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Table 5. Dihedral angles between all-anti parts in the 
C15 ring (o) 

E.s.d.'s are in parentheses. 

C(12)... C(l 5),C (8)... C(12) 
C(8)... C(l 2),C(5)... C(8) 
C(5)... C (8),C( 1)... C(5) 
C(I)... C(5),C(12)...C(15) 
C( 1)... C (5),C(8)... C(12) 
C(5)... C (8),C ( 12)... C(I 5) 

87.7 (4) 
88.8 (4) 
88.4 (4) 
88.8 (4) 

1.8 (5) 
21.9 (5) 

The most striking aspect of the molecular packing is 
the H-bonding between molecules related by a centre of 
symmetry. This interaction, which certainly contributes 

N,,,,"(N3)N c ~ 

N(2')~(16')  

~.'~'x 2.918(3),' 
O (~2(3)~H(N2) 
C ( 1 ~ 2 )  

c~N(3)(N3) ('--) N(I) 

Fig. 3. Hydrogen-bonding scheme. Some distances (A) and angles 
(o) are shown, with their e.s.d.'s in parentheses. 

to the existence of an ordered large-ring structure, is 
illustrated in Fig. 3. 

We thank Dr H. J. T. Bos and Mr L. J. de Noten for 
synthesizing and crystallizing the compound, Dr A. J. 
M. Duisenberg for collecting the data, and Dr P. Groth, 
University of Oslo, for valuable discussions. 

References 

BIXON, M. & LIFSON, S. (1967). Tetrahedron, 23, 769-784. 
CROMER, D. T. & MANN, J. B. (1968). Acta Cryst. A24, 

321-324. 
DALE, J. (1973). Acta Chem. Scand. 27, 1115-1129. 
GROTH, P. (1974). Acta Chem. Scand. Ser. A, 28, 294-298. 
GROTH, P. (1976). Acta Chem. Scand. Ser. A, 30, 294-296. 
HENDRICKSON, J. B. (1969). J. Am. Chem. Soc. 89, 7036- 

7043. 
JOHNSON, C. K. (1965). ORTEP. Report ORNL-3794. Oak 

Ridge National Laboratory, Tennessee. 
MAIN, P., LESSINGER, L., WOOLFSON, M. M., GERMAIN, G. 

& DECLERCQ, J. P. (1977). MULTAN. A System of 
Computer Programs for the Automatic Solution of 
Crystal Structures for X-ray Diffraction Data. Univs. of 
York, England, and Louvain, Belgium. 

STEWART, J. M. (1976). The XRAY 76 system. Tech. Rep. 
TR-446. Computer Science Center, Univ. of Maryland, 
College Park, Maryland. 

STEWART, R. F., DAVIDSON, E. R. & SIMPSON, W. T. (1965). 
J. Chem. Phys. 42, 3175-3187. 

WIBERG, K. I. J. (1965). J. Am. Chem. Soc. 87, 1070-1078. 

Acta Cryst. (1979). B35, 1861-1874 

The Accuracy of Refined Protein Structures: 
Comparison of Two Independently Refined Models of Bovine Trypsin 

BY JOHN L. CHAMBERS AND ROBERT M. STROUD 

University o f  California, San Francisco School of  Medicine, Department of  Biochemistry and Biophysics, San 
Francisco, California 94143, USA 

(Received 8 December 1978; accepted 24 April 1979) 

Abstract 

The structure of diisopropyl-fluorophosphate-inhibited 
bovine trypsin has been refined to a standard crystallo- 
graphic residual of R = 0.15 7 at 1.5/~, resolution for a 
constrained model (C&S coordinates). Benzamidine- 
inhibited bovine trypsin has also been independently 
refined (R = 0.229 at 1.8 ,/k) by Bode & Schwager [J. 
Mol. Biol. (1975), 98, 693-717] (B&S coordinate set). 
Comparison of these structures after suitable correction 
for the different inhibitors and consequent structural 

0567-7408/79/081861-14501.00 

differences permits an experimental determination of 
the differences in structure, which places an upper limit 
on the errors in the refined coordinate sets. The models 
are remarkably similar in well determined regions. The 
average positional difference between internal main- 
chain atoms is 0.146 A (0.163 A r.m.s.); however, 
there are some differences as large as 3-9 A associated 
mostly with poorly determined external side chains. 
The magnitude of the deviations is strongly dependent 
on the region of the structure compared, and is closely 
related to refined thermal parameters in our analysis. 

© 1979 International Union of Crystallography 
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Estimated errors in the C&S atom positions average 
0.15-0-20 /k overall, and range from about O-10/k in 
well determined areas to 1 A or more in poorly deter- 
mined regions. Errors in the B&S positions are 
expected to be somewhat larger. Comparison of struc- 
ture factors computed from the B&S coordinates 
[F~ss )] gives a residual with the C&S observed data of 
R = 0.238 at 1.8/k (very close to their own residual of 
0.229), indicating that the contribution from real 
differences between the two 'true' structures or from 
errors in either observed data set is small compared 
with errors in the refined coordinate sets. The residual 
between Fe~Bs ) and structure factors computed from the 
C&S model was 0.253 at 1.5 A, suggesting that the 
two models do not differ from the 'true' structure in a 
systematically identical fashion, and that further refine- 
ment should improve either model. The similarity of the 
0.253 value to their own residual of 0.229 at 1.8 A 
also suggests that the differences between the C&S and 
B&S models are about as large as the differences 
between the B&S structure and the hypothetical 'true' 
structure. The differences between the two models thus 
give a reasonable estimate of the kinds of errors which 
can be expected in a structure with refinement statistics 
similar to those of Bode & Schwager. 

Introduction 

The structure of diisopropylphosphoryl (DIP)-inhibited 
bovine trypsin has been refined at 1.5 A resolution to 
an R factor of 0.157 for a highly constrained model 
(Chambers & Stroud, 1977a,b). An independent refine- 
ment of bovine trypsin has also been carried out (Bode 
& Schwager, 1975). These independently refined struc- 
tures make possible a unique comparison, a com- 
parison between essentially the same protein structure 
refined completely independently in different labo- 
ratories by different procedures. 

One aim of the following comparison is to obtain 
reasonable estimates of the errors in protein structures 
at the levels of refinement of these two trypsin models. 
Use of protein coordinates for studies of protein 
folding, energetic contributions of strain, etc., or 
enzyme mechanism depends on an understanding of 
the limitations of accuracy in the coordinate sets. In 
most cases, the accuracy of atomic positions quoted by 
the crystallographer are theoretical estimates. Bode & 
Schwager (1975)estimated standard deviations of their 
coordinates to be less than 0.1 A, which in view of the 
comparison made here significantly underestimates the 
real differences in position between the two trypsin 
structures, except for the best-determined atoms. 

A second objective of the comparison is to gain 
insight into the probable sources of error in refined 
protein structures and so determine where the 
limitations of current assumptions, or methods, lie. The 

most common index used for the state of refinement of 
a erystallographically determined structure is a direct 
comparison of the observed diffraction amplitudes (Fo) 
with those predicted by the refined model (Fc). The 
error is expressed as a residual R = Zhk ! IF o -- Fcl/~. F o 
and for most of the refined high-resolution structures to 
date this residual has converged to around R = 0 .20-  
0.25. 

Although the model and the residual are consider- 
ably improved over those at the start of refinement, 
residuals in this range are high compared with those 
obtained for smaller structures. Because Fo and F¢ are 
vectors, the residual represents only about l/v/2 of the 
average magnitude of the difference vector, IF o - F~l. 
Thus, a residual of 0-25 implies that about one-third of 
the structure factor has been unaccounted for. Are 
these residuals relatively high because of inadequacy in 
the method of representing the structure (isotropic 
vibration, unique position for each atom, absence of 
hydrogen atoms, etc.) or because of poor accuracy of 
the observed data, or should continued refinement of 
such a model be expected to bring about an additional 
major improvement in this residual? 

The coordinates for both our DIP-trypsin structure 
and those of trypsin complexed to pancreatic trypsin 
inhibitor, determined by Huber, Kukla, Bode, 
Schwager, Bartels, Deisenhofer & Steigemann (1974) 
[the starting model for the refinement of Bode & 
Schwager (1975)] have previously been compared with 
those of a-chymotrypsin (Birktoft & Blow, 1972) with 
similar results in terms of the mean deviation between 
atom coordinates for homologous sites in the struc- 
tures (Kossiakoff, Chambers, Kay & Stroud, 1977). 
However, the comparison of the two trypsin structures 
yields new information about the accuracy of protein 
structures per se; therefore we first summarize the 
current status of, and procedures used for, each of the 
structures under comparison. 

Experimental procedures 

The refined structures o f  bovine trypsin 

(1) Chambers & Stroud (C&S structure). The 
structure of bovine trypsin was determined initially by 
the multiple-isomorphous-replacement method (Stroud, 
Kay & Dickerson, 1971, 1974). Crystals of the DIP- 
inhibited enzyme were grown from 7% MgSO 4 
solutions at pH 6.8. The crystals were found to contain 
approximately 60% bovine fl-trypsin (uncleaved) and 
40% a-trypsin (autolytically cleaved between Lys 145 
and Ser 146). 

Crystallographic data for the current structure were 
collected to a resolution of 1.35/~, (20 = 69.6 °, Cu Ka 
radiation; 48 492 independent hkl reflections) on a full- 
circle diffractometer modified to reduce background 
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levels (Krieger, Chambers, Christoph, Stroud & Trus, 
1974; Krieger & Stroud, 1976) and data were corrected 
as described by Stroud et al. (1974). 

The structure was refined by a difference Fourier 
method coupled with idealization of molecular geom- 
etry (Chambers & Stroud, 1977a,b). At the time of 
this comparison the constrained structure had been 
refined to a standard crystallographic residual (R = 
~. IF o -- F c l / ~  Fo) of 0.157 at 1.5 A resolution. Since 
reflections with Fo >> F c are likely to be poorly phased 
in the difference Fourier syntheses (Stout & Jensen, 
1968) terms with (F  o - Fc)/O.5(F o + Fc) > 1.2 
(currently 91 of the 22 117 reflections with F o > 30 to 
1.5 /k resolution) were omitted from the refinement. 
Difference terms with Fc >> F o have a much higher 
probability of being correctly phased, and were 
included in the C&S calculations. For purposes of 
comparison the low-angle reflections in the resolution 
range c~:>--7 /k were left out of the calculations of all 
residuals cited here since they were omitted by Bode & 
Schwager (1975) in their analysis. 

An individual isotropic temperature factor, B, was 
refined for each atom along with the atomic coordi- 
nates x, y, and z. Approximately 120 ordered solvent 
molecules have been located in the current structure. A 
recent set of coordinates is available from the authors, 
or from the Brookhaven Protein Data Bank, Depart- 
ment of Chemistry, Brookhaven National Laboratory, 
Upton, Long Island, New York 11973. 

(2) Bode & Schwager ( B & S  structure). The struc- 
ture of bovine trypsin has been independently refined 
by Bode & Schwager (1975) using the real-space refine- 
ment program of Diamond (1971, 1974) alternating 
with calculation of new electron density maps phased 
on the model, and with inspection of difference Fourier 
maps for large errors (Deisenhofer & Steigemann, 
1975). 

Crystals of the enzyme (benzamidine-inhibited) were 
grown from (NH4)2SO 4 solutions at pH 7.0 and 
contained about 80% fl-trypsin and 20% a-trypsin. 
[Crystals of benzamidine-inhibited trypsin are iso- 
morphous with the pH 6.8 DIP-trypsin crystals 
(Krieger, Kay & Stroud, 1974).] Crystallographic data 
to 1.8 /k resolution were recorded on film by the 
rotation method. The trypsin coordinates of Huber et 
al. (1974) for the trypsin-pancreatic trypsin inhibitor 
complex were rotated to match the benzamidine-trypsin 
data (Fehlhammer & Bode, 1975). The orientation was 
the same as that determined by Stroud et al. (1971). 

The residual between calculated and observed 
structure factors for the refined structure of Bode & 
Schwager (1975) was RBs = 0.229 to 1.8/k resolution. 
Reflections with F o >> F c or F c >> F o were omitted from 
their refinement and from their calculation of R 
according to the criterion IF o - F~I/O.5(F o + F~) > 
1.2, as were the low-angle reflections from 00--6.8 /k 
resolution. Thermal parameters, B, were tentatively 

assigned to each atom on the basis of the atomic radii 
obtained by real-space refinement; however, the 
residual was not significantly improved by this pro- 
cedure, and a constant overall temperature factor was 
assumed. About 50 ordered solvent molecules were 
located in the refined structure. The coordinates for this 
comparison were obtained from the Brookhaven 
Protein Data Bank (entered on 24 January 1977). 

Information concerning the two independently 
refined structures is summarized in Table 1. 

The relative states o f  refinement 

The positional differences (Ar) between atoms in the 
two models contain contributions from the errors in 
each structure. In the case where random coordinate 
errors are the major component of Ar (as appears to be 
true in this study), the expected relationship is (Ar)r.m.s" 

/tr2 \W2 where (Oc2s) and (O2s) represent ((ac s) + B s , ,  , 
the mean variance in atomic position in the two 
coordinate sets. The Ar values will thus be dominated 
by the structure with larger errors, and some know- 
ledge of the relative magnitudes of (ac2s) and (tr2s) 
would be useful for estimating the errors from the Ar 
values. 

The refinement statistics indicate that the standard 
deviations of the C&S coordinates should be less than 
those for the B&S model. Nevertheless, the value of the 
crystallographic residual depends on factors in addition 
to the correctness of the model, such as the effective 
number of parameters included in the refinement 
(Moews & Kretsinger, 1975). Comparison of R factors 

Table 1. S u m m a r y  o f  refinement statistics f o r  the 
DIP-trypsin (Chambers & Stroud, 1977a,b; C&S) and 
benzamidine-trypsin (Bode & Schwager, 1975; B & S )  

structures 

Unit-cell dimensions 

Space group 
Molecules per asymmetric unit 
Crystallization conditions 

C&S 

a = 54.84 fiL 
b = 58.61 
c = 67.47 
P2~2121 
I 
7% MgSO4 
Tris buffer 
pH 6.8 

Data  collection Diffractometer 

Resolution of current structure 1.5 A 
Number of  independent reflections 35 566 

to indicated resolution 
Threshold for unobserved reflections IFol > 3tr 
Number of  reflections above threshold 22 117 
Refinement method Difference 

Fourier 
Residual R = Y IF o - Fcl l~"  F o 15.7% 

* Also Fehlhammer & Bode (1975). 

B&S* 

a = 54.89 A 
b = 58.52 
c = 67.63 
P2m212, 
1 
2.4 M (NH4)2SO 4 
Phosphate buffer 
pH 7.0 
(10 -4 M CaC12, 

10-2M 
benzamidine) 

Film (rotation 
method) 

1 . 8 A  
20 853 

IFol > 2tr 
16 600 
Real-spacer  

22 .9% 

t Diamond (1971); Deisenhofer & Steigemann (1975). 



1864 TWO INDEPENDENTLY REFINED MODELS OF BOVINE TRYPSIN 

for two different determinations thus does not 
necessarily provide a reliable assessment of their 
relative accuracy (Lipson & Cochran, 1957a). 

In the C&S structure individual temperature factors 
have been refined and more ordered solvent molecules 
have been located than in the B&S structure. Even so, 
Rcs computed with a constant temperature factor for 
all atoms and including only the 50 best-determined 
solvent molecules was R~s = 0.199 at 1.5 A (22 117 
observations), compared with RBs = 0.229 at 1.8 A 
(16600 observations). Some improvement in Rcs 
would be expected if atomic positions were actually 
refined subject to these restrictions, although the 
resulting coordinates would presumably be less accu- 
rate. The difference between the residuals is thus not 
solely a result of inclusion of these parameters in the 
C&S refinement. 

The effect on the residuals of the different methods 
used to maintain 'ideal' molecular geometry in the C&S 
and B&S refinement schemes is more difficult to deter- 
mine. The procedure used by Bode & Schwager (1975) 
is predominantly a rigid-group refinement (Diamond, 
1971, 1974), although flexibility was allowed in the 
N - C ~ - C  bond angles (r) and in the dihedral angles 
(09) determining the planarity of peptide amides. The 
C&S procedure is analogous to energy minimization 
(Levitt & Lifson, 1969; Levitt, 1974), simultaneously 
minimizing deviations from 'ideal' bond lengths, bond 
angles, and dihedral angles, and movements of the 
atoms from optimal positions determined in difference 
Fourier syntheses. Average deviations of the C&S 
coordinates from 'ideal' values [obtained from Marsh 
& Donohue (1967), and references therein] were 0.022 
/k for bond lengths, 2.7 o for bond angles, and 4.6 ° for 
dihedral angles. The corresponding mean deviations of 
the B&S coordinates from these same 'ideal' values 
were 0.016 /k, 1.6°, and 7.7° respectively. The 
deviations in bond lengths and, to a lesser extent, bond 
angles for the B&S coordinates probably arise largely 
from the slightly different sets of 'ideal' values used in 
the two refinement schemes. The mean deviation of the 
C&S bond lengths from ideality is comparable to the 
differences in bond lengths observed between different 
structure determinations of the same amino acid. For 
many of the amino acid structures used as standards by 
Chambers & Stroud (1977a,b) or by Diamond (1974), 
standard deviations of atomic positions are in the range 
0.01-0-02 A (Marsh & Donohue, 1967). Requiring the 
C&S coordinates to conform much more closely to a 
set of standard groups might thus introduce small 
systematic errors, and it is felt that the present degree 
of rigidity at this stage of refinement represents a good 
compromise between freedom from such errors and 
maintenance of very reasonable stereochemistry. 

The deviations of the B&S dihedral angles from 
ideality result from nonplanarity of the peptide amides. 
The fact that this deviation (7.7 ° ) is larger than that for 

the C&S coordinates (4.6 °) suggests that a greater 
degree of flexibility is required in the smaller number of 
geometrical parameters used by Bode & Schwager 
(1975) than in the corresponding C&S parameters, in 
order to best fit the electron density. This idea is 
supported by the significantly larger mean deviation of 
the N - C ~ - C  bond angle, r, from ideality (~ ' i dea l  = -  

111.0°; Marsh & Donohue, 1967) in the B&S struc- 
ture (5.5 °) compared with that in the C&S structure 
(2.8°). 

Thus, while more geometrical variables are allowed 
in the C&S structure, determination of the effective 
number of parameters in each refinement, taking into 
account the degree of flexibility in the various 
restraints, is not a simple matter, and a full treatment of 
the problem is not suitable here. In terms of the 
accuracy of the structure, the important consideration 
is not the number of parameters in the refinement, but 
whether introduction of these parameters brings about 
an improvement in the model. As discussed below, the 
individual thermal parameters are physically reason- 
able and are good indicators of the reliability of the 
structure in a given region. Likewise, the C&S 
idealization procedure allows strain to be distributed in 
an energetically reasonable fashion. 

Because of the problems in quantitatively deter- 
mining the relative degree of accuracy of two structure 
determinations based on their refinement statistics, the 
contribution of each structure to the (Ar) values will be 
assumed to be roughly equal in the subsequent 
calculations. The estimate of (tr~s) should probably be 
slightly smaller than the resulting values; that for (a2s) 
should probably be somewhat larger. 

Results and discussion 

Comparison of the coordinates 

In order to compare the two structures, the B&S 
coordinates x,y,z listed in /k, were transformed to 
match the C&S coordinates in /k according to the 
equation 

Y t ] = /  0 --1 + 58 52/2) . 
/ / 

z , /  \ 0  0 0.0 

Orientations of groups which are symmetric with 
respect to a 180 ° rotation were made equivalent in the 
two structures (e.g. Asx and Glx carboxyl or amide 
groups, and Tyr and Phe rings). Regions of the 
molecules where-there are differences between the DIP 
and benzamidine structures (Krieger, Kay & Stroud, 
1974) were left out of the Ar calculations below. 

Distances Ar were computed between all corre- 
sponding atomic positions in the two structures and are 
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distr ibuted as shown in Fig. 1. For  the case where the 
errors in the a tomic coordinates  x,y,z are random,  the 
vector differences Ar are expected to follow a normal  
distribution. However ,  the distr ibution in Fig. 1 is that  
of  the scalar  differences, Ar = I Arl,  and the expected 
form of  the probabi l i ty  distr ibution of I Arl is thus:  

(~)l/2(Ar)2exp[-(Ar)2/(2o2)] , P ( I A r l )  = 
Ox 

were not  included in their s tructure factor  calculat ions,  
or in their refinement.  The  m a x i m u m  differences 
excluding these a toms were in the 2 - 4 / ~  range  (see Fig. 
1). 

Since the flagged a toms were not visible in the 
electron densi ty maps  or refined in the B&S structure 
they are not  as useful for est imation of  r a n d o m  errors 
in the two structures.  At  the higher stage of  refinement 

where a x is the overall  s tandard  deviat ion in the x 
coordinate,  and it has  been assumed tha t  o x = o r = a z. | 
In terms of  the radial  s tandard  deviation in position, o r, 
this expression becomes:  ® 

-- (~az~)]. (1) P ( I A r l )  trr 3 exp [_ (Ar )2 /  2 2 o 
CI: to" 

I1 

These  expressions are ana logous  to tha t  for the speed o ~ 
distr ibution of  r andomly  moving particles in three ~ 
dimensions  (Maxwell ,  1860). z ~ 

Mos t  of  the differences fall into the 0 - 1  A range and z ~ 
appear  to be distr ibuted as expected for r andom errors. 
A distr ibution curve in the form of  equat ion (1) refined ~ 
to the differences in this range  yielded a value of  o r = ~. 
0 .22  A. The r.m.s, value of  Ar for all a toms where Ar < ~ 
1 /~ was 0 .26  A. The range 1 -10  /~ contains  to~ 
sys temat ic  differences between the two structures.  
There  are several differences as large as 3 - 9 / ~  which 
are associated most ly  with a toms flagged by Bode & 
Schwager  (1975) as not  visible in their electron densi ty 
map. All of  the a toms so flagged (about  5 %  of  all 
protein atoms,  or 2 0 %  of  all external  side-chain atoms)  
are in side chains  on the surface of  the molecule and 

DEVIATION (ANGSTROMS)  

Fig. 1. Histogram indicating the distribution of the deviations 
between the C&S and B&S coordinate sets. The range 0-1 A 
contains random errors, distributed with a standard deviation 
a = 0.22 A. The range 1-10 A contains systematic differences 
between the two structures. The striped bars represent the atoms 
flagged by Bode & Schwager (1975) as not visible in their density 
map. 

Table  2. Average positional differences, Ar (A), between the C&S and B&S atomic coordinates 

Internal only (a} External only Ca) All 
<Ar>~b.~m.s. (Ar> ~c} <B> td} (Ar> ...... (Ar> (B) <Ar) ...... (dr> (B) 

(A) Including flagged atoms 
a-Carbon 0.153 0-139 6.9 0.286 0.224 11-3 0.254 0.198 10.0 
Main chain 0-163 0.146 8.0 0.308 0.226 12-5 0.273 0.202 11.1 
All atoms 0.420 0.223 8.9 0.973 0.460 15.0 0.835 0.388 13.1 
Side chain 0.614 0.326 10.1 1.468 0.790 18.6 1.202 0.611 15.4 

(B) Without flagged atoms 
a-Carbon 0.153 0.139 6.9 0.286 0.224 11.3 0.254 0-198 10.0 
Main chain 0.163 0.146 8.0 0.308 0.226 12.5 0.273 0.202 11.1 
All atoms 0.420 0.223 8.9 0.454 0.291 13.4 0.462 0.277 11.9 
Side chain 0-614 0.326 10.1 0.636 0.408 15.0 0.635 0.380 13.0 

(a) External segments (i.e. those in contact with the solvent regions surrounding the surface of the enzyme) included residues G 18-P28, 
N34-H40, N48-Q50, C58-R65A (except V65 side chain), D71-N101, KI07-LI37, N143-V154, K156 side chain, K159-P161, 
LI63-N179, YI84A-KI88A, C201-K204, W215-G216, A221-P225, K230 side chain, C232-W237, K239-Q240 and A243-N245. 
The side chains of residues H40, F41, C58, I63, I73, I89, Y94, L99, Vll8, ll21, L123, L137, L163, Y184A, W215, Y234, W237 and 
1242 are only partly accessible and were omitted from the calculations for either internal or external segments. Small conformational 
changes between DIP- and benzamidine-trypsin occur for H57, D189-S195, and $217-C220 (Krieger, Kay & Stroud, 1974) and these 
residues were therefore excluded from the above calculations. The remainder of the structure (about 30% of all atoms) was classified 
internal. 
(b) (Ar>r.m.s" is the root-mean-square positional difference in/~,. 
(c) (dr) is the average positional difference in A. 
(d) <B> is the average C&S individual temperature factor for the atoms compared in/~2. 
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of the C&S structure, and with the use of individual 
temperature factors, there is quantitative evidence on 
their position and positional accuracy. Thus, Table 2 
and Figs. 1 and 2 reflect the statistics both with and 
without inclusion of the flagged atoms. Without the 
flagged atoms, the good agreement over most of the 
structure is best represented and expected errors are 
reasonably predicted by equation (1). With inclusion of 
the flagged atoms, the differences represent the likely 
overall discrepancies or the reliabilities which are to be 
expected for similar structures at that stage of 
refinement. 

The positional differences, summarized in Table 2, 
depend upon the location of the a-carbon, main-chain, 
or side-chain atoms in the structure. As expected, the 
differences are smallest for a-carbon atoms in the 
center of the molecule ((Ar)r.m.s" = 0" 153 A), greater 
for all main-chain atoms ((Ar)r.m.s" = 0.273 A) and 
greatest for external side chains ((Ar)r.m.s" = 1.47 A; 
0.636 A excluding flagged atoms, see Fig. 2). These 
differences closely follow the distribution of refined 
thermal parameters in the C&S structure as shown in 
Fig. 3. Thus, it appears that the uncertainty in place- 
ment of an atom is related to its refined individual 
temperature factor. Such a relationship is expected 
from theoretical considerations, as, for example, in the 
formula given by Cruickshank (1949) for estimating 
standard deviations of atomic coordinates. 

Thirty eight of the ordered solvent molecules or ions 
in the C&S structure were also located in the B&S 
structure. The value of (Ar)r.m.s" for these atoms was 
0.34 A and their average (C&S) temperature factor 
was 14.7 A 2. This positional difference is significantly 
smaller than those in Table 2 for atoms in the protein 
with temperature factors near this value, probably 
because these solvent-atom positions are relatively free 
from systematic errors imposed by misinterpretation or 
constraints. The higher-than-average temperature fac- 
tor for these atoms is consistent with the fact that their 
r.m.s, positional difference is greater than the overall 
value derived from Fig. 1, for the component arising 
from random errors alone (tr r = 0.22 A). 

In a few cases it is clear that the differences are due 
to incorrect positioning of atoms in the B&S structure, 
where, for example, the internal Val 213 side chain is 
rotated 160 ° with respect to the position in the C&S 
structure where it is very well defined, as shown in Fig. 
4. [Bode & Schwager (1975) mentioned that the Val 
213 side chain might not be optimally positioned in 
their model because they found non-bonded close 
contacts with the carbonyl O atoms of residues 194 
and 197.] However, to this point there has been 
minimal feedback between one set of coordinates and 
the other: in no case has one structure been modified in 
the light of the other. 

One of the most common causes of the larger dis- 
crepancies was 120 ° or 180 ° rotation about ,Z~ (the 
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Fig. 2. (a) Histogram of the deviation of a-carbon atom positions 
between the two structures according to their position in the 
sequence. (b) Histogram similar to (a), except that the deviation 
shown is the average for all atoms in the residue. The striped 
portions of the bars represent the contribution from the flagged 
atoms. (c) Deviations shown in this histogram are the maximum 
for each residue. The striped areas again represent flagged atoms. 
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Fig. 3. Relation between (Ar> and the refined C&S temperature 
factors, B. The mean value of Ar is represented by the solid line; 
the broken line represents the root-mean-square Ar. 

C~-C~ bond) in valine and threonine residues, or about 
Z2 (the C f C  v bond) in leucine. The residues thus 
attected were T26,* V31, V75, L105, L123, L137, 
T144, T149 (flagged by Bode & Schwager), L155, 
L 185 (flagged) and V213. Also common were large X~ 
rotations in serine residues, $61, S 122, S 127, and S 166, 
although these in all cases involved atoms flagged by 
Bode & Schwager (1975). In longer side chains where 
the differences were large, Ar usually became larger 
proceeding from the a-carbon to the end of the side 
chain, resulting in a completely different position. This 
was the case with K87CE-NZ, K109CG-NZ, 
D165CB-OD2, E186CG-OE2, K204CG-NZ, 
Q221CG-NE2, K222CG-NZ, K239CD-NZ, and 
Q240CD-NE2. The largest difference in the main chain 
(2.12/~ for unflagged atoms) occurs at Ser 146. This is 
the site of the a-fl trypsin autolytic cleavage, and there 
is some statistical disorder in this region in both 
structures. There are also large differences for the side 
chain of 147 where there is a large discrepancy (~ 160 °) 
in Z2, and for that of 1242, where the entire side chain is 
rotated ~180 ° about the a-f l  bond (X~). The mag- 
nitudes of these differences are shown in Fig. 2(a)-(c). 

Comparison of structure factors computed from the 
two models: origin of the positional differences 

In order to investigate further the origin of the 
differences between the two models, calculated struc- 

* The single-letter amino acid code is as listed in Table 1 of 
Stroud et al. (1971). 

ture factor amplitudes and phases were generated for 
the C&S !Fc{cs ), ac{cs)] - and B&S [Fc~ss ), a~{BS )] 
structures, in the case of the B&S coordinates, the 
benzamidine molecule and the anion bound at the 
catalytic site (702 OH in the notation of Bode & 
Schwager) were removed from the list and the 
coordinates of the DIP-group were inserted from the 
C&S structure, for comparison with our observed DIP- 
trypsin data [Fo{cs)]. The residual R 3 = ~ IFo(cs ) - 
Fc{ss)l/~Fo{cs ) between our observed amplitudes and 
those computed from this modified B&S coordinate set 
was 0.243 at 1.5 A and 0.238 at 1.8 A with the 
flagged atoms omitted from the calculation (with these 
atoms included the respective values were 0.254 and 
0.251). For comparison the approximately 250 reflec- 
tions with worst agreement according to the criterion of 
Bode & Schwager (1975) were excluded from this 
calculation. The closeness of R 3 to the residual quoted 
by Bode & Schwager with their own data (Rss = 0.229 
at 1.8 A) suggests that both the errors in the observed 
data and any real differences between the 'true' struc- 
tures as they exist in the crystals [aside from the 
different inhibitors and small inhibitor-induced confor- 
mation changes (Krieger, Kay & Stroud, 1974)] are 
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small compared with the lack of fit of the models to the 
observed data. 

R 3 was also computed for the B&S coordinates after 
assigning each atom the same individual isotropic 
temperature factor as in the refined C&S structure. For 
this model R 3 fell to 0.233 at 1.5 A (0.239 including 
flagged atoms). The fact that this decrease (AR 3 = 
1.5%, when flagged atoms are included) was not as 
large as the increase in Rcs when individual tem- 
perature factors were omitted from the calculation 
(ARcs = 3%; Chambers & Stroud, 1977a) probably 
stems from the strong dependence of the refined 
temperature factors on atomic position. 

The residual R 4 = ~ ,  IFc(cs ) -- Fc(Bs)l/~ Fc(cs ) = 
0-253 at 1.5 A (excluding flagged atoms trom the B&S 
model) provides important information about the 
characteristics of the differences in structure. If the 
differences between the C&S structure and the 'true' 
structure were uncorrelated with those between the 
B&S structure and the 'true' structure R 4 would have a 
value near 0.278 {=[(0.157) 2 + (0.229)21v2}. A value 
for R 4 of 0.072 representing the minimum possible 
difference between the C&S (Rcs = 0.157) and B&S 
(RBs = 0.229) structures would suggest that both 
structures are about as close to the 'true' structure as 
allowed by the assumptions of unique positions for all 
atoms, isotropic thermal vibration and discreet solvent 
molecules, and by omission of the H atoms from the 
structure factor calculations. This is not the case, how- 
ever, since this residual was R 4 = 0.253. Moreover, the 

Table 3. a r (A) f o r  all atom types in the refined C&S  
structure, computed f r o m  the f o rmu la  o f  Cruickshank  

(1949) 

T h e s e  v a l u e s  a r e  u n d e r e s t i m a t e s  o f  t h e  r ea l  e r r o r s ,  a s  d e s c r i b e d  in 

t h e  t ex t .  T h e  b e s t  e s t i m a t e s  o f  t h e  e r r o r s  in t h e  C & S  s t r u c t u r e  

a r e  a b o u t  t w i c e  t h e  v a l u e s  in t h i s  t a b l e .  T h e  a v e r a g e  t e m p e r a t u r e  

f a c t o r  f o r  all  a t o m s  in t h e  C & S  s t r u c t u r e  ( e x c l u d i n g  s o l v e n t )  w a s  

12 /~2 .  

B (/~2) C N O P S C a  2+ 

4 0 . 0 7 6  0 . 0 6 0  . . . .  

5 0 . 0 8 1  0 . 0 6 3  0 - 0 5 1  - -  - -  - -  

6 0 . 0 8 7  0 . 0 6 8  0 . 0 5 5  - -  - -  - -  

7 0 . 0 9 3  0 . 0 7 2  0 . 0 5 8  - -  0 . 0 3 0  - -  

8 0 - 0 9 9  0 . 0 7 7  0 . 0 6 2  - -  - -  - -  

9 O. 105  0 . 0 8 2  0 . 0 6 6  - -  0 . 0 3 4  - -  

10 0 - 1 1 1  0 . 0 8 7  0 . 0 7 0  - -  0 . 0 3 6  - -  

11 0 - 1 1 8  0 . 0 9 2  0 . 0 7 5  0 . 0 4 0  0 . 0 3 8  - -  

12 0 - 1 2 5  0 . 0 9 8  0 . 0 7 9  - -  0 . 0 4 1  - -  

13 0 . 1 3 3  0 . 1 0 4  0 . 0 8 4  - -  0 . 0 4 3  - -  

14 0 . 1 4 0  0 . 1 1 0  0 . 0 8 9  - -  0 . 0 4 6  - -  

16 0 . 1 5 7  0 . 1 2 3  0 . 1 0 0  - -  - -  0 . 0 3 8  

18 0 - 1 7 5  0 - 1 3 8  0 . 1 1 1  - -  - -  - -  

2 0  0 - 1 9 5  0 . 1 5 3  0 . 1 2 4  - -  - -  - -  

24  0 . 2 4 0  0 - 1 9 0  0 . 1 5 3  - -  - -  - -  

28  0 - 2 9 2  0 . 2 3 0  0 . 1 8 7  - -  - -  - -  

32  0 - 3 5 2  0 - 2 7 8  0 . 2 2 7  - -  - -  - -  

36  0 . 4 1 9  0 . 3 3 2  0 . 2 7 2  - -  - -  - -  

4 0  0 . 4 9 6  0 . 3 9 3  0 . 3 2 3  - -  - -  - -  

terms AFBs = Fotcs ) - FctBs ~ were of opposite sign from 
AFcs = Fotcs ~ - Fctcs ) for 40% of the reflections (a 
50% value would indicate uncorrelated errors). The 
systematic component arising from the means of 
representing the structure is thus relatively small, 
suggesting that the major component of the disagree- 
ment between Fo's and F~'s can be accounted for by 
further refinement, even with the same assumptions of 
isotropic vibration, etc. It should be noted, however, 
that these figures apply only to the data in the 7-1.5 A 
range. The correlation between AFcs and AFBs is very 
high in the cry--7 A range where the F~'s are in both 
cases considerably larger on average than the Fotcs~'S , 
since no representation of the solvent continuum was 
included in either model. 

The similarity of R 4 = 0.253 and RBs = 0.229 also 
suggests that the differences between the C&S and 
B&S structures are about as large as the differences 
between a structure such as the B&S structure with a 
residual of about 23%, and the hypothetical 'true' 
structure. The Ar values therefore give a reasonable 
estimate of the kinds of errors which can be expected in 
a structure with refinement statistics similar to those of 
Bode & Schwager (1975). 

Factors contributing to the differences in structure 

(1) R a n d o m  and small  systematic errors in the refined 
coordinates 

Errors in the refined coordinates are a major source 
of the differences between the two structures. Bode & 
Schwager (1975) estimated the standard deviations of 
their atomic coordinates to be a x = ay = o z = 0.06/~, 
yielding a radial standard deviation a r = 0.10 A. Their 
estimate was based on calculations made for a 
representative carbonyl oxygen, according to the 
formula of Cruickshank (1949) 

a x -- - -  h 2 ( f o -  Fc) 2 (2) 
a VC o 

In this expression n -- 2 for noncentrosymmetric struc- 
tures, a is the a axial length in/k, V the unit-cell volume 
in/k 3, and C o the central atomic curvature. 

The curvature C o is the second derivative of electron 
density at the atomic center, and can be estimated 
either from electron density maps directly or from the 
second derivative of the transform of the scattering 
factor fo exp [ -B  sin 2 0/). 2] for an atom, at its center 
(Leung, Marsh & Schomaker, 1957; Stout & Jensen, 
1968): 

-4~r 2 
C° a 2 V ~"  h2 f °  exp [ -B sin 2 0/).2]. (3) 

hkl  

Error estimates have been computed from equation (2) 
for each atom type (i.e. having a given number of 



JOHN L. CHAMBERS AND ROBERT M. STROUD 1869 

electrons and individual temperature factor) in the C&S 
structure (Table 3). The estimates are 0.10 A or less 
only for well determined atoms, and are as high as 0.5 
A in poorly determined regions. Even so, the standard 
deviations computed from this formula are probably 
underestimates. Lipson & Cochran (195 7b) have noted 
that the formula of Cruickshank (1949) is equivalent to 

(Gx)r.m.s. 
O x -- 

I Col 

where (Gx)r.m.s. is the root-mean-square difference 
density gradient in the x direction. Thus, o x is equal to 
the estimated r.m.s, shift in x during a single cycle of 
difference Fourier refinement. This is indeed the case 
for the values in Table 3. They are approximately equal 
to the (radial) r.m.s, positional shifts in recent dif- 
ference Fourier refinement cycles for the C&S struc- 
ture, for atoms of the corresponding type. However, the 
'true' atomic positions cannot in practice be reached in 
a single cycle, and for a structure which is still many 
cycles from convergence this formula tends to under- 
estimate the deviation of the coordinates from their true 
position [this problem has been noted by Fermi 
(1975)1. 

Comparison of models separated by more than one 
difference Fourier cycle may thus give a more realistic 
estimate of the deviation of the coordinates from their 
true position at this stage of refinement. For the 
purpose of such an estimate, three recent sets of 
coordinates for the C&S structure were compared. The 
present constrained structure, having idealized 
molecular geometry (referred to as structure C), was 
obtained by idealization of the coordinates resulting 
from four difference Fourier cycles starting with the 
preceding idealized model (referred to as structure A). 

The r.m.s, positional difference between all atoms in the 
two constrained models A and C was 0.14 A, and the 
maximum difference was 0.85 A. The r.m.s, deviation 
between the coordinates in structure A and the uncon- 
strained model four difference Fourier cycles later 
(referred to as structure B) was 0.21 A and the 
maximum was 1.18 A. The only change between this 
unconstrained model, B, and the current structure, C, 
was the idealization of bond lengths and angles. 
Comparison of the B and C structures gave an r.m.s. 
deviation of 0.20 A for all atoms, with a maximum 
difference of 1.20 A, In all cases, the maximum 
differences occurred in less well defined external side 
chains, as expected. 

It is therefore apparent that the changes still taking 
place in the structure are larger than the errors 
computed from the formula of Cruickshank (1949) at 
this stage of refinement. On the basis of these changes 
we estimate random and small systematic errors in the 
C&S structure to be about 0 .15-0 .2  A on average, 
and up to 1 A or more for the least well determined 
regions [i.e. about twice the errors estimated from 
Cruickshank's (1949) formula], keeping in mind that 
the value varies considerably with the particular area of 
the structure in question. Errors in the B&S coordinates 
are expected to be comparable to or greater than these 
values, and the estimate of 0.1 A given by those 
authors could be valid only for the best-determined 
atoms in their structure; it is misleading in the case of 
side-chain atoms or in external segments. 

Another estimate of the overall mean error in the 
C&S structure was made according to the method of 
Luzzati (1952), from the dependence of Rcs on sin 0. 
Interpretation of the results (Table 4) is complicated by 
the fact that the increase of Rcs with resolution is much 
less than predicted by Luzzati's (1952) theory for a 

Table 4. Estimates o f  the overall mean error in the C&S atom&positions by the method o f  Luzzat i  (1952) 

Number of 
reflections (a) (sin 2 0/3. 2) (Resolution) IsI (b) (Rcs) tc) (fir) ISI (d) (~r) (e) 

1028 0.0094 A -2 5.15A 0.194A -1 0.179 0.0747 0.385 A 
1687 0.0181 3.72 0.269 0.145 0.0598 0.222 
1945 0.0269 3.05 0.328 0.165 0.0688 0-209 
2064 0.0359 2.64 0.379 0.172 0.0718 O- 189 
2135 0.0448 2.36 0.424 0.155 0.0643 O- 152 
2083 0.0537 2.16 0-463 0-146 0.0603 0.130 
2382 0.0627 2.00 0-500 0-151 0.0625 0.125 
1972 0.0716 1.87 0.535 O- 148 0.0615 0.115 
1965 0.0812 1.75 0.571 0.154 0-0639 0.112 
1999 0.0894 1.67 0.599 O. 158 0.0656 0.110 
1209 0.0984 1.59 0.629 0.164 0.0685 0.109 
1126 0.1074 1.52 0.658 0.168 0.0699 0.106 

(a) Number of reflections >30, excluding lower-angle reflections inside 7 A resolution. 
(b) Magnitude of the scattering vector. 
(c) ~ I Fotcs ~ - Fc(cs)l/~ Fo(cs p summed over those reflections in each zone. 
(d) Values linearly interpolated from Table 2 of Luzzati (1952). 
(e) Estimate of the mean error in atomic position. 
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random error distribution and identical, spherically 
symmetric atoms. The error estimate is thus highly 
dependent on the zone of sin O considered, ranging 
from 0.38 A (0.48 A r.m.s.) for reflections near 5 A 
resolution, to 0.17 A (0.21 A r.m.s.) for the 3.5 to 2.0 
A reflections, to 0.11 A (0.14 A r.m.s.) for the 
reflections from 2.0--1.5 A resolution. This effect may 
arise from the fact that atoms with the smallest 
temperature factors make the dominant contribution to 
both Fotcs ~ and Fctcs ) at high angles (i.e. in the range 
2.0-1.5 A), and thus the estimate derived from 
reflections in this range applies mainly to these best- 
determined atoms. On the other hand, lower-resolution 
reflections contain an appreciable contribution from all 
atoms, and the estimate of 0.21 A derived from the 
3.5-2.0 A data may therefore be more appropriate as 
an overall estimate of the r.m.s, error. Rcs for the 
reflections in the 5 A range is still affected somewhat by 
lack of a representation of the solvent continuum in the 
model. The overall average value of fir from Table 4 is 
0-16 ,/k (0-20 ,/k r.m.s.). The smaller increase of Rcs 
with resolution also arises partly from the fact that 
Fourier refinement methods tend to give higher weight 
to high-resolution reflections than do least-squares 
methods (Cochran, 1948). This problem can be over- 
come by appropriate weighting of the coefficients in the 
Fourier syntheses, although to date unit weights have 
been used in the C&S refinement. 

The estimates according to Luzzati's (1952) method 
are thus not inconsistent with those suggested above for 
the C&S structure. Fermi (1975) and Takano 
(1977a,b) have applied Luzzati's method to structures 
of human deoxyhemoglobin, sperm whale metmyo- 
globin, and sperm whale deoxymyoglobin, respec- 
tively, with satisfactory results. In the study by Fermi 
(1975) the resulting error estimates compared very well 
with the differences observed between independent 
protein molecules in the asymmetric unit (about 0.4 A 
r.m.s, overall). However, errors estimated by the 
method of Cruickshank (1949) were too small (about 
0.1 A) at that stage of refinement, as also appears to be 
the case in the present study. 

Nevertheless, the most useful error estimates are not 
the overall figures, but those made according to atom 
type, or region of the structure. In the case of the C&S 
structure, the best estimate that can be made of the 
standard deviations in atomic position, as indicated by 
the various methods above, is thus about twice the 
error computed according to the method of Cruick- 
shank (1949) [i.e. the errors given in Table 3 for each 
atom type, scaled up to match the estimates computed 
from the changes still occurring in the structure and 
from the method of Luzzati (1952)]. 

(2) Errors in the observed data 

The close agreement between the published R factor 
(RBs = 0.229) of Bode & Schwager (1975) and that for 

the B&S structure against our observed data (R a = 
0.238 at 1.8 A) implies that errors in either of the 
observed data sets probably do not make a major 
contribution to the differences between the coordinates 
at this stage. Errors in the observed DIP-trypsin F's 
have been estimated to average 4.6%, based on 
comparison of overlapping reflections (i.e. reflections 
which were measured from more than one crystal) 
(Chambers & Stroud, 1977a,b). 

(3) Differences between the two 'true' structures as 
they exist in the crystals 

Real differences could arise from the slightly 
different crystallization conditions, as well as from 
conformational changes due to the different inhibitors 
present. The inhibitor in the C&S structure (which now 
appears to be a monoisopropylphosphoryl group) is 
covalently attached to Ser 195 O and strongly 
resembles a negatively charged tetrahedral inter- 
mediate in the reaction sequence. Benzamidine, on the 
other hand, binds non-covalently in the specific binding 
pocket of the enzyme, and mimics the side chain of a 
specific substrate. The existence of conformational 
differences between DIP- and benzamidine-trypsin has 
been demonstrated crystallographically (Krieger, Kay 
& Stroud, 1974) and the difference-map features 
described in that study have been confirmed using 
refined phases; these differences are small and highly 
localized. For example, the C191-C220 disulfide 
bridge in the lower portion of the specificity pocket is 
moved inward toward the benzamidine binding site in 
benzamidine-trypsin relative to DIP-trypsin. The mag- 
nitude of this movement obtained by comparison of the 
B&S and C&S coordinates is 0.31 _+ 0.15 A (where 
the uncertainty was derived from (dr)r.m.s" = 0" 153 A 
for all sulfur atoms, excluding C 191 and C220)which, 
although smaller, is not inconsistent with the value of 
0-7 + 0-3 A derived by Krieger, Kay & Stroud (1974) 
from their FoCbenzamidine) - -  Fo(DiP)  difference map. 

The imidazole ring of H57 in DIP-trypsin is moved 
relative to its position in benzamidine-trypsin, where 
H57 N, points more toward S195 O.. to which it 
presumably forms a hydrogen boncl (Bode & 
Schwager, 1975). Those regions where changes were 
observed, residues H57, D 189-S 195 and G217-C220, 
were omitted from the average positional difference 
calculations presented in Table 2. In view of the results 
of the earlier comparison (Krieger, Kay & Stroud, 
1974) and the structure-factor comparison above, the 
contribution of the real differences in structure to the 
deviations between the coordinate sets, excluding the 
groups where changes were observed, is probably 
small. Nevertheless, a difference map computed be- 
tween Fotss ~ and Fotcs ~ would be the most useful 
indicator of the real differences between the two 
structures. 
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An interesting possibility is the existence of more 
than one preferred orientation for some of the more 
loosely determined parts of a protein structure; for 
example, external side chains. This kind of 
phenomenon, if it were shown to exist, would make the 
current assumptions of unique atomic positions inade- 
quate for further refinement of those regions. Such a 
situation has not been observed at a high level of 
confidence in our difference maps to date, however. 

(4) Systematic differences arising from misinter- 
pretation of  Fourier maps 

One likely cause of the larger deviations (3-9 A) in 
Fig. 1 is misorientation of parts of the structure which 
could not be unambiguously placed in the Fourier 
maps. Difference Fourier maps were used by both 
groups to correct this type of error. In spite of the 
relatively low residual for the C&S structure, recent 
difference maps still indicate significant changes, 
although these are now confined mostly to external side 
chains and solvent molecules. Bode & Schwager (1975) 
found their final difference map almost featureless. It 
may be that refinement of individual thermal param- 
eters as in the C&S case can reduce the apparent noise 
level in the difference maps such that some of the 
weaker features arising from positional errors can be 
better recognized. 

Although the two refined models are closely similar, 
it is surprising that systematic differences as large as 3-  
9 A can be found. Huber et al. (1974) had previously 
noted differences of this same order when they 
compared their structure of trypsin complexed with 
pancreatic trypsin inhibitor with the first wire-model 
coordinates for DIP-trypsin. In this case they assigned 
these differences to errors in the initial wire-model 
coordinates. First sets of coordinates such as these are 
clearly unsuitable for the kind of detailed comparison 
made by those authors. The errors can be quite high, 
particularly when the resolution of a newly determined 
structure (limited by contributions from the heavy- 
atom derivatives) is often restricted to 2.5-3 A, and the 
differences which were found in that comparison are 
probably typical of those expected from reasonably- 
high-quality density maps at that stage. 

The errors introduced in the process of building a 
wire model of the usual type (Kendrew-Watson 
components on a scale of 20 mm - 1 A) with an 
optical comparator (Richards, 1968) were previously 
evaluated to be of the order of 10 mm, or 0.5 /k 
(Chambers & Stroud, 1977a,b). This value was based 
on the positional change between (a) coordinates 
measured (to within + 1 mm, or +0.05 A) from a wire 
model carefully built with reference to a 1.76/k Fourier 
map computed with refined phases, and (b) the 

coordinates after optimal positioning by the difference 
Fourier method. Thus, 0.5 /k is probably a 'best-case' 
estimate. A standard deviation of 1.0 A for errors of 
this kind is probably realistic for any wire model built 
to a 2.5 A MIR map. 

In the case of lower-resolution maps or maps 
computed with less accurate phases, larger errors can 
occur in construction of the model. The series of stereo- 
pictures in Fig. 5 are density maps of the DIP-trypsin 
catalytic site computed at different resolutions with 
observed amplitudes F o, and phases calculated from the 
refined C&S structure. The refined model is super- 
posed on the density map in each case, and the series 
shows some of the difficulties encountered in inter- 
pretation of even a very-high-quality low-resolution 
map. For example at 6 A resolution (minimum inter- 
planar spacing) (Fig. 5a) the disulfide bridge (Cys 42-  
Cys 58) is only in very weak density (the density in the 
picture is well behind the two sulfur atoms), while at 
4.5 A (Fig. 5b) the density for the bridge, although 
visible, is significantly removed from the refined atomic 
positions causing the bridge to appear miscentered in 
the density. A similar effect can be seen in the 3 A map 
(Fig. 5c) for the fl-carbon of His 57. In all the lower- 
resolution images overlap or proximity of the density 
from neighboring groups influences the appearance of 
the map. Thus, significant systematic errors can be 
incorporated into a structure though the atoms are 
positioned in the highest density. A tendency toward 
this type of error in wire-model coordinates was noted 
by Diamond (1974). At resolutions corresponding to 
interplanar spacings of 2 /k or less (Fig. 5d), where 
atoms begin to be resolved, the placement of groups is 
relatively free from such problems. These errors are 
readily corrected by structure refinement. 

Systematic errors which are considerably more 
difficult to correct with the use of an automated refine- 
ment procedure can result from misinterpretation of the 
density. Examples are 180 ° misorientation of an amide 
plane or a valine side chain. Misinterpretations such as 
these place the group in a local minimum, making 
refinement to the correct orientation by any of the 
currently used types of refinement programs highly 
unlikely. Visual inspection of difference Fourier maps is 
by far the most useful method for detection of these 
errors. The importance of such a visual inspection at 
various stages of the refinement cannot be over- 
stressed. 

Which of the larger systematic differences between 
the C&S and B&S structures are due to misinter- 
pretation of density maps in poorly defined areas, and 
which arise from real differences cannot be determined 
at this stage. It is clear from the character of coordinate 
differences (in large part random errors) that continued 
refinement should improve either structure, and might 
allow the causes of the larger discrepancies to be 
determined. 
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Summary and conclusion 

The comparison between these two structures has 
shown them to be very similar overall, as expected. We 
estimate random and small systematic errors in the 
C&S structure to be 0-15-0.20 A over much of the 
structure, increasing to over 1/~. for the least well deter- 
mined regions. 

An important aspect of the differences between the 
structures, and hence the error estimates, is that they 
vary widely over different parts of the molecule. In the 
case of the trypsin structures it is fortunate that the 
catalytically Lrnportant residues are in general very well 
defined (see Figs. 4 and 5). However, this will not 
necessarily be the case for all proteins, and some 
assessment of the reliability of different areas of the 
molecule is thus valuable to a biochemist working with 
crystaUographicaUy determined coordinates. Estimates 
for different atom types based on their refined atomic 
curvature (i.e. individual temperature factor and 
number of electrons) appear to be very useful in this 
regard, and are also good indicators of regions where 
interpretative errors of the kind reflected in the 3-9 A, 

range of Fig. 1 are likely to occur. This type of 
information can also be provided by a detailed 
description of the electron density map (such as that 
given by Birktoft & Blow, 1972), or to some extent by 
flagging the atoms in poorly determined regions, as 
done by Bode & Schwager (1975). Overall error 
estimates, or those made based on a 'typical' atom are 
less useful and can be misleading in poorly determined 
areas. 

It is apparent from the remarkable agreement over 
much of the molecule that both the B&S and C&S 
models have benefited considerably from refinement. 
The errors in these models are far below those which 
would be expected in a set of unrefined wire-model 
coordinates. However, the structure factor com- 
parisons suggest that errors in the models still represent 
the major component of the R factors at these stages of 
refinement, and that continued refinement should 
improve either structure. These results imply that 
residuals of around R = 0.20 for protein structures can- 
not by any means be taken to imply an optimally 
refined, or converged solution of the molecular struc- 
ture. Nevertheless, the advances currently being made 
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in the area of protein structure refinement should allow 
refinement to be carried out routinely and efficiently to 
convergence with minimal cost. 

We are grateful to R. E. Marsh for valuable 
discussions. This work was supported by National 
Institutes of Health Grant GM-24485, by National 
Science Foundation Grant BMS75-04105, and by 
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Committee, University of California, San Francisco. 
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