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Abstract

The accelerated pace of genomic sequencing has increased the demand for structural models of gene products. Improved
quantitative methods are needed to study the many sysgeegismacromolecular assembl)iésr which data are scarce.

Here, we describe a new molecular dynamics method for protein structure determination and molecular modeling. An
energy function, or database potential, is derived from distributions of interatomic distances obtained from a database
of known structures. X-ray crystal structures are refined by molecular dynamics with the new energy function replacing
the Van der Waals potential. Compared to standard methods, this method improved the atomic positions, interatomic
distances, and side-chain dihedral angles of structures randomized to mimic the early stages of refinement. The greatest
enhancement in side-chain placement was observed for groups that are characteristically buried. More accurate calcu-
lated model phases will follow from improved interatomic distances. Details usually seen only in high-resolution
refinements were improved, as is shown byRxfactor analysis. The improvements were greatest when refinements
were carried out using X-ray data truncated at 3.5 A. The database potential should therefore be a valuable tool for
determining X-ray structures, especially when only low-resolution data are available.

Keywords: knowledge-based modeling; low-resolution; molecular dynamics; structure refinement; X-ray
crystallography

Genomic sequencing efforts are far outpacing our understandinmformation about molecular structure must be used to obtain a
how gene producté.e., RNA and proteinsgive rise to the char-  useful model.
acteristics of living things. The more than 8,500 currently known In the limit where no experimental data are available, there is an
protein structures ought to be a rich resource for solving this probexclusive reliance on prior information, and the problem becomes
lem. For example, bond distances and angles obtained from knowan even more difficult one of molecular modeling. Homology mod-
small-molecule structures commonly are used to generate geometting has brought significant developmeriBrowne et al., 1969;
rical restraints in solving new X-ray and NMR structur@$en- Blundell et al., 1987; Jones & Thornton, 1996; Sanchez & Sali,
drickson & Konnert, 1980; Engh & Huber, 199Much of what 1997, but use of this method requires that the structure of a
protein databases “know” about protein structure, however, remolecule with high sequence homology be determiftbd fact
mains hidden when the data are viewed in this limited way. motivates the structural genomics initiatives reviewed in Terwill-
Methods for determining X-ray and NMR structures are well iger et al., 1998 Another limitation to homology modeling is that
understood, and procedures have become largely automated. Mattye same sequence is capable of adopting different structures de-
problems still exist, however, in obtaining structures using limitedpending on tertiary contexMinor & Kim, 1996). There are also
data. This is especially true when the atomic coordinates are umumerous examples of proteins without significant sequence ho-
derdetermined by the data alone, such as happens for poorly difnology that, nevertheless, have high structural homology.
fracting crystals of molecular complexes. In these cases, prior To enhance structure determination and molecular modeling, we
have implemented a knowledge-based energy function that makes
greater use of the information in structure databases. The energy
function is derived from distributions of interatomic distances es-
Reprint requests to: Michael E. Wall, Bioscience Division, MSG758, timated from an ensemble of reference structises Methods
;O:V\’gﬁg?:nrl\lag\?nal Laboratory, Los Alamos, New Mexico 87545; e-mail: These distributions are referred to as “probability density func-
3Present agdréss: Department of Bioengineering, University of Califor-tlonsﬂ (PDFs. Molecular dynamlF:S(MD) “,S'“Q a PDF energy
nia, San Diego, 9500 Gilman Dr., Mail Code 0412, La Jolla, California @djusts the structures so that the interatomic distances of the model
92093-0412. are similar to those found in the ensemble.
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Standard MD refinement techniquéBriinger et al., 1987use  angles,R-factors, and PDF scores of the refined structures. The
Van der Waal§VDW) interactions to help determine the distance X-ray data and known structures were used to analyze the struc-
between nonbonded atoms. Figure 1 compares the VDW intertures and evaluate the refinements. The analyses show that refine-
action between two methyl carbons with both the PDF for methylment was improved by using the database potential.
carbons on valine residues separated by three peptide bord8)
and them = 3 PDF for leucine—leucine methyl carbons. The PDF _ N
energy is much more richly structured and depends on the contex@tomic positions

of the atom pairs. _ _ The root-mean-square deviatigRMSD) of backbone and side-
We reason that by replacing VDW with the PDF energy, muchcnain atomic positions in refined structures was calculated with
more information will be available for nonbonded interactions be'respect to the X-ray structuréFable 1. In all but one case, both
tween atoms, providing a powerful method for optimizing protein packhone and side-chain positions were more accurate in PDF
structures. Here we present the results of a test of this idea: A PDRsfinement. The exception is for the backbone of myoglobin re-
energy function was implemented in crystallographic refinementsineq ot 2.0 A resolution, where no advantage is observed. Includ-

and the method was tested by running test refinements on randonfyg higher resolution data in refinement led to improved atomic
ized X-ray structures. The results show that using the PDF energysitions in all cases.

function significantly improved the structures obtained at the en
of refinement. Analysis of the refined structures shows where the
improvements are and why this is a useful method in determiningnteratomic distances

X-ray structures. . - i
The RMSDs of interatomic distances between refined structures

(NORM and PDF and the X-ray structures were calculated as a
Results function of the interatomic distance. Results for torsion-angle re-

A1.3 A resolution crystal structure of wild-type myoglotfiRomo, finement are almost indistinguishable from those for normal re-
1998 and a 2.0 A resolution structure of calmodulin complexedﬁf‘eme”t- Use of the PDF potential improved overall interatomic
with brain calmodulin-dependent protein kinase ll-alpéll etal,  distances in all refined structure$able 1. _
1997; Protein Data BankPDB) entry 1cm2 were randomized In th_e 3.5Ar_eso|ut_|on PDF reflne_ment of myoglobm, there was
(see Methods These structures were refined using real X-ray data? relatively uniform improvement in the RMSD of interatomic
truncated at 2.0 and 3.5 A to simulate low-resolution crystallog-distances for distances between 5 and 25 2). The difference
raphy. Three refinement methods were used: Cartesian molecul&ecreases slightly from 25 to 30 A and then is uniform until 40 A.
dynamics using standard potentidteferred to as “NORM” in Above 40 A, where the number of atom pairs is small, the RMSD
tables and figurgs Cartesian molecular dynamics with the VDw becomes highly variable. Atom pairs involving surface residues
potential replaced by the PDF potentidPDF” in tables and likely begin to dominate the statistics at 25 A. Results from the
figures, and torsion-angle refinemeriRice & Briinger, 1994  calmodulin complexnot shown are similar, except that the RMSD
with standard potential&é TORS” in tables and figures becomes small at long distances, perhaps due to end-to-end pack-
The following sections describe analyses of the atomic posi-
tions, interatomic distances, stereochemistry, side-chain dihedral

Table 1. RMSDs of backbone and side-chain atomic positions,

0.35 . . . . and RMSD of interatomic distances, all calculated between
PDF between L methyl carbons — i H H )
PDF betweeanem% corbons — refined structures and available high-resolution structures
03} VDW between methyl carbons, X-PLOR params - ]
Meth Back Side Dist BOND ANGL DIHE IMPR
Nl 35AMb norm 052 1.95 125 047 107 25 0.60
B pdf 033 1.47 088 070 1.12 23 094
g 02r tors 052 194 1.24 0.35 0.84 26 0.52
% CaM norm 0.73 196 1.31 039 0.78 29 043
§°-‘5' pdf 045 160 105 076 110 24 068
o tors 0.69 1.84 121 035 0.70 29  0.40
0.1t
20A Mb norm 0.23 1.63 1.03 0.94 1.31 22 0.83
pdf 024 141 087 083 1.12 20 084
0.05 tors 023 168 1.03 063 108 23 068
0 A , ) CaM norm 0.48 1.90 1.19 096  1.49 27  0.74
0 2 4 6 8 10 pdf 025 158 1.00 1.40 1.59 26 1.09

Interatomic Distance (Angstroms) tors 0.48 1.74 1.07 0.60 0.86 28 0.49

Fig. 1. Comparison of probability densities for methyl carbon pairs. PDF
probability densities vs. distance for WEV:Cy and L:G-L:CS atom aAlso shown are RMSDs from ideal bond distan¢&DND), bond
pairs (m = 3) are contrasted with a methyl carbon—-methyl carbon VDW angles(ANGL), multimodal dihedral angle®.g., backbone(DIHE), and
potential. The PDF depends upon the context of the methyl carbon and hasther dihedral angle$IMPR). Back, Side, and Dist values are in ang-
more features than the probability due to VDW. Note that the PDF densitiestroms. BOND values are in 18 A. ANGL, DIHE, and IMPR values are
are shifted to higher distances than in VDW, showing the effect of thein degrees. Structures were chosen on the basis of the Idgstsee
backbone connectivity on the distance. Table 3.
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3 Myoglobin, 3.5 Angstrom Refinement Table 2. Fraction of correct side-chain rotomets
Normal refinement —
PDF refinement - Meth x* x? x° x"andy? Al
3.5A Mb norm 0.66 0.72 0.49 0.53 0.65
- | pdf 0.79 0.81 0.58 0.69 0.76
g tors 0.71 0.75 0.29 0.58 0.66
§> i CaM norm 0.62 0.48 0.36 0.28 0.52
< pdf 0.75 0.62 0.40 0.51 0.64
g | tors 061 052 0.26 0.31 0.52
T 2.0A Mb norm 0.87 0.77 0.67 0.69 0.80
L pdf 0.83 0.87 0.51 0.78 0.79
1 tors 0.73 0.77 0.49 0.61 0.70
) ) CaM norm 0.70 0.57 0.36 0.45 0.60
0 5 10 15 20 25 30 35 40 45 50 pdf 076 066 045 051 067
- tors 0.72 0.57 0.49 0.48 0.62
Interatomic Distance [Angstroms]
Fig. 2. The differenceas calculated by RMSDbetween interatomic dis- astructures were chosen on the basis of the lowest (see Table B

tances in the X-ray structure and the 3.5 A resolution refined structure of
myoglobin plotted vs. interatomic distance. RMSD is defined for structures
(1) and(2) at distances as[((d{* — di}Z))Zméu_st]l/z, where{i} and{j}

span all atoms in the structurd;, = distance between atomsndj, andb . . T -~
is half the bin size. Values are averaged in 0.25 A bins. due th_e |ncrea_15ed number_ of distance distributi@rgl thus in
formation available for buried atoms.

Crystallographic R-factors

ing in the crystal lattice. Plots are generally similar for 2.0 A R-factors were calculated at multiple resolutions using both real
resolution refinementgnot shown. and simulated diffraction datéTable 3. Ryee (Briinger, 1992

Stereochemistry

The RMSDs of standard geometry parameters from the mean were | A Grorm
calculated for each of the refined structuf@sble 1. No VDW » mpdf
clashes were found in any structure, and the values indicate that a@ ators
of the structures have normal stereochemistry. The PDF potentiaﬁ
generally lowered the RMSD for multimodal dihedral angles DIHE
(phi, psi, and chi, as defined by IUPA@vhile raising the RMSD
for the other parameters.
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The fraction of correct side-chain rotational isomévslkenstein,
1963 or “rotomers” (as defined by IUPAC was calculated for
each of the refined structuré3able 2. With one exception, the
fraction is higher in every instance for PDF-refined structures. The
exception is the 2.0 A myoglobin refinement, where more NORM %
refinement yielded better placementpt and y 3 rotomers, and a
higher overall fraction of correct rotomers. PDF refinement in this
instance produced both a higher fraction of combined coryéct
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mers vs. residue type was done for 3.5 and 2.0 A resolution refine- o E
ments(Fig. 3. In both 3.5 A resolution refinemerFig. 3A) and E
2.0 A resolution refinemeriFig. 3B), PDF improved the side-chain
conformations for all but the polar category.
Nonpolar and beta-branched categories showed the biggest infig. 3. Analysis of the fraction of correct combinggl and y2 rotomers
provement in fraction of correct combinep‘1 and XZ rotomers. vs. residue type. Myoglobin and calmodulin results are combined to cal-

Remarkably, a separate calculation for the 3.5-A resolution calculate the fractions fofA) 3.5 A refinement andB) 2.0 A refinement.
Residue type definitions: chargedEDHKR; polar= NQSTY; nonpolar=

. . 12 -
modulin reflneme_nt showed that all of FIQQ , X°) combinations CFILMVW: beta-branched- TV: ring — FHWY: 1 dihedral= CSTV:
are correct for this case. The PDF refinement method thus posb gihedrals= FHDILNWY: 3 dihedrals= EMQ; >3 dihedrals= KR; all =
tioned interior residues particularly well. This is understandable CDEFHIKLMNQRSTVWY.
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Table 3. R, Rree, and R4 evaluated to the resolution indicated at the top of the coltimn

R F‘%ree Rcalc
Meth Wght 35A 20A 1.3A 35A 20A 1.3A 35A 20A 1.3A
35A Mb norm 1. 0.19 0.43 0.48 0.38 0.47 0.50 0.26 0.43 0.48
pdf 1.0 0.22 0.37 0.42 0.35 0.42 0.45 0.25 0.36 0.41
tasa 0.X% 0.23 0.43 0.48 0.39 0.47 0.50 0.28 0.43 0.47
CaM norm 0.5 0.28 0.45 NA 0.43 0.52 NA 0.35 0.46 NA
pdf 1.0 0.28 0.42 NA 0.39 0.46 NA 0.31 0.40 NA
tasa 0.5 0.26 0.45 NA 0.42 0.52 NA 0.33 0.45 NA
2.0A Mb norm 2.0x 0.26 0.30 0.34 0.31 0.36 0.38 0.23 0.26 0.30
pdf 1.0x 0.27 0.30 0.34 0.30 0.34 0.36 0.22 0.25 0.29
tasa 1. 0.28 0.32 0.37 0.33 0.38 0.40 0.25 0.30 0.34
CaM norm 2.x 0.25 0.35 NA 0.38 0.44 NA 0.31 0.37 NA
pdf 2.0¢ 0.28 0.35 NA 0.38 0.43 NA 0.30 0.34 NA

tasa 1.X 0.27 0.36 NA 0.38 0.46 NA 0.32 0.37 NA

aValues are for refinements of myoglobivb) and calmodulifCaM) using X-ray data truncated at 3.5A and 2.0 A. The relative
weight of the X-ray data is indicated in the Wght column. Only results from structures with the lowest vatig afe listed.

(using real datpand R4 (using simulated dajeare smaller for  calmodulin complex. The results indicate that the PDF potential
structures obtained by PDF refinement. The resolution-dependemshould be a valuable tool for determining X-ray structures, espe-
analysis shows that the PDF potential improved the high resolutiowmially in the early stages of a structure determination or when only
features of the structural models, especially when only low resofow-resolution data are available. Future studies will address the
lution data were used for refinement. Note tRate is not the best  value of the method in molecular modeling and NMR refinement.
measure of the quality of a structure for our tests, as it does not Plots of the PDF score by resid(Eig. 4) suggest two rules for
make use of the available high-resolution structure model. evaluating structures. The first is that aajpha-helical region
with a PDF score>0 is likely to have incorrectly modeled side
chains. The second is thatyregion with a PDF score-0.2 (using
normalizationW = 0.58) is likely to be incorrectly modeled. These
The average PDF score per residue was calculated for the origwo rules together can be used as a heuristic method for validating
inal X-ray structures of myoglobin and the calmodulin complex protein structures using plots of the PDF score by residue.
(Fig. 4). In both structures, there is a good correspondence be- PDF refinements accurately reproduced both the minéme
tween regions with relatively uncommon interatomic distaribegh maxima in plots of PDF score by residue that were obtained from
PDF scorg and nonhelical domains. the high-resolution X-ray structur€big. 4). The PDF method thus
The same plots were compared with ones obtained from refinedhay improve structural models even when it is applied to proteins
structures by calculating correlation coefficients. For myoglobinwhere the real interatomic distances are relatively uncommon. Fu-
refined at 3.5 A resolution using normal methods, the correlatiorture studies, however, will be needed to demonstrate the method’s
calculated between the profiles is 0.@3g. 4A). For the calmod-  effectiveness when applied to a broad range of protein classes.
ulin complex refined at 3.5 A resolution, the correlation is 0.53 It has been suggested that multimodal informatismch as the
(Fig. 40). For both myoglobin and calmodulin refined at 3.5 A PDF potentigl, while useful for validation methods, is inappropri-
resolution using the PDF method, the correlation coefficient cal-ate for use in refinemen{Sheldrick & Schneider, 1997 One
culated between the profiles is 0.95ig. 4B,D). The correlations  reason is that structures tend to become trapped in local minima,
calculated for structures refined at 2.0 A resolution were: 0.86 fomaking it impossible to locate the global minimum without a pro-
Mb, normal refinement; 0.96 for Mb, PDF refinement; 0.78 for hibitively time-consuming search of the space of model param-
CaM, normal refinement; and 0.94 for CaM, PDF refinement.eters. Another is because the negative curvatures in multimodal
Using the PDF energy in low-resolution refinements, therefore distributions render useless many optimization methods that rely
has the striking result of producing PDF profiles that usually comeon curvature information.
only from high-resolution structure determinations. Use of multimodal information is certainly not appropriate in
the latter stages of refinement of a high-resolution structure, where
full-matrix least-squares methods are applied. It is certainly useful,
however, in the early stages of refinement, when the solution is far
We have demonstrated that a novel energy function, the PDF datdrom the global minimum in the X-ray target, or in low-resolution
base potential, enhances protein structure determination. Commefinements, when the full-atom solution is underdetermined by
pared to standard methods, use of the PDF energy improved atomilbe X-ray data. In the early stages of refinement, use of the PDF
positions, interatomic distances, side-chain conformations angotential can improve interatomic distances, improving model phases
R-factors of refined randomized structures of myoglobin and aand electron-density map®bserved in an application to a

PDF scores by residue

Discussion
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PDF Scores by Residue

Myoglobin, 3.5 Angstrom Normal Refinement
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A Correlation = 0.63 Crystal structure —
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Myoglobin, 3.5 Angstrom PDF Refinement
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0.15

Crystal structure —
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Fig. 4. PDF scores calculated by residue for X-ray structures ft@mnormal refinement of myoglobinB) PDF refinement of
myoglobin,(C) normal refinement of the calmodulin complex, &mj PDF refinement of the calmodulin complex, all refined at 3.5 A
resolution. On the calmodulin complex plots, linker residues 74-83 were deleted, and residues beginning at 200 correspond to the
peptide. The correlation coefficient calculated between the plots is indicated on each graph. Nonhelical domains are indicated by boxes
at the bottom. PDF scores above 0 indicate relatively uncommon interatomic distances.

troponin-C structure problem by Soman et al., 199%e improve-  (i.e., R-factorg of both myoglobin and the calmodulin complex
ments thus can potentially speed the process of obtaining a goosdlere improved by use of the PDF potential in low-resolution re-
initial model for the latter stages of refinement. finement. Another is that refinement at low resolution accurately
The argument for using the PDF potential in refinement is everreproduced the entire profile of the PDF score by residue for the
stronger when only low-resolution data are available. In this casehigh-resolution X-ray structurgsorrelation= 0.95), whereas nor-
many atomic models will fit the data equally well, so that to choosemal refinement generated models with a much poorer agreement
the most likely structure one must rely on prior information about(correlation<0.65.
protein structure. In Bayesian terms, the PDF potential can be seen There are two ways to explain the enhancement in refinement.
as an estimate of the prior probability for the interatomic distance€ne is that the PDF potential provides extra information that is not
in the protein(given the assumption of independent atom pairs available in refinement with ordinary potentials. The PDF potential
When high resolution data are available, the PDF potential is lesss derived only from compact structures, whereas the distance
useful, becausél) the data are sufficient to determine the struc- distributions that one would derive from ordinary geometry re-
ture, and(2) high-resolution structures already have PDF profilesstraints and contact potentials would allow both compact and ex-
that are similar to those obtained by minimization of the PDFtended structures. The difference is most likely due to entropic
energy, leaving little room for improvement. effects: protein configurational entropy and the hydrophobic “in-
Our tests definitively show that the PDF refinement method carteraction.” Further studies will be required to determine the rela-
be useful in increasing the quality of a structural model. Onetive contributions of entropic effects and geometrical restraints in
remarkable supporting result is that the high-resolution featuregjiving rise to the features in the PDFs.
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The PDF potential could also enhance refinement by its restructure weré¢l) high resolution(2) absence of prosthetic groups,
representation of local geometrical restraints in terms of centraind(3) low R-factors in order of importance. Four hundred thirty-
forces between unbonded atom pairs. The many pairwise poterwo polypeptide chains from 392 structures were analyzed to gen-
tials could result in a more efficient search of configuration spaceerate the distributions.
than is possible when the restraints are represented using only local Selection of the kernel width for smoothing is critical, as too
geometry parameters and a VDW nonbonded interaction. The mangmall a width will introduce artifacts from noise, while too large a
multimodal distance distributions that determine the forces on awvidth will smear important features. Here, the optimal kernel width
single atom could potentially add up to an energy surface that isvas determined from the data obtained for each atom(Bdirer-
relatively free of local traps, allowing a complex downhill trajec- man, 1982; Rojnuckarin & Subramaniam, 19istributions were
tory through configuration space. The repulsive component of thestored as arrays of 140 values of the probability density at discrete
PDF potential is also relatively soft, so that conformations thatinteratomic distances, along with a start distance and bin size to
would be frustrated by VDW contacts would be more plastic whengenerate the ordinate values.

PDF is used. A stand-alone program called SOESsgtanding for &ucture

Finally, we note that there are many alternative ways of choosOptimization and Ealuation using 8parations of fgoms; distri-
ing structures to use in generating the PO€g., the 100 high- bution through the internet at www.bioc.rice.¢doesawas writ-
resolution structures without VDW clashes described in Word et al.ten to calculate the total PDF energy and its derivatives with respect
1999. Many of these may provide additional information valuable to atomic positions. This program runs in the UNIX background as
for structure determination. Further studies will be required toa “server” and processes requests for calculations from “client”
determine which factors are most important in enhancing structur@rocesses, leaving the answers in a file. Support was added for
refinement. using the information in the output file for refinement in X-PLOR

In summary, our results support an “Aufbau principle” of mac- (Briinger, 1993(see below, CNS(Briinger et al., 1998still to be
romolecular structuréSchutt, 1987. In this principle, the proper- completed, and TNT(Tronrud, 1997.
ties of larger structures are induced from those of smaller molecules The program SOESA calculates the PDF energy by summing
that have been carefully described. A caveat is that new structuresntributionsk; (s) from each unique atom pair,j), wheresis
that depend on this information should not be used in generatinthe interatomic distance. The valugs(s) are calculated by spline
future database potentials. By making fuller use of the informatiorinterpolation of the transformed arrays; ns = —WIN Pjj o),
in structures that have already been solved, however, methods thahereP; ) is the probability distribution between atorinandyj,
use the new database potentials will likely aid in the structureandn(s) is the bin number into which the distansdalls in the
solution and modeling of molecular complexes for which data aredistribution. Thus, the total energy bears resemblance to an ex-
scarce. pression of maximum likelihood, where the product of the values
P;j(s) is analogous to a prior probability of the interatomic dis-
tances. By analogy with Boltzmann statistics, the energy dtale
was defined as 0.58 kcal mol (= RT at room temperatuje
The PDF energy function is derived from a previously describedalthough in practic&V is an arbitrary weight whose value should
knowledge-based interaction potential for prote{8gppl, 1990; be optimized.

Subramaniam et al., 1996A probability is constructed by assum-  The gradient of the energy with respect to atomic positions was
ing that each atom pair contributes independently according tealculated using the analytic derivative of the spline expression
spatial separation. The total likelihood of a structure is equal to theised to interpolate the energy values. The gradient is used by, e.g.,
product of all of the pairwise probabilities. X-PLOR to calculate molecular dynamics fordgson each atom

To implement this, one wants the precise probability densityi asF; = —X;dE;(s)/ds(x; — X;)/|x; — x|, wherex; is the vector
functions (PDF9 that describe the distances between atoms inposition of atomi, and the suny;; is carried out over ajlnot equal
proteins (i.e., statistical mechanical pair distribution functions toi.

Although these PDFs are not known, they can be estimated using X-PLOR version 3.851 was modified to read energies and de-
an ensemble of known protein structures. rivatives from a file and use them for refinement. Also added was
Classification of atom pairs for the distributions is critical. For a C routine to(1) write the current atomic coordinates to a PDB

our PDF database, an ordered pair of atom types plus the numbéle; (2) send a signal to a UNIX process to initiate calculations;
of peptide bondsn along the bonding path connecting the atoms isand (3) wait for a signal indicating completion. Control was
used. A valuen = 0 corresponds to the atoms on the same residueimplemented through the USER potential, allowing full use of
and any valuen > 4 (4 = alpha-helical repeatis of one type, CONStraints INTERactions statements for selecting atom pairs
termed “tertiary.” Each nonhydrogen atom on 21 residue typ@s participating in the database potential, and setting the relative weights
plus disulfide-bonded cysteipeounts as 1 of 173 different atom of their contributions.

types. This leads to distance probability distributions between The fact that the PDF energies and gradients are calculated
roughly 150,000 types of atom pairs. Scoring systems based odirectly from the distance distributions makes this strictly the first
these and similar distributions already have shown promise fotrue example of a database potential used in structure determina-
validating protein structure&Sippl, 1993; Rojnuckarin & Subra- tion. This is so because the information in the distributions is not
maniam, 1999 parameterized or reduced in any way once estimated. By compar-

To obtain the PDFs, structures of 2.5 A or higher resolution inison, for instance, standard geometry restraints reduce the infor-
the Brookhaven Protein Data BafiRDB) (Bernstein et al., 1997  mation to mean distances and angles and their standard deviations.
were sampled for interatomic distances, and the results were We found that methods such as steepest descent and molecular
smoothed. Only a single structure was selected among structurelynamics, especially when combined with simulated annealing
with more than 25% sequence identity. Selection criteria for thisalgorithms, efficiently decreased the PDF energy. Methods that use

Methods
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curvature information, however, such as Powell minimization, didsteps each Four sequential rounds of refinement were carried out
not work well. This is due to the multimodal nature of the distancein each case, and the b&t. structure was chosen for comparison.
distributions and the amplification of noise caused by differentia- For NORM refinement, starting temperatures of both 2,000 and
tion, both of which give rise to sign changes in the curvature. 4,000 K were used. At 3.5 A resolution, better results were ob-
tained using a starting temperature of 2,000K, while at 2.0 A
resolution, better results were obtained using a starting tempera-
ture of 4,000 K. For PDF refinement, only a starting temperature
We used real data from experiments on solved structures for ousf 4,000 K was used.
tests. Artificial X-ray data nearly always agree poorly with low- For the TORS method, four parallel refinements were done,
resolution experimental data, and the tests of low-resolution reusing starting temperatures of both 2,000 and 4,000 K. For 3.5 A
finement were critical to our study. The structure and X-ray datarefinement, a starting temperature of 2,000 K gave the best results,
from crystallographic experiments on a 1.3 A resolution wild-typeand for 2.0 A resolution refinement, a starting temperature of
myoglobin(Romo, 1998 and a 2.0 A resolution structure of cal- 4,000 K gave the best results; the sample X-PLOR script was used
modulin complexed with the calmodulin-binding domain of brain with minimal editing.
calmodulin-dependent protein kinase Il-alpt&all et al., 1997
(PDB entry 1cmlwere used. Linker residues 74—-83, which lie in
a region pf no connected electron density, were deleted from thieknowledgments
calmodulin complex.
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Test conditions were chosen to mimic early refinement, where
the backbone is fairly well defined but the side chains are not yet
determined. Starting structures for the tests were generated by firfieferences
using the program CHAINSack, 1988to select alternate possible
side-chain conformations for one-third of the residues, attemptindggernstein FC, Koetzle TF, Williams GJB, Myer EF Jr, Brice MD, Rodgers JR,

s . 1 4 Kennard O, Shimanouchi T, Tasumi M. 1977. The Protein Data Bank: A
to minimize changes to all but the” dihedral angle. Changes computer-based archival file for macromolecular structureMol Biol

preserved good local geometry, but were poor in the context of the 112535542,
rest of the protein. The temperature factors for all atoms in theBlundell TL, Sibanda BL, Sternberg MJE, Thornton JM. 1987. Knowledge-

myoglobin structure were set to 10 A, and those for the calmodulin gggg‘igr%ﬁgﬁon of protein structures and design of novel moledusesre

complex were set to 20 A. One refinement cy@escribed beloW  groune wa, North ACT, Philips DC, Brew K, Vanaman TC, Hill RL. 1969. A
by standard methods using X-ray data truncated at 3.5 A resolution possible three-dimensional structure of bovactalbumin based on that
was then run to generate a starting structure with scrambled sidéa of he:’;‘ i%gz\/vfgtegsolzyme]AMol Bllolt4t2€;_5-i|36- iy 1 _—
H H runger . . Fre&-value—A novel statistical quanti or assessing the

chains and dl_splaced b_aCkbone atoms. . accuracy of crystal structureNlature 355472—-475.
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restraints(BOND, ANGL, DIHE, and IMPR flag}swere used. For Briinger AT, Adams PD, Clore GM, DeLano WL, Gros P, Grosse-Kuntsleve RW,

N . . . « " Jiang JS, Kuszewski J, Nilges M, Pannu NS, et al. 1998. Crystallography &
NORM" refinement, the VDW potential was used. For “PDF NMR system: A new software suite for macromolecular structure determi-

refinement, the VDW potential was turned off and replaced by the  nation. Acta Crystallogr D54905-921.
USER (i.e., PDB potential. To avoid overweighting local geom- Briinger AT, Kuriyan J, Karplus M. 1987. Crystallograplfidactor refinement

; — i _ by molecular dynamicsScience 23#58-460.
efry restraints, then = 0 PDFs were not used. Torsion-angle re Engh RA, Huber R. 1991. Accurate bond and angle parameters for X-ray protein—

finement("TORS”) was also carried out using the same potentials  “sgrycture refinementacta Crystallogr A47392—400.
as with standard refinement. Hendrickson WA, Konnert JH. 1980. Incorporation of stereochemical informa-
To simulate limited available X-ray data, refinement was done tion into crystallographic refinement. In: Diamond R, Ramaseshan S, Ven-

. : kat K, edsComputing i tallographyBangalore, India: Indi
using reduced data sets: a low-resolution data set truncated at 3.5 A Aiaejggqy Ofes(:sier?g?g;glgoi?/fgézggrap yEangaiore, nda fdian
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I _ : Minor DL Jr, Kim PS. 1996. Context-dependent secondary structure formation
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. ' . . . . for proteins.Proteins 3654—67.
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segment of simulated annealif§00K final ter_npe_ratu_re, 25K Sanchez R, Sali A. 1997. Advances in comparative protein-structure modelling.
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