki [Fobs(h, k, D)

models might produce suitable solutions (Claetlal., 2004) and whereFypsandFeacare the observed structure factors and the structure
that modelling can be used to improve the initial model after ini- factors computed on the basis of the molecular template, respectively.
tial MR solutions have been found (Collaborative Computational We computed th&-factor at the beginningi-factor) and at the end
Project Number 4, 1994; Pottertehal., 2003). Here we use only (R-factor) of the Refmac procedure (see additional data).

completely automatic procedures without manual interventioninany (2) Riree. i-€. theR-factor calculated on afixed fraction (5%) of the experi-
of the steps; therefore, our estimate represents the ‘safe’ limit above mental reflections not used in the refinement of the structure, therefore
which a model can be used for MR, butit should be keptin mind that "t biased by the procedure (see additional data).
models of lower quality might be successful in specific cases. (3) The correlation coefficient:

5 (1Fonstho kD = [Fousth, &, 2] ) (1 Feaicth, k, DI = | Feath, k, D)

2 METHODS = . -
Fops(h, k,[)|? — | Fops(h, k,1)2 Feaclh, k,1)|? = | Feare(h, k,1)[?)
We used the collection of models submitted to the Critical Assessment of /2 (‘ bl I = [Fosllt k.1 |) x (l ol 7= [ Foal )

Techniques for Protein Structure Prediction (CASP) (Malel., 1995,
2001, 1997, 2001, 2003). In this assessment crystallographers and NMR
spectroscopists are asked to make available the sequences of proteins whose
structure is likely to be solved in the near future and predictors are asked ] . o )
to submit 3D models for the proteins before their experimental structure is (4) Ciree, i-€. the correlation coefficient calculated on the same fraction of
made available. Subsequently, the experimental structures and the models ~ TEflections as foRiree (see additional data).
are compared and the latter assessed in terms of their ability to reproduce theWhen the procedure was able to automatically build an experimental
native protein structure. structure of the protein we also computed (Table 1)

The CASP website (http:/predictioncenter.linl.gov) contains, for each (5) The fraction of built amino acids.

target structure, hundreds of models together with values reflecting their struc- (6) The GDT-TS between the automatically built structure and the depos-
tural similarity to the target structure. The most relevant parameters are the ited experimental structure obtained using the LGA package (Zemla
root mean square deviation (RMSD) between corresponding atoms of the tar- 2003) '

getand model structures and the GDT-TS value. The latter is a distance-based . ) .
measure defined as (7) The R’MSD between the automatically built structure and the deposited
1/4 [(fraction of Gr atoms within a 1 A distance} (fraction of Gx atoms experimental structure.
within a 2 A distance}- (fraction of Gx atoms within a 4 A distance)- (8) The GDT-TS between the automatically built structure and the CASP
(fraction of Gx atoms within an 8 A distance)]. model used in the MR procedure.
We selected target proteins for which the structure factors (i.e. the col- (9) The RMSD between the automatically built structure and the CASP
lected diffraction intensities) have been deposited in the PDB database and = el used in the MR procedure.
ran an automatic procedure for MR using a set of their models as search
templates.
The MR procedure was run in a completely automatic fashion using two3 RESULTS
of the most popular programs which perform automated searches using sinfable 1 shows the details of the results of the MR procedure for
ilar algorithms: MolRep (Vagin and Teplyakov, 1997) and AMoRe (Navaza, 34 models covering 7 of the CASP targets. The resolution of the

where all sums are over all the reflections in the reciprocal lattice
(h,k,1). We computed the value @f at the beginning;) and at the
end (Cy) of the Refmac procedure (see additional data).
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Table 1. Results of the MR procedure

CASPmid GDTCASPm RMSD CASPm %Id  %Built GDT MRmX RMSD MRmX GDT MRmMCASP RMSD MRmMCASP Fold

Target T0143 PDBid 1QY6 resolution 1.9 A

TS453  83.8 3.36 25.89 84.72 100 0.14 89.34 1.27 BAIl
TS084  82.18 2.79 94.44 94.67 0.3 84.8 1.32
TS425  82.06 3.62 255 100 0.27 100 0.58
TS427  81.94 3.27 93.5 99.38 0.4 84.95 1.27
TS093 81.71 3.55 79.16 79.53 0.15 67.65 1.38
TS028 81.6 2.55 93,51 81.28 1.05 68.78 17
Target T0153 PDBid 1MQ7 resolution 1.9 A
TS028  88.25 2.57 34.38 97.7 100 0.13 89.42 1.16 BAII
TS299 86.94 1.3 88.3 72.02 0.72 66.9 121
TS329 86.75 1.29 76.74 100 0.21 85.1 0.92
TS020 85.63 1.34 90.6 72.2 0.4 66.9 121
TS471 847 5.64 90.6 100 0.13 90.3 1.27
TS169  83.39 1.44 0 — — — /
Target T0182 PDBid 100X resolution 1.9 A
TS329 94.18 1.28 42.34 99.19 100 0.12 93.62 1.02 a+pB
TS112  93.28 1.19 99.19 99.58 0.17 93.61 1.03
TS513  92.77 1.32 99.19 100 0.11 92.34 0.97
TS067  92.67 1.27 99.19 99.58 0.17 92.68 0.97
TS029  91.67 1.36 99.19 100 0.12 91.7 1.06
TS008  85.54 1.68 99.19 99.58 0.17 84.72 1.31
TS529 77.71 1.8 0 — — — /
Target T0233 PDBid 1VQU resolution 1.85 A
TS450  85.92 181 425 39.13/53.4 56.85/44.98 0.68/1.14 55.93/41.38 0.86/0.74 All o
TS011  84.72 1.85 33.14/2305 58.9/40.2 0.85/1.08 57.8/39.0% 1.17/0.64
TS176  83.43 1.93 — — — — /
Target T0246 PDBid 1VLC resolution 1.9 A
TS319  89.05 1.29 57.1 80.28 94.55 0.7 85.54 1.17 a/B
TS532  88.56 14 75.14 66.9 0.36 74.61 1.05
TS289  86.8 143 94.28 74.39 1.34 67.35 1.6
TS100 83.05 1.69 72.87 99.61 0.2 86.12 1.37
TS096  82.77 1.99 66.57 75 0.17 67.13 1.12
TS561  81.85 1.79 — — — — /
TS092  81.36 1.93 — — — — —
TS079 81.14 2.25 — — — — —
TS472  78.75 1.97 — — — — —
Target T0274 PDBid 1WGB resolution 2.0 A
TS450  80.93 3.59 2345 — — — — — AB
Target T0275 PDBid 1WYG resolution 2.1 A
TS591  81.11 2.88 28.57 — — — — — a/B
TS166 71 2.77 — — — — —

For each target, the first line reports the target id in the CASP database, its PDB code and the resolution of the X-ray structure. The first colthendeptiitsation code of the

model (CASPm id). The next columns show the GDT-TS and the RMSD values between the model and the target structure (GDT CASPm and RMSD CASPmagthefpercent
identical amino acids between the CASP target structure and the best structural template available in the ‘core’, defined as the regions wirefiegat@sig of the model and
template do not deviate by5 A (%Id). The number of amino acids built by the automatic procedure is reported in the column labelled ‘%Built’. We also list the GDT-TS and RMSD
values for the superposition of the model built by the MR procedure on the deposited structure (GDT MRmX and RMSD MRmX) and of the model built by tbedf® pro

the CASP model (GDT MRmMCASP and RMSD MRmMCASP). The last column lists the fold type of the target (Fold).

aT0233 is a homodimer and the results are shown for both monomers.

experimental data ranged from 2.1 to 1.85A. Successful cases areThe targets shown here have at least one CASP model with GDT-
those where a substantial fraction of the structure has been builtS >80 (which implies that most of the main chain structure of

obtaining a model closer to the experimental structure than to théhe protein has been reasonably modelled). They all belong to the
CASP model initially used in MR. comparative model category; i.e. there is at least one homologous

The case of the T0233 structure is peculiar. This protein is grotein of known structure that could be used as template for building

homodimer and we were able only to partially reconstruct each ofhe model. Their sequence identity with the best template available
the monomers (Table 1). However, we were unable to build a signiranges between 23 and 57%, and they belong to different fold classes.
ficant portion of the structure even using the deposited experimental In all but two cases, at least one CASP model was successful as
coordinates (from which several amino acids are missing). a search template, indicating that the above-mentioned threshold of
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40-50% sequence identity as a minimum requirement for MR ig (a)
overestimated. Our data show that models built on the basis of
30% sequence identity are already sufficiently accurate to be use
in the MR procedure, and in some cases models based on sequer
identity as low as 25% can be successfully used. Interestingly, in al
but one case, the best available structural template was not succe
ful in reconstructing any portion of the experimental structure. For |/
T0153 alone, the best template allowed 14% of the structure to b B
reconstructed. Note that the best model for this target allowed th / )
reconstruction of 97% of the experimental coordinates.
In CASP experiments, both the RMSD between the model and the
structure and the GDT-TS values defined above are used as paramgig. 1. Example of the results of the MR procedure using CASP models of
ers for evaluating the quality of a model. Interestingly, when differentdifferent quality as search models in the MR proceduapE(ectron density
CASP models are available for the same protein structure and onfapP obtained using the structure factors for target T0246 (PDB ID: 1vic)
one or some of them work as search models, the successful on88ased using the CASP model TS319 (GDT-TS between the CASP model
are not always those with a lower RMSD, but in all cases they ar@nd the experimental structure89.05). The automatic procedure described

. . . . . 1n ‘Methods’ was used to obtain the model shown in the figure as aate.
those with higher GDT-TS. The RMSD value, owing o its quadratlc(b) Electron density map obtained using the structure factors for target T0246

form, is more sensitive to the extent of local deviations of the model§PDB ID: 1vic) phased using the CASP model TS472 (GDT-TS between
from the structure, whereas GDT-TS is indicative of the percentagéne cASP model and the experimental structr@8.75). The automatic

of correctly predicted structure and is less sensitive to larger errorgrocedure could not build any model in the map. The model obtained using
localized in a few regions of the model. the map in (a) is shown superimposed on the density for reference only. Parts
Our data pointto the fact that the RMSD between the model and th&) and @) show the same maps as in (a) and (b), respectively, including all
experimental structure is not the correct measure to use for defininigje heavy atoms of the built model.
the usefulness of a model for applications such as MR and, therefore,
to evaluate the quality of a model. In this specific application of
modelling, what really counts is the overall ability of the model to increasing number of proteins experimentally solved and deposited.
produce interpretable electron density maps of the protein, whiclidHowever, the MR approach requires the availability of a reasonably
helps in building most of it, rather than the details of the less wellgood and complete model, and we have shown here that there is a
predicted parts. clear relationship between the quality of a model and its suitability
In all cases, a GDT-TS 84 is sufficient to guarantee the success as a search model for MR experiments.
of the procedure regardless of the sequence identity between the The large efforts in protein structure prediction might be very use-
target and template structure, of the method used for producing thiil in pushing the limits of structure solving using MR. Models of
model and of the structural class of the protein under examinationproteins can be powerful tools for structural genomics projects and
In our automatic procedure, models with GDT-KB0 are never are expected to reduce the need for expensive and time-consuming
successful. For models of intermediate quality, the results vary. Mogphasing experiments. Anincreased usefulness of predicted structures
of the time a large fraction of the structure can be automatically builas MR search models would have a substantial impact on our abil-
with respectable quality, and it is likely that, in these cases, morety to cover the protein structural space. However, as we show here,
iterations and, most of all, manual intervention can lead to succesaninor differences in the quality of the model can make a substantial
Another important observation is that even limited improvementsdifference in the outcome. This points to the fact that more efforts
in the quality of a model can be instrumental in the success of an MBhould be devoted to improving the initial model, since even minor
experiment. The case of the CASP models built for Target T0246 ismprovements can be important for practical applications such as
instructive. This is an ‘easy’ target, sharing 57% sequence identitghe one discussed here. This issue has been addressed in the recent
with its best template. Of the nine CASP models that we used for th€€ASP6 experiment, where the community agreed that in the future
experiment, five were successful and four were not. The former arenore importance should be given to the details of the produced
of higher quality, as can be seen from their GDT-TS values (rangingnodels (Cozzettet al., 2005; Valencia, 2005).
from 89 to 83), but the latter are only slightly worse, with GDT-TS  The results shown here demonstrate that this is not only an intel-
values between 82 and 79 (Fig. 1). The same observation holds féectual and methodological issue; it also has important practical
targets T0152 and T0153, indicating that even a minor improvemendpplications. We plan to run this analysis continuously on different
in the quality of the final model can be relevant for its ability to be datasets of models and to evaluate whether the rate of success
used as a search model in MR. This observation can explain whgan be improved by using combinations of models or limiting the
it has been so difficult so far to predict beforehand when a modesearch model to secondary structure elements or to the core of the
can be successfully used in MR solely on the basis of the sequengeedicted structure.
identity between a model and the structural template used to build it. The possible use of a model is directly related to its qual-
ity, and more efforts should be devoted to precisely assessing the
requirements that any given application poses on the quality of the
4 DISCUSSION AND CONCLUSIONS models: even marginal improvements in prediction methods can be
MR is a very cost-effective method for solving the 3D structure of ainstrumental for important applications.
protein by X-ray crystallography. Itis expected to play an increasing In a real setting, the results of the comparison of the model with
role in the phasing of protein X-ray diffraction data, given the everthe experimental structure are not available. It would be very useful
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to be able to identify beforehand features of the model that correlateollaborative Computational Project Number 4. (1994) The CCP4 suite: programs for
with its ability to be used as an MR search model. Unfortunately, ~protein crystallographyacta Cryst., D50, 760-763. '
the available quality evaluation measures, such as those provided @?Zzetto,Da al. (2005) Ten years of predictions. and countingFEBSJ., 272, 1-2.

. . ' senberg,D.et al. (1997) Verify3d: assessment of protein models with three-
Verify3d (Eisenberget al., 1997), Whatcheck (Hooft a_J" 1996)_ dimensional profilesMethods Enzymol., 277, 396-404.
and Procheck (Laskowski al., 1993) do not correlate with the abil-  Hooft,R. W.W.et al. (1996) Errors in protein structure¥ature, 381, 272—-272.
ity of the models to reconstruct the experimental structure (data notones,D.T. (2001) Evaluating the potential of using fold-recognition models for
shown). Nevertheless, our results do show that it is advisable to rEO'eclt{'é; Xe;;a;en(wfggga;:%sgﬁg&D57, 1428‘1“;34-h  the stereochemical

- - . .. Laskowski,R.A.et al. : a program to check the stereochemica

at_tempt_MR with protein _models, even when the sequence identity quality of protein structuresi. Appl. Crystallogr., 26, 283-291.
with their best templates is low. More important, models can be SUCyorris R.J.et al. (2002) ARPIWARP's model building algorithms. 1. The main chain.
cessful also in cases when the structural templates used to build themActa Crystallogr., D58, 968-975.
are not. Moult,J. et al. (1995) A large-scale experiment to assess protein structure prediction

; : . il ; ; methodsProteins, 23, ii-v.
We are Cu.rrently InveStlgat”.]g the pOSSIbIlIty of ”S".]g §ets of dif- Moult,J. et al. (1997) Critical assessment of methods of protein structure prediction
ferent superimposed models in the MR search. Preliminary resultS casp). round il Proteins, (suppl. 1), 2-6.
indicate that ensembles obtained by superimposing both successiubult,J. et al. (2001) Critical assessment of methods of protein structure prediction
and unsuccessful models can be used to reconstruct the experimentalCASP): round Ill.Proteins, (suppl. 3), 2-6.
structure in a number of cases. Such a strategy would clearly speéﬂ)ult,.]. et al. (2001) Critical assessment of methods of protein structure prediction

. . . (CASP): round IV.Proteins, (suppl. 5), 2—6.
up the whole process, and a StUdy aimed at def|n|ng Its range q]/cloult,J. et al. (2003) Critical assessment of methods of protein structure prediction

applicability is ongoing. (CASP)-round VProteins, 53 (suppl. 6), 334-339.
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