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Recent technological improvements in crystallographic data

collection have led to a surge in the number of protein

structures being determined at atomic or near-atomic resolu-

tion. At this resolution, structural models can be expanded to

include anisotropic displacement parameters (ADPs) for

individual atoms. New protocols and new tools are needed

to re®ne, analyze and validate such models optimally. One

such tool, PARVATI, has been used to examine all protein

structures (peptide chains >50 residues) for which expanded

models including ADPs are available from the Protein Data

Bank. The distribution of anisotropy within each of these

re®ned models is broadly similar across the entire set of

structures, with a mean anisotropy A in the range 0.4±0.5. This

is a signi®cant departure from a purely isotropic model and

explains why the inclusion of ADPs yields a substantial

improvement in the crystallographic residuals R and Rfree. The

observed distribution of anisotropy may prove useful in the

validation of very high resolution structures. A more complete

understanding of this distribution may also allow the

development of improved protein structural models, even at

lower resolution.
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1. Introduction

Biologists and biochemists seeking to understand protein

structure and function are always hungry for the highest

resolution views possible of their favorite subject molecules.

This appetite ensures an interested audience for each new

protein crystal structure or NMR determination. The term

`high resolution', as applied to crystal structures of proteins,

has for many years meant that X-ray diffraction data were

measured to roughly 2 AÊ or better. This was a tacit acknowl-

edgment that only in rare cases was it possible or practical to

measure complete crystallographic data sets beyond 2 AÊ

resolution from protein crystals. However, recent techno-

logical advances and the increased use of synchrotron radia-

tion X-ray sources have largely removed this practical limit on

data collection. Of course, not all protein crystals diffract

beyond (or even as far as!) 2 AÊ resolution, but complete data

collection is now possible from the surprisingly large number

which do. One result is a dramatic increase in the number of

protein crystal structures re®ned at atomic resolution (better

than 1.2 AÊ ) or at near-atomic resolution. A qualitative

difference of crystallographic analysis at this resolution is that

the large number of experimental observations, the measured

Bragg intensities, allows expansion of the crystallographic

model to include an anisotropic description of the position of

each atom in the structure. This is in distinct contrast to

re®nement at lower resolution, where the smaller number of
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observations does not allow this more than doubling of the

number of parameters in the model. As of December 1997,

only ten protein structures in the Protein Data Bank included

anisotropic displacement parameters (ADPs) with the

deposited model coordinates. This number doubled in the ®rst

six months of 1998, and it is abundantly clear from preliminary

reports at meetings, from publications in advance of structure

deposition and from data-collection logs at the various

synchrotron radiation laboratories that many other such

structures are in the pipeline.

Fortunately, increases in computational power have kept

pace with the advances in data collection, so that analysis and

interpretation of this ¯ood of structures is computationally

tractable. Nevertheless, new tasks can require new tools. The

re®nement protocols which have served protein crystal-

lographers well in the past, implemented in programs such as

PROLSQ, TNT and X-PLOR (Konnert & Hendrickson, 1980;

Tronrud et al., 1987; BruÈ nger, 1992a), need to be updated to

handle re®nement at atomic resolution optimally. Virtually all

of the atomic resolution protein re®nements to date have

depended on the timely modi®cation of the program package

SHELX, a mainstay of small-molecule crystallographic

re®nement, to also handle protein structures (Sheldrick &

Schneider, 1997). The current burgeoning of very high reso-

lution data collection from protein crystals is likely to inspire a

next generation of re®nement programs speci®cally designed

to handle increasingly high resolution data and correspond-

ingly complex models of protein structure.

In a similar fashion, the validation tools developed to

monitor the quality of protein structural models must be

expanded to handle the more complex atomic resolution

models, with their increased number and variety of para-

meters. The total number of protein structures modeled with

anisotropic thermal parameters is still small, but is growing

rapidly. Several distinct bene®ts may be expected from

systematic analysis and comparison of these structures as they

become available. At a minimum, such analysis can provide a

baseline for validation and guidance during the re®nement of

subsequent structures. We may also hope that analysis will

lead to improvements in the speci®c protocols used for atomic

resolution re®nement of protein models and indeed to opti-

mization of the basic parameterization of the models. In the

long run, atomic resolution structures will provide a higher

powered lens with which to re-inspect certain basic features of

protein structure. One example of this is a re-evaluation of the

rigidity of the peptide bond, which is observed in some

instances to vary substantially from the ideally planar

conformation normally assumed as a basic unit of protein

structure (Stec et al., 1995; MacArthur & Thornton, 1996;

Merritt et al., 1998). Another example is the possible insight

into the local vibrational modes implied by corresponding

atomic anisotropic displacement parameters (Stec et al., 1995;

Dunitz et al., 1989; Anderson et al., 1997; Harata et al., 1998).

The database of protein structures determined by crystal-

lographic analysis has become an important resource for

researchers in many areas. For this reason, there is both an

increased interest in optimization of the protocols used for

structure re®nement and an increased emphasis on validation

of the correctness of the resulting structural models (Dauter,

Lamzin et al., 1997). Several reviews of structural validation in

general have appeared recently (Hooft et al., 1996; EU 3-D

Validation Network, 1998). I focus here on a set of issues

speci®c to the optimal re®nement and validation of protein

models which include anisotropic displacement parameters. I

also present a set of tools designed to assist in the analysis of

protein models containing anisotropic displacement para-

meters. These tools were applied to all proteins of at least 50

residues for which ANISOU records were available from the

Protein Data Bank at the time of writing.

2. Isotropic and anisotropic displacement parameters

The X-ray scattering power of an atom decreases as the

scattering angle increases, owing to the ®nite size of the

electron cloud around the nucleus. For a given number of

electrons, the larger this cloud is, the more rapidly the atom's

scattering power falls off with scattering angle. To account for

this scattering behaviour of real atoms in real crystals, one may

add an angle-dependent term to the individual atomic scat-

tering contributions f which are summed to yield the scattered

intensities F2
calc. This correction to f for a given atom has the

form

f � f0 exp�ÿ2�2hu2ihTh� � f0 exp�ÿ8�2hu2i�sin2 �=�2��; �1�
where hu2i is the mean-square amplitude of vibration of that

atom, h is a reciprocal-lattice vector, � is the corresponding

scattering angle and � is the X-ray wavelength. The electron

cloud of a vibrating atom, averaged over time, is larger than

that of a similar atom at rest. Because the magnitude of

vibration correlates with temperature, the parameter u is often

called a thermal parameter or temperature factor. This is

misleading, however, since the smearing of the electron cloud

at an atomic site in the crystal is a consequence not only of

thermal vibration, but also of stochastic variation in the true

location of the atomic center from one unit cell to the next.

The preferred term is therefore `displacement parameter'

(Trueblood et al., 1996). In macromolecular crystallography, it

is more common to report the related parameter B = 8�2hu2i.
(1) describes an electron cloud which is uniformly smeared

in all directions, and the parameter u is thus an isotropic

displacement parameter associated with the atom in question.

The vibrational modes of bonded atoms are not isotropic,

however, so (1) is at best an approximation to the actual

scattering behavior of real protein atoms in a crystal lattice. To

relax the implied insensitivity of scattering to direction while

retaining computational simplicity, we can expand the single

parameter u into a 3 � 3 symmetric tensor

U11 U12 U13

U12 U22 U23

U13 U23 U33

0@ 1A:
The corresponding correction term, now anisotropic, becomes

f � f0 exp�ÿ2�2hTUh�: �2�



The six independent components of the tensor, Uij, are the

anisotropic displacement parameters for this atom. They

describe a probability distribution for the electron density

which is a three-dimensional Gaussian. When this distribution

is contoured at a ®xed probability value, it yields an ellipsoid

(Fig. 1). This representation was made familiar by the program

ORTEP (Johnson, 1965).

3. Open questions

The complexity of a re®nable model is limited by the amount

of available data or, more precisely, by the ratio of the number

of observations (the data) to the number of model parameters

(the complexity). Any increase in the ratio of observations to

parameters can improve the quality of the re®ned structural

model, yielding better estimates for the individual model

parameters. In crystallography, the maximum number of

observations is usually set by crystal quality and by the

corresponding limited resolution of X-ray diffraction from the

crystal. For protein crystals, the measurable number of

observations is usually insuf®cient to justify free re®nement of

a full atomic model for the structure. To overcome this

problem, the structural model can often be simpli®ed, redu-

cing the total number of model parameters. This is accom-

plished by introducing outside knowledge, for example, the

existence of multiple stereochemically equivalent molecules in

the asymmetric unit, to supplement the information contained

in the measured data. The bene®ts of an increased observa-

tion-to-parameter ratio from a simpli®ed structural model

underlie a number of important crystallographic techniques,

including rigid-body re®nement, non-crystallographic

symmetry constraints (Kleywegt, 1996), density averaging

(Kleywegt & Read, 1997) and torsion-space re®nement (Rice

& BruÈ nger, 1994). Alternatively, the effective number of

model parameters can be reduced by imposing restraints on

their allowed values. This approach was introduced by

Konnert (1976) and remains fundamental to the success of

most protein structure re®nements. Of course, the resulting

accuracy of a simpli®ed or restrained model depends critically

on the validity of the simpli®cation or of the restraints that are

imposed.

Conversely, in fortunate cases, the observation-to-para-

meter ratio may instead be improved by a larger number of

observations. Doubling the achievable resolution of a

diffraction experiment, say from 2 to 1 AÊ , corresponds to an

eightfold increase in the number of Bragg intensities which

can be measured. The increased number of observations can

be used to support qualitative improvement of the structural

model, by expanding it to include additional parameters which

describe more subtle or more complex features of the struc-

ture. In particular, it allows expansion of the description of

each atom to include a set of six anisotropic displacement

parameters (ADPs), rather than a single isotropic thermal

parameter as described above. This increases the total number

of model parameters from four per atom (three positional

parameters plus a single thermal parameter) to nine per atom

(three positional parameters plus six thermal parameters).

Inclusion of ADPs yields global improvement of the model, as

seen in lower R and Rfree residuals, cleaner residual-density

maps and lower uncertainties in atomic positions. Inclusion of

atomic anisotropy in the model also makes possible the

quantitative analysis of local features of the structure, such as

torsional vibrations of individual protein side chains. Of

course, expansion of the model to include ADPs once again

lowers the observation-to-parameter ratio. Doubling the

resolution from 2 to 1 AÊ and expanding the model to include

ADPs is clearly a net gain, as the observation-to-parameter

ratio has increased by more than a factor of three, even with

the expanded model. However, there is a `grey zone' covering

the resolution range from �1.6 to �1.2 AÊ , in which there is

some question whether the increase in the number of obser-

vations is suf®cient to justify the increase in the number of

model parameters.

The relatively modest gain in observation-to-parameter

ratio in this grey zone may be strengthened by applying

restraints to the ADPs during re®nement. The more obser-

vations there are to determine the true values of the ADPs,

the less need there is to hold them at or near idealized

target values. Thus, at one end of the grey zone, near 1.6 AÊ ,

the observation-to-parameter ratio for an anisotropic model

with nine parameters per atom is the same as it would have

been at 2 AÊ for an isotropic model with only four para-

meters per atom. However, the isotropic model is well

behaved during standard crystallographic re®nement at 2 AÊ

only because strong geometric restraints are imposed on the

allowed values of the three positional parameters (xyz). To

obtain equivalently good behaviour during an anisotropic

model re®nement at 1.6 AÊ would require an equivalently

powerful set of restraints on the six thermal parameters Uij. At

the other end of the grey zone, as one approaches true atomic
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Figure 1
The ®ve atoms shown above illustrate the physical signi®cance of
anisotropic displacement parameters (ADPs). They represent a range of
shapes, from the prolate `cigar' at the left to the oblate `pancake' at the
right, with a perfectly isotropic (spherical) example in the center. The
corresponding ADPs have been chosen such that all ®ve examples
represent atoms with the same isotropic thermal parameter Beq. Only the
central atom, however, is adequately described by a single isotropic
parameter. One can quantify the degree to which the other ellipsoids are
non-spherical by de®ning anisotropy, A = Emin/Emax, as the ratio of the
smallest and largest eigenvalues of the ADP matrix (Trueblood et al.,
1996). Thus, for a perfect sphere A = 1, while for extremely non-spherical
ellipsoids A approaches 0. Note that small values of A may indicate either
a cigar-like or pancake-like atom. Some authors have proposed using
�(E)/E, i.e. the square root of the variance over the mean of the three
principal axes, instead of A (Harata et al., 1998; Longhi et al., 1997). This
quantity has the disadvantage of being more sensitive to cigar-shaped
outliers than to pancake-shaped outliers, however. The two atoms
¯anking the central sphere, both having anisotropy A = 0.5, are typical of
the atoms in protein models re®ned at atomic resolution.
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resolution, these restraints may be applied loosely or removed

altogether.

There is an additional subtlety in that a restraint may be

applied either to an individual parameter value or to some

quantity derived jointly from several parameters. In the

present case, the most obvious candidate for such a derived

quantity is the net anisotropy of an atom (Fig. 1). This single

value A, derived from the six anisotropic displacement para-

meters, describes the degree to which the model for a scat-

tering atom is non-spherical. A restraint on A during

re®nement of the ADPs is exactly analogous to the use of

geometric restraints, for example on bond length, to guide

re®nement of atomic coordinates. However, in order to apply

a restraint at all, one must have some a priori expectation for

the distribution of the corresponding parameter values. That

is, one must have some set of target values, or at least a target

variance, to which the parameters are restrained. But just what

should be our expectations for the degree or distribution of

anisotropy in the atoms of a protein structure? We may break

this uncertainty down into a series of questions open for

investigation.

(i) Is there a distribution of anisotropy among the atoms of

a protein which is typical of protein structures in general, or is

it an intrinsic property of individual proteins?

(ii) Is the degree of anisotropy within a given structure

predictable from some more global (and more easily

measurable) property of that structure?

(iii) If we can establish expectations for the mean and

variance of the anisotropy within a protein structure, how can

these expectations best be used in structure re®nement?

(iv) Is it possible to ®nd a simpli®ed representation of local

anisotropy, say at the level of whole residue side chains rather

than individual atoms, which captures the essential features of

a protein structure in far fewer parameters?

If we can answer these questions even partially through

analysis of atomic resolution structures, the resulting knowl-

edge may improve our ability to model protein structure, even

at lower resolution.

4. Analysis of structures available to date

An initial analysis of anisotropy was made by examining all

applicable protein structures available as of December 1998.

This included all structures in the Protein Data Bank

containing at least 50 peptide residues in the asymmetric unit

and for which anisotropic displacement parameters were

either deposited or made available by the depositors on

request. Also included were two structures currently being

re®ned in the author's laboratory. The complete set of struc-

tures analyzed is listed in Table 1.

In order to perform this analysis conveniently, the rastep

utility program of the Raster3D visualization package (Merritt

& Bacon, 1997) was modi®ed to tabulate various statistical

properties of the ANISOU records from a standard PDB-

Table 1
Accessible PDB entries as of December 1998 for protein structures with deposited anisotropic displacement parameters.

The analysis reported here necessarily omits consideration of structures for which no anisotropic displacement parameters were deposited with the PDB, even if
the model was in fact re®ned anisotropically. Peptides shorter than 50 residues are not included.

PDB
code Protein

Residues
in a.s.u.

Resolution
(AÊ ) R1 A(�) protein A(�) solvent Date² Reference

1gci Bacillus lentus subtilisin 269 0.78 0.101 0.65 (0.15) 0.42 (0.17) 1998 Khan et al. (1998)
2pvb Pike parvalbumin 107 0.91 0.110 0.49 (0.16) 0.35 (0.13) 1998 DeClercq et al., unpublished work
3lzt Lysozyme 129 0.93 0.093 0.45 (0.15) 0.32 (0.14) 1998 Walsh et al. (1998)
1b0y Chromatium vinosum HIPIP 86 0.93 0.155 0.37 (0.14) 0.37 (0.14) 1998 Parisinicapozzi et al., unpublished work
1nls Concanavalin A 237 0.94 0.127 0.43 (0.17) 0.39 (0.13) 1997 Deacon et al. (1997)
2fdn Clostridium acidurici ferredoxin 55 0.94 0.100 0.49 (0.14) 0.36 (0.15) 1998 Dauter, Wilson et al. (1997)
1bxo Penicillium janthinellum penicillopepsin 323 0.95 0.100 0.61 (0.16) 0.43 (0.16) 1998 Khan et al. (1998)
4lzt Lysozyme 129 0.95 0.108 0.44 (0.16) 0.35 (0.13) 1998 Walsh et al. (1998)
1ixh Phosphate-binding protein 321 0.98 0.117 0.48 (0.13) Isotropic 1998 Wang et al. (1997)
1cex Fusarium solani cutinase 214 1.00 0.094 0.49 (0.16) 0.38 (0.13) 1997 Longhi et al. (1997)
1lkk Human P56lck kinase SH2 domain 110 1.00 0.133 0.51 (0.13) 0.38 (0.15) 1996 Tong et al. (1996)
1ixg Phosphate-binding protein 321 1.05 0.112 0.45 (0.14) Isotropic 1998 Wang et al. (1997)
3sil Salmonella typhimutium sialidase 379 1.05 0.116 0.50 (0.15.) 0.35 (0.15) 1998 Garman et al., unpublished work
1bkr CH domain from �-spectrin 109 1.10 0.141 0.45 (0.17) 0.41 (0.15) 1998 Banuelos et al. (1998)
1ctj Monoraphidium braunii cytochrome c6 89 1.10 0.138 0.38 (0.13) 0.42 (0.15) 1996 FrazaÄo et al. (1995)
1iro Cl. pasteurianum rubredoxin 53 1.10 0.083 0.46 (0.14) 0.40 (0.14) 1996 Dauter et al. (1996)
1lks Hen egg-white lysozyme 129 1.10 ? 0.35 (0.11) 0.32 (0.12) 1998 Steinrauf (1998)
1a6g Physeter catadon myoglobin 151 1.15 0.128 0.45 (0.14) 0.40 (0.13) 1998 Vojtechovsky et al., unpublished work
1rge Streptomyces aureofaciens ribonuclease 192 1.15 0.109 0.43 (0.11) 0.48 (0.17) 1996 Sevcik et al. (1996)
1rgg S. aureofaciens ribonuclease 192 1.20 0.106 0.48 (0.13) 0.45 (0.14) 1996 Sevcik et al. (1996)
1irn Cl. pasteurianum rubredoxin 53 1.20 0.107 0.42 (0.14) 0.38 (0.13) 1996 Dauter et al. (1996)
3chb Cholera toxin B-pentamer 515 1.25 0.130 0.46 (0.13) 0.44 (0.13) 1998 Merritt et al. (1998)
6fd1 Azotobacter vinelandii ferredoxin 106 1.35 0.153 0.47 (0.12) 0.42 (0.13) 1997 Stout et al. (1998)
1awd Chlorella fusca ferredoxin 94 1.40 0.147 0.50 (0.14) 0.46 (0.13) 1998 Bes et al., unpublished work

Escherichia coli LT-I B-pentamer 1030 1.40 0.138 0.44 (0.13) 0.46 (0.12) Merritt et al., unpublished work
1a2p B. amyloliquefaciens barnase 330 1.50 0.115 0.34 (0.13) 0.45 (0.14) 1998 Martin et al., (1999)
1a8d Cl. tetani tetanus toxin C fragment 452 1.57 0.188 0.36 (0.11) 0.54 (0.15) 1998 Knapp et al. unpublished work
1lkr Hen egg-white lysozyme 258 1.60 0.106 0.56 (0.11) 0.42 (0.16) 1998 Steinrauf (1998)

² The date given is that of the most recent revision to the deposited PDB ®le.



format input ®le. Use of rastep as a validation/analysis tool is

simpli®ed by providing the user with a higher level graphical

interface named PARVATI (Protein Anisotropic Re®nement

Validation and Analysis Tool). This interface is implemented

as a server-side computational resource (a cgi script) which is

accessible using any standard WWW browser. PARVATI

partitions the records of an uploaded PDB ®le into protein,

solvent, ligand or other categories for separate analysis.

Graphical and tabular representations of the distribution of

anisotropy in the various structural components are returned

to the originating WWW browser (Fig. 2).

4.1. Is there a typical distribution of anisotropy common to
protein structures?

The anisotropy of an individual atom is de®ned by

A = Emin/Emax (Trueblood et al., 1996), where Emin and Emax

are the minimum and maximum eigenvectors of the ADP

matrix and are also related to the lengths of the shortest and

longest principal axes of the corresponding ellipsoid (Fig. 1).

The mean anisotropy, A, of the individual protein structures

deposited with the PDB ranges from 0.34 to 0.65, as shown in

Table 1 and Fig. 3. One must approach this set of values

cautiously, as any restraint holding the atoms to be approxi-

mately isotropic during re®nement will both shift the resultant

value of A upward and distort the shape of the distribution.

Unfortunately, information on the restraints applied during

re®nement is not available for many of the structures tabu-

lated.

The majority of the models show substantial similarity in

the distribution of anisotropy, with a consensus value of A

somewhere in the region of 0.4±0.5 and an approximately

symmetric distribution about this mean, with �A values of the

order of 0.1±0.2. This is a signi®cant departure from a purely

isotropic model for atoms in a protein structure. It is, there-

fore, hardly surprising that the inclusion of ADPs in the model

in general leads to a dramatic improvement in the power of

the model to predict scattering amplitudes (Fcalc) and also to a

corresponding dramatic decrease in the standard crystal-

lographic residuals R and Rfree. Three structures of the present

set (1a2p, 1a8d, 1lkr; Table 1) are in the upper portion of the

grey zone of resolution, between 1.4 and 1.6 AÊ , where strong

restraints on anisotropy are called for. It is interesting that all

three are slight outliers from the consensus distribution of A

(dotted lines in Fig. 3), which may indicate that the restraints

used in re®nement were not optimal. Two other outliers to the

consensus distribution are substantially more isotropic than

the remaining structural models in the current set. One of

these, the 0.78 AÊ re®nement of Bacillus lentus subtilisin (1gci;

Table 1), is the highest resolution model in the current set. It

also exhibits a very low mean value for protein thermal

parameters (hBeqi = 7.9 AÊ 2). It will be very interesting to see

whether the low anisotropy exhibited by this model is repli-

cated in future extremely high resolution (<0.8 AÊ ) re®ne-

ments.

The set of structures in Table 1 includes a reasonable range

of protein sizes, protein tertiary structures and crystal-

lographic properties such as solvent content. Therefore,

although the total number of structures is not large (and is

somewhat biased toward lysozyme!), the general agreement in

mean anisotropy found from these re®nements may indicate

that it is representative of a wide range of proteins.

4.2. Is the degree of anisotropy in a structure predictable
from more global properties?

Next we may ask if there is evidence from this set of

structures that the expected value of A or �A should be

modi®ed based on other characteristics of the structure. It

would be plausible, for instance, if structures determined at

liquid-nitrogen temperature exhibited less anisotropy than

those collected at room temperature. For an example of a

model which would make this prediction, consider a case

where the re®ned net anisotropy of atomic centers in protein

structures at room temperature is a conse-

quence primarily of thermal vibration of

rigid groups (domains or subdomains)

made up of isotropic atoms. This is

conceptually analogous to a swinging string

of pearls. At suf®ciently low temperature,

the large-scale rigid-body motion would be

damped and would no longer mask the

local isotropy of the individual constituent

atoms. A more general hypothesis would be

that the mean anisotropy, and perhaps also

the variance �2
A, should depend on the

overall mean B value of the structure. This

hypothesis is tested in Fig. 4(a), which

seems to indicate that neither the distinc-

tion between cryo- and room-temperature

structures nor the generalization to a

dependence of A on Beq is justi®ed. This is

no way invalidates models of domain

motion in individual proteins, of course; it
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Figure 2
Example of a WWW page returned by the PARVATI WWW server, containing an overall
summary of the distribution of anisotropy within an uploaded PDB ®le. The server also returns
a listing of atoms which are outliers, as well as suggestions for revised restraint weights and plots
of the spatial distribution of anisotropy within the protein (not shown).
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simply indicates that temperature is not a predictor of mean

anisotropy for the current ensemble of re®ned structures.

It is still possible that anisotropy and B values are corre-

lated within a structure, however, and this modi®ed hypothesis

is tested in Fig. 4(b). It is clear that the models re®ned at a

resolution of 1 AÊ or better exhibit a stronger correlation of A

with Beq. These highest resolution structures all also have a

low overall mean Beq, but this by itself does not distinguish

them from many of the structures re®ned at somewhat lower

resolution. Based on the set of structures currently available,

we may tentatively conclude that one should expect a corre-

lation of anisotropy with Beq for atoms within a structure. This

correlation is less striking at lower resolution, however,

perhaps because of the increased importance of restraints

applied during re®nement or to the fact that the lower

observation-to-parameter ratio inherently decreases the

accuracy of the re®ned ADP parameters.

4.3. Choice of restraint weights applied to the ADPs during
re®nement

The structures analyzed here were all re®ned using versions

of the program SHELXL (Sheldrick & Schneider, 1997), so

discussion of restraints will focus speci®cally on the two types

of restraints which SHELXL97 applies to anisotropic displa-

cement parameters during re®nement. The ®rst of these is

controlled by the ISOR command; it restrains the ADPs of

each atom to be approximately isotropic. The strength of this

restraint may be set independently for arbitrary sets of atoms.

The ISOR restraint was originally intended for application to

discrete water molecules in structures re®ned at high resolu-

tion. It may also be used to restrain protein atoms during

re®nement of a structure in the grey zone of resolution or to

restrain speci®c poorly behaved atoms (e.g. atoms whose

ADPs become non-positive de®nite during re®nement). The

choice whether ISOR restraints are needed at all, or what set

of target deviations is optimal, can be made by tracking the

residuals R and Rfree (BruÈ nger, 1992b) resulting from repeated

re®nement runs (Fig. 5). This has the major drawback of being

extremely expensive computationally, as each run may require

anywhere from several hours to several days of CPU time,

depending on the size of the structure and the number of

observations. In order to make the optimization of restraints

more tractable, it would therefore be useful to ®nd a set of

heuristic guidelines. Figs. 3 and 4(a) suggest that well behaved

protein re®nements yield a roughly symmetric distribution of

anisotropy within the protein, with a mean in the range 0.4±0.5

and a � of �0.15. Fig. 5 further suggests that the asymmetry

introduced by a non-optimal choice of restraint weights is

fairly obvious, as is the attribution of the asymmetry to either

too strong or too weak restraints. Note, however, that the

asymmetry induced by applying a strong ISOR restraint is to

some extent an artifact of the mode of implementation in

SHELXL. Because the restraint target is speci®cally A = 1,

perfect isotropy, the distribution tends to crowd up against this

side of the mean with a long skewed tail on the side toward

A = 0. Yet the analysis in Fig. 3 does not support the notion

that our default assumption should be perfect isotropy. It

would be interesting to investigate whether a different

implementation, which allowed speci®cation of a target

anisotropy other than A = 1, would be more optimal in the

speci®c case of including strongly restrained ADPs for the

protein atoms in a structure at marginal resolution.

A second category of restraints applied to the anisotropic

displacement parameters is controlled by the SIMU command

in SHELXL. This restraint limits the extent to which the

corresponding ADPs of nearby atoms can differ from each

other. The primary effect of this restraint is that the axes of

deformation (that is, the direction rather than the magnitude

of anisotropy) of adjoining atoms are roughly parallel.

Because the SIMU restraint is applied to the absolute, rather

than relative, values of the individual ADPs, it has a secondary

effect of limiting the variation in Beq between adjacent atoms.

In this respect, its function is analogous to restraints on r.m.s.

�B applied by X-PLOR and other programs commonly used

to re®ne isotropic protein models. It is

worth noting that the SHELXL imple-

mentation distinguishes `terminal' atoms,

those with only one bonded neighbor,

from all other atoms. If the SIMU target

applied to terminal atoms is too stringent,

this will manifest itself in (Fobs ÿ Fcalc)

difference-density maps as a preponder-

ance of negative density (indicating that

Beq is too low) at the atomic centers

corresponding to terminal atoms. The

overall stringency of SIMU restraints may

also be judged by evaluating the reason-

ableness of the overall r.m.s. �Beq for

bonded atoms in the protein structure, just

as one would for a structure re®ned

isotropically. Changes to the strength of

SIMU restraints can be validated by

monitoring the effect on Rfree.

Figure 3
Distribution of anisotropy exhibited in structures deposited with the Protein Data Bank. Each
curve on the plot represents the distribution of anisotropy seen for protein atoms belonging to a
single deposited structure from among those listed in Table 1. The curves are color coded to
indicate the resolution of the corresponding structure re®nement, as listed in the key. The three
structures with the lowest resolution (between 1.4 and 1.6 AÊ ) are shown in dotted lines.



The underlying rationale for the SIMU restraint is an

expectation that atoms belonging to a relatively rigid group

will undergo thermal vibration in unison. Analysis of the

validity of this rationale is beyond the scope of the current

discussion, although it should be noted that torsional vibra-

tions, such as that about the C�ÐC� bond of rigid side chains

such as threonine and valine, clearly violate this expectation of

parallel vibration. Re-formulation of this restraint for appli-

cation to speci®c side-chain types

during re®nement is another

interesting area open for

exploration.

4.4. Anisotropy of water mole-
cules associated with the protein
structure

Most of the questions regarding

expectations for anisotropy and

the choice of optimal restraints

may be asked all over again with

respect to the treatment of

discrete water molecules in

atomic resolution structural

models. A fraction of the protein

crystals which diffract to atomic

resolution contain only a very

small region of disordered

solvent. Two examples of this are

crambin (Stec et al., 1995; Teeter,

1992) and B-crystallin (Kumar-

aswamy et al., 1996). In these

structures, virtually all the water

molecules making up the solvent

volume of the crystal are well

ordered and are therefore expli-

citly present in the structural

model. This high degree of solvent

ordering may, in fact, contribute

to the extremely good scattering

properties of these crystals. They

are not typical of protein crystals

in general, however, and it is not

clear that the behaviour of water

molecules in the re®ned models of

such structures could be used to

derive heuristic expectations for

the behaviour of water in more

typical protein structure re®ne-

ments.

Nevertheless, many of the

crystal structures in Table 1 are

not particularly exceptional with

regard to their total water content

or the fractional volume of disor-

dered solvent. The mean aniso-

tropy for water molecules in these

deposited structures ranges from

less than that of the corre-

sponding protein (e.g. barnase) to

somewhat greater (e.g. P56lck).
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Figure 4
(a) The mean anisotropy A of the protein atoms in each structure is plotted against the mean temperature
factor Beq for that structure. Room-temperature structure determinations are highlighted in yellow.
Re®nements performed at 1 AÊ resolution or better are in blue boxes. While the largest anisotropy mean
(lowest A) is indeed observed in a subset of the room-temperature structures, there does not appear to be
any general correlation of A with Beq. (b) The correlation of anisotropy with Beq. For each structure, the
correlation between anisotropy and Beq was calculated for all protein atoms. This correlation is in general
negative, indicating that atoms with higher Beq are also more anisotropic (lower value of A). The horizontal
axis of the plot indicates the mean temperature factor Beq of the structure. The vertical axis indicates the
correlation coef®cient between A and Beq for individual atoms within the structure. Room-temperature
structure determinations are highlighted in yellow. Re®nements performed at 1 AÊ resolution or better are
in blue boxes. It is clear that the higher resolution structures tend to exhibit a stronger correlation of A with
Beq.
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However, in most cases it is not possible to tell whether the

restraints applied to the water molecules were, in fact, optimal.

As part of the 1.25 AÊ re®nement of the cholera toxin

B-pentamer, a systematic evaluation explored the effect that

the ISOR restraint weight applied to water molecules has on

the resulting values of A, R and Rfree (Merritt et al., 1998). This

analysis indicated that Rfree was lowest and the distribution of

anisotropy plausible when ISOR was chosen to yield a value of

A for waters which was slightly less than that obtained for the

protein atoms (Fig. 2). A similar, though less extensive,

evaluation has been made for the ongoing 1.4 AÊ resolution

re®nement of E. coli LTB (unpublished results). Even in this

case, falling as it does in the middle of the resolution grey

zone, treating the water molecules anisotropically seems to be

justi®able: relative to an isotropic water model, the residual R

drops from 0.146 to 0.138, Rfree drops from 0.195 to 0.191 and

the resulting distribution of anisotropy for water molecules

ends up similar to that of the protein atoms. A tentative

heuristic can therefore be proposed for the treatment of

ordered water molecules during re®nement of structures lying

in the resolution grey zone between 1.6 and 1.2 AÊ . At the end

of re®nement with isotropic water molecules, the default

weighting (ISOR 0.1 in SHELXL97) can be used to restrain

an initial anisotropic treatment of waters. A PARVATI plot

such as that given in Fig. 2 can then be used to compare the

resulting distribution of anisotropy for protein atoms and for

water molecules. If the two distributions are substantially

different, it is probably worth re-running the re®nement with

the restraint weight adjusted so as to shift the water distri-

bution toward that of the protein atoms. The validity of

including anisotropic displacement parameters for the water

molecules and the choice of restraint weights may be judged

by following the Rfree residual.

5. Inclusion of ADPs in lower resolution structures

In certain cases, a model for anisotropy may be introduced

into protein structure re®nement even at low-to-moderate

resolution. One is the somewhat special case of metal centers.

Here, one can limit expansion to a full anisotropic model (six

thermal parameters per atom) to a speci®c small set of atoms,

for example the Fe and S atoms in an Fe/S cluster. These

electron-dense and well ordered atoms are likely to be

robustly determined by the diffraction data, and in general will

contribute substantial peaks to a residual-density map if they

are inadequately described by a purely isotropic treatment.

For example, Libeu et al. (1997) used SHELXL to re®ne a

series of structures containing reduced or oxidized forms of

pseudoazurin point mutants at resolutions near 2 AÊ . Only a

Cu atom and two of its four liganding atoms (a methionine S�

and a cysteine S) were treated anisotropically. The addition

of these 15 new parameters to the model did not noticeably

lower the crystallographic R factor, but did improve residual-

density maps. In this case, the largest component of anisotropy

was in the direction of shifts between oxidation centers, which

could re¯ect either true displacement along those vectors or

the presence of an admixture of oxidation states.

5.1. Other representations of anisotropy

Although anisotropic displacement parameters are assigned

to individual atoms, this may obscure the physical basis for the

distribution of electron density which they describe. The

electron density at atomic centers is non-spherical not only

because of oscillatory motions of the individual atoms, but also

because of both dynamic and static disorder at the level of

larger structural units or indeed of the entire protein molecule.

A second path to modeling anisotropy, which requires a

relatively small number of added parameters, is to describe the

anisotropic behavior of groups of atoms rather than of indi-

vidual protein atoms. For example, a set of up to 20 parameters

can be used to describe the TLS (translation/libration/screw)

motion of any rigid body (Schomaker & Trueblood, 1968).

This approach, as implemented in the RESTRAIN program

(Driessen et al., 1989), has been used to model domain motion

in protein structures re®ned even at modest resolution (Moss

et al., 1996; Papiz & Prince, 1996). At intermediate resolution,

a TLS model can be re®ned to describe the motion of indi-

vidual side chains (Holbrook et al., 1985; Howlin et al., 1989),

thereby reducing the number of re®ned parameters relative to

a model with six ADPs per atom. For example, in the simple

case of no overall domain or backbone motion, the Uijs of the

rigidly linked atoms in a Trp side chain are highly correlated

by torsion-angle rotations about the C�ÐC bond. The

anisotropy of the atoms in the indole group may, therefore, be

Figure 5
Effect of varying restraint strength on resultant distribution of
anisotropy. This ®gure shows the distribution of anisotropy among
the 9697 protein atoms of the LTB±galactose complex re®ned against
1.4 AÊ data (unpublished results; Table 1). Three re®nement runs were
made from the same starting point and differed only in the restraints
applied to the ADPs of protein atoms. Each run required 27 h of CPU
time on a 400 MHz DEC Alphaserver 4100. One run (green line)
restrained each atom to be approximately isotropic (ISOR 0.1) and
applied a relatively weak restraint to the similarity of ADPs belonging
to adjoining atoms (SIMU 0.100). The second (blue line) and third (red
line) runs dropped the restraint toward isotropy and applied
increasingly stringent restraints on ADP similarity (SIMU 0.080 and
0.025). The three runs yielded a mean anisotropy A of 0.524, 0.393 and
0.446, respectively. The second run, with the weakest restraints, yielded
the lowest standard crystallographic residual R as expected, but resulted
in ADPs skewed toward extreme anisotropy. The third run, employing
the strongest SIMU restraint, yielded the lowest Rfree value as well as a
more symmetric distribution of anisotropy than either of the ®rst two
runs.



described as well by a single set of �20 TLS parameters as by

54 ADPs (six for each of nine atoms).

At atomic resolution, there may be suf®cient information to

partition anisotropy into local and large-scale components. In

this case, TLS re®nement of domain motions can be comple-

mentary to re®nement of anisotropic displacement parameters

for individual atoms (Stec et al., 1995). Finally, as noted above

in passing, it might be fruitful to explore the use of TLS

models to generate restraints on individual atomic displace-

ment parameters. As the database of atomic resolution

structures re®ned with an expanded model for anisotropy

grows, exploration may show that the ADPs within recurring

structural elements are correlated. That is, there may be

vibrational modes or static distributions of positional disorder

that are characteristic of, say, certain side chains, �-helices or

other secondary-structural elements. At that point, not only

will we have expanded our model for individual crystal

structures, but we will also have expanded our understanding

of protein structures in general.

6. Availability of the validation/analysis tools

The rastep and PARVATI programs are available from the

author. Access to an automated version of these tools is

available as an on-line validation/analysis resource via the

WWW at URL http://www.bmsc.washington.edu/parvati/.
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