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Chapterr 2 

Distancee distributions and electron 
densityy characteristics of protein 
models s 

AcceptedAccepted for publication in Acta Crystallographica Section D 

2.11 Abstract 

Thee analytical expression for the distribution of an interatomic distance resulting from 

aa known error free distance and a Gaussian perturbation of the atomic coordinates is 

presented.. This is used to estimate the coordinate error on the basis of known geometric 

featuress of protein models via the nearest neighbour or the radial distance distribution. 

AA simple relation is presented that describes the dependence of the map correlation to 

thee positional error of the protein model, the resolution of the X-ray data and the overall 

atomicc displacement parameter. The distribution of geometrical features and the relation 

betweenn the map correlation and the positional error can be used in assisting the decision 

makingg process during automated model building procedures. 

2.22 Introduction 

Estimationn of the map quality is essential for automated model building. Decisions on the 

placementt of a structural element based on density criteria ideally reflect both the prior 

informationn of the expected electron density for a particular structural element, as well as 

aa measure of how well the placement of such a fragment represents the observed density 

withh a given error. An example of this principle are the building routines implemented 

inn Resolve (Terwilliger, 2000, 2003a), where available phase probability distributions are 

utilisedd to compute the likelihood of a fragment at a certain location. The automated 
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modell  building routines implemented in ARP/wARP (Perrakis et ai, 1999) operate in 

real-spacee and mechanisms are being developed to incorporate information on positional 

errorss of free atoms and the characteristics of the electron density in the decision making 

processs during model building. The effects of the errors on the positional parameters 

duringg Ca backbone tracing have been adressed by Morris et al. (2002), who showed that 

errorr specific scoring functions can be constructed. Furthermore, this error estimate can 

bee used to give a reasonable approximation of the size of the search problem during auto-

matedd model building (Morris et al, 2003b). Although a number of error and map quality 

estimationn procedures are available (Cox & Cruickshank, 1948; Cruickshank, 1999; Luz-

zati,, 1952; Read, 1986; Colovos et a/., 2000; Murshudov et a/., 1997; Pannu & Read, 1996; 

Luninn k, Skovoroda, 1995), it is worthwhile investigating whether other straightforward 

estimatess can be obtained or used in conjunction with existing methods. In this paper, 

real-spacee properties of protein models are utilised for the estimation of model and map 

quality.. In the next chapter, we extend the methodology to reciprocal space {Zwart k 

Lamzin,, 2003b). 

Heree we present the distribution of an interatomic distance given a Gaussian error on 

thee coordinates. This distribution is subsequently used to compute the distribution of 

nearestt neighbour distances in protein models as well as the radial distance distribution, 

bothh as a function of the coordinate error. These distributions can be used to assess the 

stereochemicall  quality of an atomic model prior to a chemical interpretation. Linking 

thee rmsd (root mean square displacement) to a quality estimate of the electron density 

providess a tool that can be used elsewhere for setting empirical decision boundaries for the 

acceptancee of the placement of a structural element on the basis of its fit to the electron 

density.. A simple relation is presented that connects the rmsd estimate to the expected 

mapp correlation of a map with errors to the final electron density map. The relation is 

derivedd on the basis of a simplified real-space model of the electron density and involves 

ann empirical atomic shape parameter which is related to the optical resolution as proposed 

byy Vaguine (1999). 

2.33 Methods 

2.3.11 Dis tance distr ibut io n 

Lett a pair of atoms (xj,x fc) separated by a target distance d1^, undergo a random, Gaus-

siann perturbation on the positional parameters. Let the variance of the displacement in 

thee x, y and z directions to be equal to a'j for atom j and a\ for atom k. Assuming 

thatt the errors on the positional parameters are independent, it can be shown (Arfken k 

Weber,, 1995; Abramovicz k Stegun, 1974) that the observed interatomic distance after 
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—— Gauss 
—— NCM 
—— Simulation 

Figuree 2.1: The non-central Maxwell distribution (dashed) and a Gaussian distribution 

(thickk continuous line) for an ideal distance of 1.5 A and an expected rmsd of 0.69 A 

(<rmm = 0.4) on the positional parameters. The thin line represents a distribution obtained 

viavia simulation, exactly matching the theoretical curve. 

thee perturbation, d°£s, is distributed according to 

f(d° f(d° 
'obs\ 'obs\ 

'' V2n(a? + ol) ddfk fk 
(2.1) ) 

AA plot of this distribution for dl°£ = 1.5A and Oj = Ok = 0.4, is shown in Figure 2.1, as 

welll  as a Gaussian approximation and a distribution obtained via simulation. The raw 

momentss of this probability density function (pdf) are given in Table 2.1. 

Expressionn (2.1) becomes identical to the Maxwell distribution (Weisstein, 1999) for dt°  ̂ = 

0.. For this reason, we denote (2.1) as the non-central Maxwell distribution, as it describes 

thee distribution of a vector length of a spherical, 3-dimensional Gaussian centered on a 

vectorr with given length dta
k
r. A similar relation exists between the Rice and Wilson 

distributionss (Read. 1990: Bricogne, 1997b). 

Thee following shorthand for expression (2.1) wil l be used: 

NCM^t l^ .^+t^ 2) ) 

Notee that the Rice, Rayleigh / Wilson. Maxwell and the NCM distribution can be seen 

ass special cases of the generalised Rice distribution (Andersen & Kirsch, 1993). For 

completeness,, the pdf and moments of the generalised Rice distribution are given in 

appendixx 1-1, as well as an outline of the derivation of the non central Maxwell distribution. 
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Tablee 2.1: The v-th raw moments of dobs, distributed according to KCU{dobs \dtar, o2). 

Erf[2]]  denotes the error function, T[-]  the Gamma function and $[a,b;z] the confluent 

hypergeometricc function (Lebedev, 1972) 

vv E[{dobs)v] 

22 (d<ar)2 + 3a2 

Thee expected rmsd between an error free and perturbed structure, given a Gaussian error 

modell  with variances in each direction equal to er ,̂ can be shown to be equal to the 

squaree root of the second raw moment of the Maxwell distribution: 

E[rmsd]dobss = VSam (2.2) 

Expressionn (2.2) relates the expected rmsd to the width of the (non central) Maxwell 

distribution.. Precise knowledge of am is thus needed to make accurate inferences on error 

freee bond lengths given an observed distance. 

2.3.22 Nearest neighbour  distance distr ibut io n 

Lett Sj be the set of observed interatomic distances from atom j to all other atoms in a 

model: : 

$ M < V " , ^ - i , < ? + i .. }  (2-3) 

Assumingg a Gaussian error with a variance o2
m on the positional parameters of the model, 

thee individual interatomic distances are distributed according to NCM(cf^s|d*-^.r, 2<7^). 

Applicationn of an error on the atomic positions results in a change of interatomic distances. 

AA formerly larger distance has a certain probability to become the shortest. Assuming 

thatt the elements are independently distributed, the smallest value in set Sj has the 

followingg (cumulative) distribution function: 

JV V 

F(d%F(d%ndnd\2a\2a22JJ = 1 - I J (1 - F(dfk
s|d£\ 2 0) (2-4) 

Althoughh the assumption of independence between the distributions of the distances is 

nott strictly valid, the formulae are well applicable for true Gaussian errors, as shown in 

thee results section. 
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Expressionn (2.4) gives the nearest neighbour distance distribution for a single atom in a 
specificc environment. Taking the derivative with respect to d n̂j to obtain the pdf and 
averagingg over all atoms results in the nearest neighbour distance pdf for a randomly 
selectedd protein atom: 

11 'V 

/tóJ2<£)) = ̂  £ / tóJ20 (2-5) 

Thee summation in expression (2.5) can be seen as a marginalisation: the atom names 
andd corresponding different chemical environments are integrated out. The resulting pdf 
describess thus the occurrence of nearest neighbour distances, given a protein model and 
thee variance of a Gaussian disturbance. For values of 2a2

n larger than zero, distribution 
(2.5)) is dominated by a set of short 1-2. 1-3 and 1-4 distances. All protein structures 
consistt of the same set of basic elements and distribution (2.5) can thus be expected to 
bee essentially the same for all proteins. The nearest neighbour distance distributions 
forr various values of am can be pre-computed. When a protein model with a Gaussian 
coordinatee error is available, the set of nearest neighbour distances {d n̂} in the model can 
bee computed. This observed set of distances can then be used to estimate the coordinate 
errorr via the maximisation of the likelihood of the observed distances as a function of a2: 

N N 

CnnM(A{dtn})CnnM(A{dtn}) = X\f{ n̂ = d£Bj2«72) (2.6) 
ii  = \ 

2.3.33 Radial distance distributio n 

Lett us denote the radial distance distribution of a single protein molecule by frad{dtar). 
Uponn a Gaussian coordinate error the interatomic distances will change and the distribu-
tionn will be smeared out: 

poo poo 

ffradrad(d(dobsobs\2°\2°22JJ = / /r«f(d'Br)NCM(do6'|rf,flr,2<7i)ddtar (2.7) 
Jo o 

Iff  the radial distance distribution up to a certain distance (dradmax) can be assumed to 
bee the same for all proteins, the blurring described by expression (2.7) can be used to 
estimatee the coordinate error. Maximising the likelihood of the observed interatomic 
distancess {d°^s

d}, given the radial distance distribution for a proposed value of a ,̂ will 
resultt in the maximum likelihood estimate of the variance of the Gaussian error model: 

M M 

4-«f(*2|K£})) = f ! fr^**" = <Cil2ff2) (2-8) 
ii  = \ 

wheree M is the number of the observed interatomic distances that are smaller than dradmax. 
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2.3.44 Ma p correlat ion and it s relation to th e rmsd 

Lett us define the map correlation (mcc) by the linear correlation over the whole unit 

celll  of the map computed with phases from a model with a coordinate error to the map 

computedd from phases of the final model. Both maps are constructed using (Fobs, <pcaic) 

coefficients. . 

Lett us assume that an electron density is modelled by a set of 3-dimensional isotropic 

Gaussianss g,(r|rJ-,o;2) centered on r, and with a width of 2a;: 

^ 4 E * ^ )) (2-9) 

Noww assume that the electron density calculated from imperfect phases can be modelled 

usingg equation (2.9) with a Gaussian disturbance q (with variance a^J on the atomic 

centres: : 

^ )) = ^ I > ( r | r t + qi,o,2) (2.10) 

Thee expression for the expected correlation a between these two electron density functions 

iss given below. 

E [ ( p ( r ) - E [ p ( r ) ] r ) ( p ' ( r ) - E [ p ' ( r ) ] r ) ] r r 

y/E[{p{r)y/E[{p{r)  -E [p( r ) ] r )2 ] r E[(^ ( r ) - E[p'(r)]r)
2] r 

(2.11) ) 

Thee expectation values are obtained by integration over r, as denoted by the subscript. 

Ignoringg effects due to overlap of neighbouring atoms, it can be shown (Appendix 1-2) 

thatt the correlation becomes equal to: 

ii  2 />00 2 

a=—a=— V V ï i ï « ƒ e-ï^NCM(g|0,cr^)dtf (2.12) 
NN *-^ Jo 

Workingg out equation (2.12) results in: 

a=(11 + è)" 3/2 (m) 

Expressionn (2.13) relates the expected coordinate error, which is a function of cr2 ,̂ to the 

expectedd map correlation via the atomic shape parameter u/. 

Expressionn (2.13) is in principle only valid for an isolated atom. Effects due to atomic 

overlapp can be taken into account in the following empirical way. An electron density for 

aa reasonably large protein structure is constructed according to expression (2.9) with a 

givenn value of UJ. The same protein structure is perturbed with Gaussian noise with a 

variancee equal to <r 2
m on the positional parameters and an electron density is created as 

donee for the unperturbed structure. If this procedure is carried out for a reasonable range 
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off  known u: and a  ̂ values, the correlation Q between the perturbed and unperturbed 

densitiess can be used to estimate an empirical relation between a. x and a^. Using a 

widee range of uj and o2
m values, the following dependency has been obtained: 

°° = (1 + ̂ W  (214) 

Thuss if an atomic shape parameter  ̂ is known, equation (2.14) provides simple means 

off  relating a coordinate error estimate of a model to a map correlation estimate for a 

mapp calculated with phases from that model. The procedure for the estimation of the 

parameterr LJ is described below. 

2.3.55 Est imat ion of u; 

Fromm relations (2.2) and (2.14). it can be seen that the slope of the least squares line 

fittedfitted through a set of points {rmsd2. 7.68(n-1 - 1)}  is equal to J**.  Given the electron 

densityy map of the final model and a number of electron density maps computed with 

phasess originating from protein models with known Gaussian errors, uj can be obtained 

viaa least squares methods. 

2uj2uj thus models the wTidth of the electron density of an atom with a Gaussian shape, 

withoutt the contribution of neighbouring atoms. 2^ is likely to be influenced by the 

resolutionn of the X-ray data and the Wilson plot B value (Wilson. 1942. 1949). Because 

2UJ2UJ conceptually models the atomic width, we suspect that it is related to the width of 

thee Patterson origin peak which was estimated by a procedure outlined in appendix 1-3. 

Thee width of the Patterson origin peak is furthermore linked to the optical resolution as 

definedd by Vaguine (1999) and has been argued to be an objective measure of the expected 

levell  of detail in electron density maps (Weiss, 2001). An empirical relation between the 

observedd 2UJ and the width of the Patterson origin peak can be used to estimate 2uj from 

thee available diffraction data. 

Anotherr approach is to construct an empirical relation that would give an estimation of 

thee value of J1 on the basis of the characteristics of the X-ray data set. We have chosen a 

simplee polynomial function with the nominal resolution dmin and the Wilson plot B value 

ownn as variables: 

JJ11 = (aidmin + a2y/BW\i + a3)
2 (2.15) 

Thee coefficients a,\ and a2 are the weights to the contributions of the nominal resolu-

tionn and the average atomic displacement factor on the blurring of the electron density. 

Coefficientt o3 can be seen as modelling the average width of an atom at rest at infinite 

resolution. . 
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2.44 Results 

2.4.11 Nearest Neighbour  and Radial Dis tance Distr ibut ion s 

Nearestt neighbour distance distributions have been obtained numerically for 3 different 

proteinn structures (PDBID: 102L, 1E30,1IBZ) via expression (2.5) and they are shown in 

Figuree 2.2 for three different rmsd values. The distributions are very similar at moderate 

too high rmsd values but differ for lower errors. This observation has been confirmed by 

calculatingg the Kolmogorov-Smirnov Statistic (Dudewicz & Mishra, 1988) between the 

differentt distributions at a number of rmsd values, indicating that the distributions of the 

threee proteins can be regarded as equal for coordinate errors larger than 0.20 A . 

Errorr dependent radial distance distributions up to 4 A were obtained numerically for the 

samee protein structures via expression (2.7). A number of these distributions is shown 

inn Figure 2.2. To test the use of the error dependent nearest neighbour distributions, 

thee atomic model of crambin (PDBID: 1AB1) was randomised with a different rmsd 

values.. The nearest neighbour distances of the resulting models were computed and were 

usedd in the likelihood maximisation procedure described by expression (2.6). The results 

aree plotted in Figure 2.3. Estimates of the coordinate error using the radial distance 

distributionn via expression (2.8) are also shown. 

2.4.22 Determinat ion of uj 

Thee atomic shape parameter UJ has been estimated by randomising the atoms of a well 

refinedd structure and using that coordinate set to calculate phases and a 'scrambled' 

electronn density map. This has been carried out for a number of different values of rmsd 

andd the resulting map correlations to the original map have been calculated, Figure 2.4. 

Thiss procedure has been carried out for 69 structures with experimental X-ray data (see 

Tablee 2.2 for some summary statistics) downloaded from the PDB (Berman et ai, 2000; 

Bernsteinn et al, 1977). For each structure, UJ has been determined (here after denoted as 

observedd u;) using expression (2.14). A typical plot of observed and fitted map correlations 

ass a function of rmsd is shown in Figure 2.4. 

Tablee 2.2: Summary statistics of the 69 data wets used in the estimation of ui 

Resolutionn dmm (A) 

Wilsonn plot B value SWi i (A2) 

Overalll  Completeness (%) 

Average e 

2.05 5 

24.5 5 

95.1 1 

Minimum m 

1.35 5 

7.24 4 

79.5 5 

Maximum m 

2.91 1 

74 4 

99.9 9 
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—— 102L 

—— 1E30 

—— 1IBZ 

rmsdd = 0.02 A 

1.00 1.5 
d(A ) ) 

—— 102L 

—— 1E30 

—— 1IBZ 

rmsdd o 0.20 A 

1.00 1.5 
d(A ) ) 

102L L 

1E30 0 

—— 1IBZ 

rmsdd = 0.50 A 

1.00 1.5 
d(A) ) 

2.0 0 1.55 2.0 2.5 3.0 3.5 4.0 
d(A ) ) 

—— 102L 

—— 1E30 

—— 1IBZ 

rmsdd = 0.20 I 

0.00 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
d(A) ) 

—— 102L 

—— 1E30 

—— 1IBZ 

rmsdd = 0.50 A 

2.00 2.5 0.00 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
d(A) ) 

Figuree 2.2: Nearest neighbour distance distributions (left) and radial distance distri-

butionss (right) for three protein models (102L, 1E30, 1IBZ) for rmsd values equal to 

0.02AA (top), 0.20 A (middle) and 0.50 A (bottom). For errors larger than 0.20 A the 

distributionss for different models are essentially identical. 

Thee estimated values of 2u> from the isolated atom approximation, expression (2.13), and 
thosee obtained from the overlapping atom approximation, expression (2.14), are plotted 
inn Figure 2.5 against the width of the Patterson origin peak. The width of the Patterson 
originn peak is affected by atomic electron density overlap, resulting in a broader width than 
expectedd from the width of a single atom. Therefore we expect the width of the Patterson 
originn peak to be larger than or equal to 2u>. The values of 2u obtained via expression 
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Neares tt  neighbou r distanc e distributio n Radia ll  d is tanc e d is t r ibut io n 

0.000 0.25 0.50 0.75 1.00 1.25 1 
Truee rmsd (A) 

000 0.25 0.50 0.75 1.00 1.25 1.50 
Truee rmsd (A) 

Figuree 2.3: The dependence of the estimated rmsd values via nearest neighbour (left) 

andd (right) radial distance distributions to the true rmsd (simulated Gaussian errors, 50 

independentt randomisations per rmsd bin). A line with a slope of 1 and intercept equal 

too 0 is shown for comparison. 

(2.14)) reflect this expecation surprisingly well. For this reason, any further reference to 

2co2co is thus based on the estimates obtained via expression (2.14). Least-squares fitting 

off  the parameters a i , a2 , a3 in expression (2.15), given the nominal resolution quoted in 

thee 69 PDB entries and the Wilson plot B value as determined by ARP/wARP (Morris 

etet al, 2003c), resulted in 

(0.078dmmm + 0 . 0 4 3 ^ 5 0̂ + 0.322)2 (2.16) ) 

withh estimated standard deviations of 0.014, 0.004 and 0.021 respectively. A plot of the 

observedd u>2 values versus the values predicted via expression (2.16) is shown in Figure 

2.6. . 

Inn a further simplification, where we use the for 69 PDB entries observed dependency of 

V'£?wuu on dmin, expression (2.16) reduces to 

<2UJ>=<2UJ>=  0.34dmin + 0.64 (2.17) ) 

andd has a correlation of 0.82 against the observed 2ui. A plot of the nominal resolution 

versuss <2OJ>, the resolution measure according to James (1948), Stenkamp & Jensen 

(1984)) and the width of the Patterson origin peak, is shown in Figure 2.7. 
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Figuree 2.4: Map correlation as a function of rmsd for two data sets: 1H79: d„ 

A,, Bwii = 51-3 A2: 1GSI: dmin = 1.6 A, Sw n = 15.0 A2. 
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Figuree 2.5: The dependence of the 2u; estimates based on the isolated and overlapping 

atomss approximations, on the width of the Patterson origin peak. A line with a slope 

equall  to 1 is shown for comparison. 
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OO 0.2 0.4 0.6 0.8 1 

Modelle dd to2 (A2, overlappin g atoms ) 

Figuree 2.6: Observed J1 versus modelled J1 using the overlapping atom approximation, 

fittedfitted on the basis of the Wilson plot B value and the resolution of the dataset. The 

correlationn coefficient is 0.93. 
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Figuree 2.7: The nominal resolution as quoted in the 69 PDB entries is plotted against a 

numberr of different resolution mearures. See main text for details. 

2.4.33 Ma p correlation est imates via an rmsd est imate of unrestrained refined 

a toms s 

AA number of unrestrained refinements were carried out on scrambled models of Leish-

manolysinn (PSP; courtesy of P. Metcalf) and the 7-Adaptin Appendage domain (Adaptin: 
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courtesyy of S. Panjikar and H.M. Kent). A Gaussian error was applied to the positional 

parameterss and the model has been subsequently refined without restraints using REF-

MAC 55 Murshudov et al. (1997): Collaborative Computational Project Number 4 (1994). 

Thee rmsd of the coordinate set has been estimated using the nearest neighbour distance 

distributionss and the corresponding map correlations via expressions (2.16) and (2.14). 

Thee results of these experiments are listed in Table 2.3. 

Furthermore,, two free atom modelling experiments have been carried out. The interme-

diatee models of these runs have been used to monitor the progress of phase improvement. 

Thee rmsd and the map correlation were estimated as done for the scrambled models. 

Figuree of merit estimates of REFMAC5 were used to estimate the map correlation, with 

thee aid of an expression derived by Lunin k, Woolfson (1993), albeit in a modified form: 

y^^ |FJ2fomh 

Thee results are shown in Figure 2.8 and summarised for the last free atom modelling cycle 

inn Table 2.4. 

Tablee 2.3: Rmsd and map correlation estimates of scrambled and subsequently refined 

models s 

Dataa set 

truee rmsd 

estimatedd rmsd 

truee mcc 

estimatedd mcc 

Dataa set 

truee rmsd 

estimatedd rmsd 

truee mcc 

estimatedd mcc 

PSP P 

0 0 

0.03 3 

1.00 0 

1.00 0 

Adaptin n 

0 0 

0.20 0 

1.0 0 

0.98 8 

0.19 9 

0.17 7 

0.99 9 

0.99 9 

0.15 5 

0.22 2 

0.99 9 

0.97 7 

0.37 7 

0.32 2 

0.96 6 

0.95 5 

0.33 3 

0.33 3 

0.94 4 

0.94 4 

0.56 6 

0.52 2 

0.90 0 

0.90 0 

0.56 6 

0.76 6 

0.84 4 

0.74 4 

0.77 7 

0.76 6 

0.79 9 

0.80 0 

0.80 0 

1.03 3 

0.69 9 

0.60 0 

Thee resolution range for the PSP data set was from 20 to 2.0 A. The Wilson plot B 

valuee was 18.0 A2, which corresponds to a a value of 1.32A for 2UJ. For the Adaptin 

dataa set the resolution range was 20 to 1.45 A, the Wilson plot B value was equal to 

10.5A22 and 2JJ is thus equal to 1.15A. 
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Tablee 2.4: rmsd and map correlation estimates in the final ARP cycle 

PSPP Adaptin 

estimatedd rmsd 

truee rmsd 

truee mcc 

refmacöö mcc 

estimatedd mcc 

0.45 5 

0.43 3 

0.93 3 

0.98 8 

0.92 2 

0.33 3 

0.40 0 

0.91 1 

0.95 5 

0.94 4 

Thee rmsd was estimated using the nearest neighbour distances and converted to a map 

correlationn estimate as shown in the text, true rmsd stands for an rmsd estimate 

obtainedd using the known map correlation and the inverse of expression (2.14). 
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Figuree 2.8: Map correlation estimates via an rmsd estimate (estimated mcc), via the 

figuresfigures of merit of REFMAC5 (refmacö mcc) and true map correlation (true mcc) as a 

functionn of ARP cycle. 

2.55 Discussion and Conclusions 

Thee presented analytical distribution of an interatomic distance given the target distance 
andd a Gaussian error model, serves as an essential component in modelling of distance 
distributionss in proteins. The non central Maxwell distribution can be described reason-
ablyy well by a Gaussian when the variance is small compared to the error free distance, as 
indicatedd by the mean and second raw moment in Table 2.1. For errors that are large com-
paredd to the error free distance, the Gaussian approximation becomes inadequate, Figure 
2.1.. Similar observations have also been made when comparing the Rice and Gaussian 
distributionn (Pannu & Read, 1996; Bricogne, 1997b). 

Bothh the derived theoretical nearest neighbour and radial distance distributions as a func-
tionn of the coordinate error model extremely well true Gaussian errors on the positional 
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parameters.. Figure 2.3. in spite of the not fully justified approximation of the indepen-

dencee of distances. The average relative difference between predicted and true rmsd is 

beloww 129c for errors up to 1.0 A. The error estimates of the refined randomised models 

alsoo lie close to the correct values. Table 2.3. indicating that the errors of the positional 

parameterss follow an (approximate) Gaussian distribution. The error estimates on the 

freee atom models, both the rmsd and map correlation, are not quite correct in the early 

stagess of the iterative model update and refinement procedure. Figure 2.8. The results get 

howeverr better as the free atom modelling procedure comes close to convergence, Table 

2.4.. The reason for this is ascribed to the specifics of ARP/wARP: the presence of noise 

atomss and the distance limit s used while placing free atoms in the electron density with 

underlyingg errors that are not accounted for. Clearly, if the initial free atom model is 

builtt on the grid points on which the electron density is calculated, the distribution of 

thee nearest neighbours is primarily governed by the grid rather than by the quality of the 

phases.. Use of the statistical characteristics of these lattice distributions (Abramovicz &i 

Stegun.. 1974) in automated model building procedures wil l be presented in chapter 4. 

Additionn of tight stereochemical restraints on the model wil l of course bias the set of 

distancess towards the geometrical targets. This wil l result in an underestimation of the 

coordinatee error using either the nearest neighbour or radial distance distributions. Nev-

erthelesss some direct method approaches based on real / reciprocal space recycling (Weeks 

kk Miller . 1999; Schneider & Sheldrick, 2002, e.g.) or conditional optimisation approaches 

(Scheress &: Gros. 2001. 2003) might benefit from the error analyses presented here. 

Thee expression derived for the dependence of the map correlation on the rmsd. is a crude 

approximationn to the reality. The electron density fall-off at truncated resolutions shows 

aa sharper drop as a function of distance from the atomic centre than can be modelled by 

aa Gaussian function (Chapman. 1995). Furthermore, an electron density map with errors 

inn the phases cannot be appropriately described by a simple shift of the atomic centres, 

whilee keeping the atomic shape constant. Surprisingly however, the (empirical) functional 

formss obtained are good enough to obtain a workable model that allows the prediction of 

thee map correlation within reasonable accuracy. 

Ass expected. 2a; does correlate with the width of the Patterson origin peak, Figure 2.5. 

AA relation with the optical resolution as computed by SFCHECK is also present, but 

hass a lower correlation (0.93 instead of 0.97). most likely due to the fact that the optical 

resolutionn has an added nominal resolution dependent term. We regard 2UJ as a model 

off  the shape of an average protein atom, that is linked via a simple expression (2.14) to 

thee sensitivity of the map correlation to Gaussian positional errors. Expression (2.17) 

iss simple but rather approximate, as it does not take the Wilson plot B value directly 

intoo account but rather relies on the correlation between the Wilson plot B value and the 

nominall  resolution in the data present in our test set. Estimating the value of 2^o should 
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ratherr be carried out by use of expression (2.16) or via its relation to the width of the 

Pattersonn origin peak. 

Whenn thus a reasonably accurate estimate of the map correlation is available, this can 

bee converted to an estimate of the rmsd of the free atoms using the inverse of expression 

(2.14)) as can be seen from Table 2.4. The rmsd estimate defines the geometrical part of 

thee error model which can be used in the scoring function in main chain tracing or side 

chainn building. The use of the nearest neighbour distance distribution in estimating the 

qualityy of a free atom model in the early stages of model construction is limited, but it can 

possiblyy be used in assisting atom update and removal or as a source of prior information 

inn non grid-based free atom model construction. Using the empirically derived quantity 

2u;; as a classifier for an X-ray data set to choose appropriate density templates during 

chainn tracing and the construction of tailor-made decision boundaries as a function of map 

qualityy and data set characteristics, is currently being implemented in the latest version 

off  ARP/wARP and awaits thorough testing to validate the results. 

Thee 69 X-ray data sets used to obtain the coefficients for expressions (2.16-2.17) can 

certainlyy be used for more elaborate analyses of characteristics of the electron density. 

Impressivee work along these lines has already been carried out by Kleywegt et al. (2003) 

whoo constructed a database of electron density maps and quality indicators for local 

densityy fits given atomic models and corresponding X-ray data submitted to the PDB. 


