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[18] New Tools and Data for Improving Structures,
Using All-atom Contacts

BJ SR ,W.B A I, A
D C.R

e methodology of macromolecular crystallography is mature, powerful,
and e ective, and it has transformed our understanding of biology at the mo-
lecular level. However, anyone who has done such a structure knows there are
imperfections well worth correcting: occasional mistakes, and di cult places
where no alternative seems right. In recent years, macromolecular structures
have been improved signi cantly (that is, made more accurate for a given resolu-
tion and data quality) by the use of validation tools such as the free R factor and
Ramachandran-plot criteria.2 Much of the sensitivity and the power of those
tools derives from their independence of the target function being optimized in
re nement. We have recently developed a new suite of validation tools based
on the fact that the van der Waals contacts of hydrogen atoms are almost never
part of the re nement target function, yet they yield a large set of powerful
constraints on allowed conformations.  ese new techniques, reviewed here,
promise to make signi cant further improvements in the accuracy and reliabil-
ity of protein and nucleic acid crystal structures.

tA. T. Brunger, Nature 355, 472-475 (1992).
2R. A. Laskowski, M. W. Macarthur, D.S. Moss,and J. M. ornton, J. Appl. Crystallogr. 26,
283-291 (1993).
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e all-atom contact technique depends, of course, on adding the hydrogen
atoms, most of which are completely determined to a suitable accuracy by the
positions of the heavier atoms. s is done by our program R as de-
scribed and discussed in Word et al.®> H atoms are placed at ideal bond lengths
and angles, with methyls staggered except for terminal Met methyls. Entire lo-
cal H-bond networks are optimized, including rotation of OH, SH, NHj5, etc.
and 180 ips of Asn, GIn, and His, but with asimpli ed model for waters.

With hydrogen atoms present, the P program can calculate all-atom
contacts.* It uses a very small probe sphere of radius 0.25 , in an algorithm
close to the inverse of the Connolly solvent-accessible-surface calculation.’ In-
stead of leaving dots where the probe does not intersect another atom, P
leaves dots where the small probe does intersect a not-covalently-bonded atom.

e result is paired patches of contact surface wherever atoms are within 0.5
of touching, as shown in Fig. 1. Either for graphical display or for numerical
scoring, there are three terms: favorable van der Waals contacts (shown by green
and blue dots); favorable overlaps of H-bond donor and acceptor atoms (shown
by pillows of pale green dots); and unfavorable overlaps of other atom pairs,
shown as spikes of increasingly violent red colors as the atomic clash becomes
more physically impossible beyond about 0.4 overlap. e two favorable con-
tact terms evaluate the local goodness-of- tinside or between molecules. How-
ever, the equilibrium structure of a real molecule can have no large clashes, so a
crucial criterion for validation of crystallographically derived structural models
is the avoidance of serious atomic clashes - a surprisingly demanding require-
ment once all H atoms are included. Strategies for making use of that criterion
will be the topic of this chapter, along with an update of geometrical criteria
that complement the all-atom contact analysis.

Geometrical Validation Criteria From Updated Survey Of Database

ree circumstances have motivated us to update the traditional geometri-
cal criteria for protein structure validation: (1) development of the all-atom
contact method, which can discriminate one major category of physically
impossible from possible conformations; (2) the need to omit high B-factor
examples, which surprisingly had very seldom been done before; and (3) the
greatly expanded number of structures now available at very high resolution.

3J, M. Word, S. C. Lovell, J. S. Richardson, and D. C. Richardson, J. Mol. Biol. 285, 1735-1747
(1999h).

4J.M.Word, S.C. Lovell, T. H. LaBean, H. C. Taylor, M. E. Zalis, B. K. Presley, J. S. Rich-
ardson, and D. C. Richardson, J. Mol. Biol. 285, 1711-1733 (1999a).

>M. L. Connolly, Science 221, 709-713 (1983).
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Figure 1. Slice through a small section of protein structure (backbone white, sidechains
cyan) showing the relation of all-atom contact surfaces (colored dots) to the atomic van
der Waals surfaces (gray dots) and to the 0.25  radius probe sphere (gray ball) used in the
calculation. e probe sphere is rolled over the surface of each atom, leaving a contact dot
only when the probe touches another not-covalently-bonded atom. e dots are colored
by local gap width between the two atoms: blue near maximum 0.5 separation, shad-
ing to bright green at perfect van der Waals contact (0- ) gap). When suitable H-bond
donor and acceptor atoms overlap, the dots are pale green, forming lens shapes. When in-
compatible atoms interpenetrate, their overlap is emphasized with spikes instead of dots,
and with colors from yellow for negligible overlaps to bright reds and pinks for serious
clash overlaps 0.4 . Kinemage-format contact dots also carry color information about
their source atom (e.g., O red, S yellow); in M , one can toggle between the two color
schemes. For black-and-white gures, careful attention must be paid to the di erent ap-
pearance of dots (favorable) and spikes (unfavorable). Figure produced in M 87

Filtering for quality at the local level (e.g., by B-factor) as well as at the whole-
structure level (e.g., by resolution) can remove much of the noise in empirical
distributions of conformational features, while plotting occurrence asa function
of quality indicator can identify and allow removal of some kinds of systematic
errors. erefore, we have revisited the classical rotamer and , criteria and
have proposed the use of C deviation as a single measure encapsulating the
most important aspects of bond angle distortions.

¢D. C. Richardson and J. S. Richardson, Prot. Sci. 1, 3-9 (1992).
7J.S. Richardson and D. C. Richardson, in International Tables for Crystallography (M. G.
Rossmann and E. Arnold, eds.), Vol. F:  Crystallography of Biological Macromolecules , pp.
727-730, Kluwer Academic, Dordrecht, e Netherlands, 2001.
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Side-Chain rotamers

It has been known since Ponder and Richards® that not only do individual
sidechain  angles show distinct preferences (e.g., staggered for tetrahedral ge-
ometry), but also there are strong preferences for and against particular combi-
nations of those angles over and above what would be predicted by multiplying
the individual distributions. Favorable local energy minima in the multidimen-
sional space are known as rotamers, and many authors have compiled libraries
of sidechain rotamers.®** Such libraries are 0 en used when tting models to
electron density maps, and either 7 aloneor 1- 2 distributions are also used as
structure-validation criteria.?

Sidechain rotamer libraries are a very powerful and productive tool, but
some are too sparse and, now that all-atom contact analysis is available, it can be
seen that all previous libraries included at least some physically impossible ro-
tamers. Since H-atom contacts are not re ned, even high-resolution structures
can have impossible clashes in regions where the electron density was ambigu-
ous; if those bad conformations were systematic errors that occur more o0 en
than random (such as ipped-over sidechains) then they made their way into
rotamer compilations, where again their H-atom contacts were not checked.
Putative rotamers with serious internal clashes also occur in some libraries be-
cause of methodological idiosyncracies. Once incorrect rotamers were listed in
libraries, then a vicious cycle made them occur even more 0 en in the experi-
mental structures. Figure 2 shows a sample of such cases from earlier rotamer
libraries; the spikes show severe unfavorable H-atom contacts internal to each
of these de ned conformations.

e primary goal of our new penultimate rotamer library* was nearly
complete coverage of the high-quality database, using rotamers located from
the empirical distributions but avoiding the problems described above, so that
each rotamer represents a physically reasonable local energy minimum.  at
library was compiled from a non-redundant database of 240 structuresat 1.7
or better satisfying various other quality and relevance criteria'4, and individual
sidechains were omitted if they had any atom with B 40, alternate confor-

8J. W. Ponder and F. M. Richards, J. Mol. Biol. 193, 775-791 (1987).

°P.Tu ery, C. Etchebest, S. Hazout, and R. Lavery, J. Biomolec. Struct. & Dyn. 8, 1267-1289
(1991).

07T, A. Jones, J.-Y. Zou, S. W. Cowan, and M. Kjeldgaard, Acta Crystallogr. A 47,110-119
(1991).

M. De Maeyer, J. Desmet, and 1. Lasters, Folding & Design 2, 53-66 (1997).

12H, Schrauber, F. Eisenhaber, and P. Argos, J. Mol. Biol. 230, 592-612 (1993).

R, L. Dunbrack and F. E. Cohen, Protein Sci. 6, 1661-1681 (1997).

148, C. Lovell, J. M. Word, J. S. Richardson, and D. C. Richardson, Proteins: Struct. Funct.
Genet. 40, 389-408 (2000).
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Fig. 2. Examples of de ned rotamers that have serious internal clashes, taken from previ-
ous rotamer libraries: Ponder and Richards,® Tu ery et al.,*, Jones et al.,*°, Dunbrack and
Cohen,* and De Maeyer et al.,*? In addition to the stick- gure for the relevant residue in
ideal geometry,?® only the spikes for clash overlaps are shown; all include one or more seri-
ous clashes 0.4 . Figure producedinM 87

mations, serious clashes, covalent modi cations, or (for Asn, GIn, His) an un-
certain ip state.> Rotamers were de ned as the modal (peak) values in the
smoothed distribution rather than as mean values to avoid dependence on a
priori bin or range de nitions, to allow for skewed distributions, and to corre-
spond better with energy minima. Wherever compatible with the data, related
rotamers were given common angles (producing common atom positions), to
avoid having users choose between rotamers based on di erences that are not
statisically signi cant.
e most general result from this new side-chain survey is that the confor-
mational distributions are even more tightly clustered than observed previously.
e weighted average of all 1 standard deviations is now only 8.6 , compared
with 15.3 for Ponder and Richards® and 12.4 for Dunbrack and Cohen.®®
Figure 3A shows the distribution of 1- 2 values for Met. Note both that the
clusters are not always centered exactly on the staggered values, and also that oc-
currence frequencies o endi er greatly from those predicted by the individual
values (e.g., 1 minus is most common overall, but is nearly absent if 2 is
plus). Figure 3B shows the superimposed sidechains (from 100 proteins) for all
Met with 2 transand 1 either minus or trans; note the two well-separated
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Fig. 3. Rotamers of methionine. (A) 1- 2 plot for all Met in the Top500 database with
B <40. Although all staggered combinations occur, only 5 of the 9 are common. Note that
some clusters are signi cantly shi ed, and also that occurrence frequencies are very di er-
ent than what would be predicted by multiplying the 1 and the » preferences. (B) All Met
examples superimposed that have 1 5 trans-trans or plus-trans, from the rst 100 struc-
tures of the Top 500. Note that the sulfur positions (marked with balls) form two tight
and distinct clusters. e C atoms form six looser but still well-de ned clusters. Figure
producedinM 87

clusters for the S atom positions. Adjacent rotamers are nearly always quite dis-
tinct, as shown even for the extreme case of Lys in Fig. 7 of Lovell et al.* For all
18 movable sidechain types in the quality- Itered dataset, we found 94.5% to be
rotameric (within the ranges around de ned rotamers, usually — 30 in each
angle).  elibrary includes a total of 152 rotamers, or an average of 8 1/2 per
movable residue type, from a maximum of 34 for Arg down to 2 for Pro (only
C exoand C endo puckers). e rotamers are tabulated in Lovell et al.** and
are available on our website'® in various forms, including drop-in les for use in
OYor XtalView.'5
For most residue types, di erent secondary structures ( -helix, -sheet,
le handed, and other) show di erent occurrence frequencies for each rotamer,
butthe modal valuesstaythesame.  erefore, percentage occurrences for each
case are given in the penultimate library tables, but the list of possible rotamers
is common. For Asn and Asp, however, the set of modal positions varies with

S Richardson Lab, <http://kinemage.biochem.duke.edu>, Duke University, Durham, NC,
2002.

®D. E. McRee, Practical Protein Crystallography , Academic Press, San Diego, 1993.

D. E. McRee, J. Struc. Biol. 125, 156-165 (1999).
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Fig. 4. Electron density contours for two  r sidechains of the 1LYS® hen-egg lysozyme.
(A) r51of molecule A with the expected boomerang-shaped density for the tetrahedral
brancharoundthe C . (B) r51 of molecule B, with approximately straight-across densi-
ty; thisoccurs relatively o enand makesiteasyto tthesidechain eclipsed and backwards,
as happened here.

secondary structure®8, so that backbone-dependent rotamers are needed and are

de ned only for those two residues. For example, -helical Asn with 1 minus

shows two close but quite distinct clustersat 2 =-20 andat 2 =-80 ; the lat-

ter conformation makesan N H-bond to the i-4 CO, while the former has the
at face of the sidechain amide packed against the i-4 backbone.’® Le handed

(or + ) Asn with 1 minus, however, shows a single peak at 2 =-30 and for
-sheet Asn the peak isat 2= -50 .

Another observation resulting from the rotamer survey was that crystal
structures are prone to occasional systematic errors which can be recognized
and expunged from rotamer libraries and also from individual structures. One
cause of such errors can be electron density for a tetrahedrally branched side-
chain that is straight across (as in Fig. 4B) rather than boomerang-shaped, and
which is therefore easy to t incorrectly with the group rotated by 180 . Such
examples for  rare analyzed below, and the more complex case of Leu is pre-
sented in detail in Lovell etal.**  eincorrect tting can be distinguished very
de nitively, because it has distorted bond angles, eclipsed values, atomic clash-
es, and an increased occurrence rate at high B and low resolution.

Overall, the use of a good rotamer library makes sidechain  tting more ac-
curate as well as faster. Not every side chain is rotameric, since strained contacts
or several good H-bonds can dictate an otherwise unfavorable conformation;
however, such cases are surprisingly rare and should be accepted only when

185, C. Lovell, J. M. Word, J. S. Richardson, and D. C. Richardson, Proc. Natl.Acad.Sci. USA
96, 400-405 (1999).
¥ K. Harata, Acta Crystallogr. D Biol Crystallogr. 50, 250-257 (1994).
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there are good physical reasons and when no rotamer can t acceptably. In par-
ticular, partially disordered surface sidechains should always be t rotameric or
as mixtures of rotamers, since there are no interactions to force them away from
the local minima.

Ramachandran plots

e Ramachandran plot is especially useful as a geometrical validation
criterion because and are not part of the target function for re nement.2
e percentage of residues found within the most favored , regions correlates
strongly with resolution and is now standardly reported in protein structure
papers, while individual outlier residues in accurate structures are taken to
indicate either possible errors or potentially-interesting strained conformations.
e pioneering, and still most widely used, , criteria are those in ProCheck,?
which have the considerable advantage of de ning multiple levels of core, al-
lowed, and generously allowed regions; however, they have the serious draw-
back of being based on old and inaccurate data (the entire PDB from 1990,
including structuresat 3.5 resolution and residues with B > 100), which made
it impossible to locate those outer regions correctly. In reaction, Kleywegt and
Jones? chose to de ne only one strictly allowed boundary at 98% of a much
more accurate dataset, which provides a better validation criterion but does not
address the issue of identifying outliers.

We have used a new 500-protein database at 1.8 resolution or better,
B-factor Itering (keeping only residues with all backbone B < 30), and den-
sity-dependent smoothing to update the assignment of favored, allowed, and
outlier regions in , space.? s quality- Itered database of about 100,000
residues de nes the allowed-but-disfavored regions quite clearly, because there
now are essentially no points at all in the strongly disallowed regions which oc-
cupy nearly 60% of the plot area. Figure 5A shows that new , distribution for
the general case: i.e., for all residues not Gly, Pro, or pre-Pro. e omission of
pre-Pro has thee ect of deletinganareaaround =-130, =+80 (belowle
of ) from the favored region. Other than that di erence, the inner smoothed
contour enclosing 98% of the data (our favored region) matches quite exactly
with the allowed region of Kleywegt and Jones.?* In addition, in order to sepa-
rate the somewhat-disfavored but allowed conformations from the strongly
disallowed outlier regions, an outer contour is shown that includes 99.95%
of the high-quality data. Note that there isa shoal of disfavored-but-allowed

2 A, L. Morris, M. W. MacArthur, E. G. Hutchinson, and J. M. ornton, Proteins: Struct.
Funct. Genet. 12, 345-364 (1992).

2. G, J. Kleywegtand T. A. Jones, Structure 4, 1395-1400 (1996).

225, C. Lovell, 1. W. Davis, W. B. Arendall, 111, P. 1. W. de Bakker, J. M. Word, M. G. Prisant,
J. S. Richardson, and D. C. Richardson, Proteins: Struct.Funct. Genet. 50, 437-(2002).
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Fig. 5. , plots for all data from the Top500 structures with backbone B-factors < 30;

density-dependent smoothing was used in calculating contours, as explained in Lovell
etal?? (A) e general case, of 81,234 non-Gly, non-Pro, non-prePro residues. e inner
contour encloses the favored region and 98% of the data; the outer contour encloses the

allowed 99.95% of the data; the outlier region outside encompasses 58.5% of the plot
area but almost no high-quality data points. (B) e 7,705 Gly residues, which are more
permissive than other residues but still have an extensive forbidden region around =0.
Favored and allowed contours for the individual-residue plots are at 98% and 99.8%; those
for Gly are symmetrized around the center. ¢) e 4,415 Pro residues, which are limited to

100 < <-50, with major peaks in the polyPro and regions and a small intermediate
peak in the inverse- region. (D) e 4,014 prePro (residues that precede Pro but are not
Gly or Pro), which are also constrained signi cantly by clashes with the following Pro C .
Reproduced from Lovell etal.?? Figure produced inM .87

conformations that winds down through the plot near = +70. isshoal
includesthe -turnand ’turnregionsand many of the examples occur at active
sites or binding sites,?*% but these conformations are categorized as forbidden
by prior validation tools.
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Separate Ramachandran plots for Gly residues have sometimes been pro-
vided, but their outliers are not penalized in summary statistics; thus, by default
they are considered completely permissive.  at is unfortunate, since Gly is
actually harder to t correctly than residues with observable C atoms. Figure
5B plotsthe Gly , distribution for our quality- Itered database, showing that,
although Gly is much more permissive, it still has extensive regions of forbidden
conformation, mainlynear =0. e inversion symmetry of Gly occurrence
frequencies around the 0, 0 center point is broken numerically by the special
usefulness of L glycines, but the outlines of the Gly favored and allowed re-
gions are symmetrical and have been averaged here to improve their accuracy.
Note that for all three individual-residue plots, there is only enough data to de-

ne a well-behaved outer contour at 99.8% rather than 99.95%. However, both
general and individual cases have inner contours at 98%, so those scores can all
be combined when evaluating a structure.

Pro is, of course, a special case, because the closed ring constrains  to be
near -70 . Interestingly, as well as the classic poly-Pro and  regions, Pro shows
a small but well-de ned intermediate peak in the inverse- region (Fig. 5C).

at intermediate peak does not occur for cis Pro or for Pro that are pre-Pro.
Both and inverse- conformations are slightly strained, but are stabilized
by a CO (i -1) to NH(i + 1) H-bond that cannot occur for either cis-Pro or
pre-Pro.

Other amino acid types besides Gly and Pro show distinctive relative peak
heights in their , distributions (our data, and Hovmoller et al.?), but their
outlines at the 98% level are nearly indistinguishable. However, residues that
precede Pro show a very distinctive pattern, as seen in Fig. 5D. ey make
up most examples in the pre-Pro region* near =-130, =+80, but they
disfavor and completely forbid the inverse- and "bridge" regions between
and .

ese new Ramachandran-plot criteria based on a larger, higher-reso-
lution, quality- Itered dataset can be run on any le, using the MolPro-
bity server accessed through our web site’® or on the RamPage site at
http://www-cryst.bioc.cam.ac.uk/rampage . ey discriminate cleanly and
robustly between allowed vs outlier backbone conformations, showing which
individual residues should be considered either worrisome or interesting.  ese

2B, W. Matthews, Macromolecules 5, 818-819 (1972).

2 Q. Herzberg and J. Moult, Proteins: Struct. Funct. Genet. 11, 223-229 (1991).

%K. Gunasekaran, C. Ramakrishnan, and P. Balaram, J. Mol. Biol. 264, 191-198 (1996).
%S, Hovmoller, T. Zhou, and T. Ohlson, Acta Crystallogr. D Biol Crystallogr. 58, 768-776
(2002).

2P, A, Karplus, Protein Sci. 5, 1406-1420 (1996).
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new criteria also provide explicit evaluations for the special cases of Gly, Pro,
and pre-Pro residues, allowing all amino-acid types to contribute to an overall
Ramachandran-plot validation score at the 98% level.

C Deviations

Another traditional validation criterion is the deviation from ideality of
covalent bond lengths and bond angles, and we have found the bond angles,
in particular, to be very useful. Bond lengths are so tightly restrained that they
can signal local tting problems only in the rare cases where the re nement pa-
rameters were set up incorrectly. Bond angles, on the other hand, are very fre-
quently where the distortions end up when a local region is not simultaneously
compatible with good geometry and also with the data. Existing tools such as
ProCheck do an excellent job of reporting bond angle distortions from ideal
geometry (usually taken as Engh & Huber?), appropriately scaled as number
of standard deviationso . e summary score for such deviations works well
as one component in an overall quality evaluation. However, in spite of the
wealth of local information provided, those lists are seldom in practice used to

nd and correct tting errors, for two reasons. Onedi culty issimply the huge
number of angles involved and the relatively smooth distribution of deviation
sizes. Another di culty is that at branches, such as C , a bad atom placement
can be masked if the change is split between two of the angles.

We have developed C deviation as a single-number measure of bond angle
distortions at the C ,2 that most critical junction where backbone and side-
chain must reconcile any disagreements. C deviation is calculated by building
a C inideal geometry out from the backbone (splitting the di erence if the
angle is non-ideal) and then measuring its distance from the reported C posi-
tion. All the C deviations for a protein can either be listed or be displayed as
the radius of balls shown on the 3D structure as in Fig. 6, where the large ones
(>0.25 or 0.3 ) stand out clearly (especially in color on the computer screen).
If almost all C deviations in a structure are small (< 0.1 ) but a few are large,
those cases usually signal mis t sidechains [such as the Leu in Fig. 6 (inset) or
the  rcases described below]; these are the cases most valuable for structure
improvement. If many of the deviations are large, then the details of the re ne-
ment strategy should probably be questioned. Large C deviations for residues
with alternate conformations, however, usually just mean that the backbone
also has alternate conformations that were not modeled. e direction of the
C deviations can be plotted in M P (expressed as a torsion angle

ZR. A.Engh and R. Huber, Acta Crystallogr. A 47, 392-400 (1991).
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Cb dav=0.24

Fig. 6. Deviations of observed C from the ideal position calculated from the backbone
atoms; the deviation is shown as the radius of a ball centered at the ideal C . AllC devia-
tions for the JUBQ?¥ ubiquitin structure are shown with the C backbone; most of the
balls are too small to see, but the few large C deviations show up clearly, especially when
viewed on-screen in color. Inset: Closeup of Leu 15, with a large C deviation of 0.24
(radius of the ball, centered on the ideal C position).  is sidechain was t reversed into
ambiguous electron density, as is fairly common for Leu,* but it can be convincingly cor-
rected by idealization and change inboth 1and 5. Figure produced inM .87

from N); a strong asymmetry in their distribution can be diagnostic of a miss-
ing or incorrectly weighted angle restraint.

All-Atom Contacts for Validation and Improvement

e more revolutionary side of these structure validation tools involves
the addition of hydrogens and the use of all-atom contacts. e theory behind
these new methods itself had to be validated and the algorithms and parameters
optimized. s was done by showing their convergence to agreement with the
complete structural details found in proteins as resolution increases to 1 and
beyond (see Fig. 7) and as B-factors decrease. Some atomic-resolution struc-
tures are perfect by these criteria, with good rotamers, extensive tight packing,

2 S, Vijay-Kumar, C. E. Bugg, and W. J. Cook, J. Mol. Biol. 194, 531-544 (1987).
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Clashscore vs Resolution
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Fig. 7. All-atom clashscore (number of serious overlaps 0.4 per 1000 atoms, a er cor-
recting amide ips) plotted versus resolution, for 328 non-homologous protein structures
between0.8and 2.5 resolution. e relationship is highly signi cantand isstillimproving
down near 1. Reproduced from Richardson.®

and no non-H-bond atomic overlaps as much as 0.4 ; examples are conotoxin
(INOT?9), ribonuclease A (7RSA%), and of course the extreme case of crambin
(1EJG*) at 0.54  resolution. Other structures at atomic resolution show this
same sort of perfection nearly everywhere but have a few isolated clashes, usu-
ally on the surface, such as the highly accurate neutral protease at 1  resolution
whose contacts are shown in Fig. 8A. Figure 8B is a closeup illustrating the sort
of well- t packing found in the structure, with hydrogens interdigitated, good
contact surfaces all around the Tyr ring, and almost every atom making contacts
at ideal distances. At this resolution, the few minor problems found in such a
structure may only be with waters, alternate conformations, or high-B regions,
but it would still be worth xing them. e real goal, however, is to remove
many of the more numerous clashes seen at lower resolutions and take those
structures closer to what would have been found from higher-resolution data.
e rststep in this process of diagnosing and improving a structure
is to add hydrogens with R , calculate the all-atom contacts with P ,

¥ L. W.Guddat, J. A. Martin, L. Shan, A.B.Edmundson, and W. R. Gray, Biochemistry 35,
11329-11335 (1996).

3 A, Wlodawer, L. A. Svensson, L. Sj lin, and G. L. Gilliland, Biochemistry 27, 2705-2717
(1988).

32 C. Jelsch, M. M. Teeter, V. Lamzin, V. Pichon-Lesme, R. H. Blessing, and C. Lecomte, Proc.
Natl. Acad. Sci. USA 97, 3171-3176 (2000).

%], 8. Richardson, in Structural Bioinformatics (P. E. Bourne and H. Weissig, Eds.). John
Wiley & Sons, Inc., New York, 2003.
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Fig. 8. All-atom contacts for the 1EB6* neutral protease at 1™ resolution. (A)Contacts
for the entire structure, with a high density of blue and green throughout, showing good
H-bonding and well-packed van der Waals interactions. e model has only two serious
clashes (red spikes), both on the surface. (B)Closeup on a thin slice of contacts around Tyr
106, to illustrate the detailed appearance of a good model in a well-packed protein interior.
Note the three sidechain H-bonds (pale green lenses of dots) and the almost-continuous
favorable van der Waals contacts (in blue, green, and yellow) that surround the Tyr ring.
Figure producedinM 87

and view the resultinM . If everything is turned o but the backbone and
the serious clashes (overlaps 0.4 , red spikes onadisplay), one can quickly nd
the trouble spots in even a very large structure. Figure 9 shows the 1LUC lucif-
erase as a typical example; it has about a dozen serious clashes per 1000 atoms,
which is better than average for 1.5 resolution. With such a kinemage display,
it is easy to zoom in on a clash, turn the details back on, and analyze its cause;
for instance, two of the clashes in the bottom helices are high-B GIx C atoms
t such that a methylene H overlaps the i-4 O atom. For those who prefer to
work from a list of clashes, that option is also available. e next few sections
will discuss methods for handling problems with di erent structural features.

Determining Asn, GIn, and His orientations

Settling the correct 180 ip state of sidechain amides and His rings is
the simplest kind of structure improvement, because it is purely local to the
sidechain and does not signi cantly a ect agreement with the di raction data.
Since the H atoms are not observed and the N-versus-O or N-versus-C atoms

%K. E. McAuley, Y.lJia-Xing, E.J. Dodson, J. Lehmbeck, P.R. Ostergaard, and K. S. Wilson,
Acta Crystallogr. D Biol Crystallogr. 57, 1571-1578 (2001).
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Fig. 9. C backbone and serious clashes 0.4 (clumps of what should be red spikes) for
the B subunit of 1LUC® luciferase at 1.5 resolution. Such a kinemage display quickly lo-
cates all the problem areas even in a large structure; one then zooms in and turns on the rest
of the model and contact details to study the problem. Figure producedinM .87

cannot be told apart in the electron density except at extremely high resolution,
this distinction traditionally relies just on the comparison of H-bonding ener-
gies and is considered subtle and di cult. However, as shown in Word et al.
when the amide hydrogens are added and their potential clashes considered,
then 80% to 85% of the Asn and GIn ips can be decided quite unambigu-
ously; most of the rest are highly exposed and are probably sampling multiple
orientations. Histidine is more complex because di erent protonation states
must be considered, at least in terms of their steric and H-bonding e ects (we
do not attempt to determine pKa values). Also the very much weaker but not
negligible H-bonding capacity of the ring CH groups means that sometimes all
4 positions have acceptors nearby; however, the CH O distances are consider-
ably longer than for NH O or OH N, and the correct 180 His ip orienta-
tion is nearly always clear when both H-bonding networks and all-atom clashes
are considered.

For Asn and GIn a number of distinct cases can occur. If there is an obli-

%A, J Fisher, T.B. ompson, J.B. oden, T.O.Baldwin, and I. Rayment, J. Biol. Chem.
271, 21956-21968 (1996).



