
._ _, _# \_/_ Association for Information and Image Management

BY QPPLIED IMQGE, INC.





r

, _ c _ ,_ _ _._

LA-UR- 94-2273

Title: HASSP AND HEAVY: TOOLS FOR AUTOMATED HEAVY ATOM

SEARCHES AND REFINEMENT

LosAlamos
NATIONAL LABORATORY

Los AlamosNational Laboratory,an affirmativeaction/equalopportunityempidyer,is operated by the University of Californiafor the U.S. Department of Energy
under contractW-7405-ENG-36.By acceptanceof this article, the publisher recognizesthat the U.S. Government retains a nonexclusive, royalty-free license to
publish or reproduce the published form of this contribution, or to allow others to do so, for U.S. Government purposes. The Los Alamos National Laboratory
requeststhat the publisheridentifythisarticleas workperformedunderthe auspicesof the U.S. Dspartmentof Energy. J^.,

• _ FormNO.836 R5

_UTIOlli (11r THIS_0CUM[I_;"iSUNLIMIT_IsT_6_9,o_,



HASSP and HEAVY: Tools for automated heavy atom searches and refinement
,j

For American Crystallographic Association Annual Meeting, June, 1994
Session on Multiple Isomorphous Replacement

T. Terwilliger, Los Alamos National Laboratory. June, 1994
email: "terwill@prov2.1anl.gov"

What is the goal in heavy atom searches and heavy atom refinement?

In the MIR method, one generally has available a single dataset corresponding to a "native"
maeromolecule, and one or more datasets corresponding to (more-or-less) isomorphous
"derivatives" containing a limited number of "heavy atoms" bound at specific locations.

The goal of the heavy atom searches and refinement in the MIR method is to obtain a list of
sites of heavy atoms in each derivative of interest, along with measures of occupancy and
disorder of these sites. Of particular importance, of course, is that this list of sites contain only
correct sites, as incorrect sites will bias both the phasing and the measures of quality of the
phasing.

There are several steps in obtaining and refining heavy atom positions. These include
(with an example of a program or package that carries out each step):

1. calculation of a difference Patterson function for each derivative (FFT)
2. search for single or multiple site solutions to Pattersons (HASSP)
3. refuting heavy atom parameters (HEAVY)
4. cross-Fourier or self-Fourier analysis to evaluate and identify sites (FFT)

How will we know if a set of heavy atom sites is correct?

There are several tests that can help show whether a heavy atom site is correct. Here are
some that should usually be tried:

1. The difference Patterson shows the self (Harker) peaks predicted for this site.
2. If there is more than one site in the derivative, the difference Patterson shows the

predicted cross-vectors.
3. Refinement of occupancy and thermal factors yields an occupancy that is in the range of

0.2 to 1.0 (if the data is on an absolute scale), and a B in the range of about 10 to 100 (if the
data has been measured to a resolution better than about 4 A).

4a. A difference Fourier for the derivative of interest, phased only with other derivatives
and removing any sites in common between the derivative of interest and the other derivatives,
shows this site as one of the higher peaks in the Fourier.

-or-

4b. If SIR data is available only, a difference Fourier phased only with the other sites in
the derivative, shows this as one of the higher peaks in the Fourier.

What this tutorial will do.

In this tutorial, a simple example using model data for one derivative with anomalous
information will be used to demonstrate the use of HASSP and HEAVY in heavy atom
determination and refinement. The data used here will actually be based on model MAD data
that has been converted to MIR format using MADMRG (1), but the treatment is identical to
that for any other SIR+anomalous data. The data and most of the programs discussed here can
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be obtained by e-mail from "terwill @prov2.1anl.gov" along with VAX-specific command files
to run the data through.

In the model data to be considered here, the space group is C2, with cell parameters of

a--76.1 A, b=28.0 A, c--42.4 A, and 1)=103.1 degrees. There are two "true" heavy atom sites.
They are at the fractional coordinates and have the occupancies and thermal factors listed
below:

x y z occupal:_" B

0.141 0.344 0.219 1.0 20.0
0.484 0.500 0.093 1.0 20.0

This model data contains 1763 data from 10 to 3 A, and includes "random" errors added to
the model structure factor amplitudes. In the model, the "derivative" is perfectly isomorphous
with the native.

I. Searching for heavy atom positions in a derivative: HASSP

In the MIR method, it is usually only necessary to "solve" one derivative by Patterson
methods. This is because once one derivative is solved, or even one site in one derivative is
found, the much more powerful difference Fourier method can be used to solve all the others.
For these other derivatives, the Patterson function is only needed as a check on the solution.
Nevertheless, finding even one derivative that can be solved by Patterson methods is often the
hardest step in the MIR procedure.

What does HASSP do?

HASSP (Heavy Atom Search and Superposition Program) is simply an automated
procedure for identifying potential solutions to a difference Patterson function (4). It has an
additional and very useful feature of roughly estimating the probability that a particular solution
could have occurred by chance alone, so you have an idea of the significance of a solution as
well.

The basic idea used in HASSP is quite straightforward: place a "test" heavy atom or atoms
at every possible position in the asymmetric unit of the unit cell, and predict all the self and
cross vectors from this arrangement of sites. Then look at the difference Patterson function at
all these locations, and note the lowest value of the Patterson at all of these self and cross
vectors. A high value of this "minimum function" means all the peaks are present, a low value
means at least some are missing. This is just what you would do by hand, but here it's all
done for you.

Significance of a solution.

The significance of a solution found by HASSP is a function not just of how high the
minumum function value is for that solution. It also depends on how many peaks were
predicted as well as on the noise level in the map and the number of different solutions that
were tried. For example, suppose we look for single-site solutions to a map. at a resolution of
3 A in a space group with a single Harker vector, and where the cell dimensions are about 30 x
30 x 30 A. In this case we have a very good chance of coming up with a solution that is 2
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times the rms value in the map--and being wrong. That is because we have effectively looked
at about 100 possible solutions ( even if we choose a finely spaced grid, the independent
solutions we examine will be spaced by about the resolution of the map in each of two
directions), and about 1 in 50 peaks in a (random) map will be greater than twice the rms value.
On the other hand, if we are in a space group with the same cell dimensions and the map was
calculated to the same resolution, but the map has 3 Harker sections, the chance that we come
up with a single-site solution that matches all 3 Harker sections with heights of twice the rms in
the map is only about 0.008. This is because we have looked at about 10_ possible solutions
(10 along each of 3 directions), and the chance that any one solution would give all 3 peaks
greater than 2 times the rms would be about (1/50)*'3. Therefore the chance that at least one
of the 1000 test solutions would, by chance, give this height at all 3 peaks is about 1-(1-
(1/50)*'3)*'1000, or about 0.008.

Single-site searches.

The simplest Patterson search is simply to look at the Harker sections and identify heavy
atom positions consistent with the major peaks on these sections. In HASSP, all of the
positions in the unit cell that give different sets of Harker vectors are tested, and a list of the
positions that yield the highest values of the minumum function are listed.

Example in space group C2

4 equivalent positions: (x,y,z); (-x,y,-z); (1/2+x,1/2+y,z); (1/2-x,1/2+y,-z)

Unique portion of real cell: 0 to 1 in x; 0 to 1/2 in y; 0 to I/2 in z.

Symmetry of the Patterson cell: this is the symmetry of the real cell plus inversion:
8 equivalent positions: (u,v,w); (-u,-v,-w); (-u,v,-w); (u,-v,w) and each of these +

(I/2,1/2,0)

Unique portion of Patterson cell: 0 to I12 in x, 0 to I12 in y; 0 to I12 in z.

An atom at (x,y,z) has I unique Harker (self) vector in the Patterson (all other self vectors
are related to this one by inversion or symmetry of the space group): (u,v,w)=(2x,0,2z)

Sample output from HASSP on space group C2:

THIS SPACE GROUP HAS 2 SETS OF 2 IDENTICAL GROUPS

OF EQUIVALENT POSITIONS RELATED BY CENTERING TRANSLATIONS:

GROUP 2 IS RELATED TO GROUP 1 BY THE _RANSLATION" (0.500, 0.500,0. 000)

THE FUNDAMENTAL SET OF 2 ROTATION MATRICES AND TRANSLATION VECTORS

FOR THIS SPACE GROUP IS:

1 0 0 0.000 -I 0 0 0.000
0 1 0 0.000 0 1 0 0.000
0 0 1 0.000 0 0 -1 0.000

(ASIDE FROM CENTERING, IF ANY) THERE ARE 4 EQUIVALENT POSITIONS IN THE
PA_ON:
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1 0 0 -i 0 0 -I 0 0 1 0 0
0 1 0 0 -I 0 0 1 0 0 -I 0
0 0 1 0 0 -I 0 0 -i 0 0 1

THERE ARE 1 UNIQUE HARKER VECTORS:

2 0 0 0.000
0 0 0 0.000
0 0 2 0.000

COORDINATES ALONG Y-AXIS ARE DETERMINED ONLY TO WITHIN A CONSTANT.

Single-site search in C2: just look at all values of x from 0 to 1/2, all z from 0 to 1/2. For
each, look at the value of the Patterson at (2x,0,2z) and note the highest peaks:

LIST OF MAJOR PEAKS IN SINGLE-ATOM SEARCH:GENERAL POSITIONS

PEAK X Y Z HEIGHT PROB THAT THIS
IS BY CHANCE

1 0.484 0.000 0.094 9822.5 0.000
2 0.141 • 0.000 0.219 9478.0 0.000
3 0.055 0.000 0.094 3322.7 0.669
4 0.430 0.000 0.000 3132.8 0.794

Note that the top two solutions in this single-atom search correspond (in x and z) to the
two "true" sites in the derivative. The value of "y" cannot be determined from the Patterson.
The height of the Harker vectors for these two solutions are 9.5 and 9.8 times the rms of the
map, and obtaining peaks this high by chance is of course very unlikely. The next two
possible solutions are 3 times the rms of the map, and each of these has a good chance of
appearing by chance (which they did).

Two-site solutions to a Patterson.

In a two-site search, two sites are considered together as a possible solution to the
Patterson. Their self-vectors and all cross-vectors are considered and the minimum height of
all these peaks is noted. As it is a bit time-consuming to test all possible pairs of atoms in the
asymmetric unit, a shortcut is used here and only pairs of atoms that are related by a cross-
vector found in the map are considered. In this way it is certain that at least one of the cross-
vectors predicted from the pair of atoms will be a high peak in the map. In practice, then, a
high peak in the map (X,Y,Z) is noted, then atom A is placed at all possible positions in the
asymmetric unit (x,y,z), and atom B is always placed at the coordinates (x+X,y+Y,z+Z).
Then all self and cross-vectors are calculated.

Searches for additional sites.

Once a two-site solution has been found, additional sites can be tested for consistency with
the existing solution. Atoms are placed at all possible positions in the asymmetric unit, and
once again all self and cross vectors and the minimum functions are calculated, and the highest
minimum function is chosen. If the likelihood of ob'taining this value of the minimum function
is very low, the new site is included in the solution.
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Example of a two-site seari_ in space group C2:

LIST OF ISOLATED PATTERSON PEAKS: GENERAL POSITIONS•

PEAK X Y Z HEIGHT

1 0.156 0.344 0.125 10135.
2 0.125 0.344 0.313 10082.
3 0.070 0.219 0.172 2869.9

These peaks were found in a search of the difference Patterson function for our test case,
considering (first) just locations in general positions in the map. Peaks in special positions are
considered later, only after all peaks in general positions have been tried. Each of these is
considered, in turn, as a possible cross-vector in a two atom search. The first two are "real"
cross-vectors. The first yields,

TWO-ATOM ORIGIN SEARCH. TRY # 1 .

CROSS-VECTOR B_ SITES = (0.156, 0.344,0.125)

MAXIMUM AGREEMENT FOUND IN SEARCH WITH THE _0 SITES:

(0.484,0.000, 0.094) AND (0.641,0.344,0.219).
PROBABILITY THAT THIS PAIR OF SITES CORRESPONDS TO CHANCE PEAKS =0. 000

*********ANALYSIS OF THIS SOLUTION:**********

SITE X Y Z PROB THAT THIS IS BY CHANCE

1 0.484 0.000 0.094 0.000
2 0. 641 0.344 0.219 0.000

SOLUTIONS LISTED BELOW SHARE HARKER VECTORS WITH
AT LEAST ONE SITE ABOVE YET ARE COMPLETELY CONSISTENT
WITH ABOVE SITES

3 0.984 0.125 0.078 0.000

LIST OF CROSS-VECTORS IN PATTERSON FUNCTION ; FIRST TEN ONLY :

1 2 3

1 9822.5 10082.2 2097.4
2 10082.2 9478.0 2151.0
3 2097.4 2151.0 5852.6

The list of cross-vectors for the sites in the possible solution is very useful. The diagonal
shows the minimum value of the map at the locations of Harker vectors for each site (or just the
one Harker vector in this space group). The off-diagonal values are the minumum values of
the map at the locations of cross-vectors between sites in the solution.

In this example, the first 2 sites are the correct sites (with a y-value of 0.0 instead of 0.5
for site 1). The third site has the same Harker vectors as site 1, hence is suspect. It also has
much lower cross-vectors than the other two sites. (It is also incorrect).
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Note that even the incorrect site is listed as being extremely unlikely to be due to chance
(probability of 0.000). In practice it has appeared that the algorithm for estimating the
likelihood of a particular solution appearing by chance is fine for single-site and two-site
solutions, but that the probabilities are much lower than could be realistically expected for
additional solutions. This means that the "additional" solutions that are found after a two-site
search should be regarded with special caution.

Note also that HASSP will usually come up with a number of solutions to the difference
Patterson function you give it, but not all will be correct. They will all be compatible with your
map, however. This means that some other method will be required to determine which is
correct.

There are several types of reasons why a particular solution, though compatible with your
map, might not be correct. A trivial reason might be that the peaks are due to noise. Another
reason might be that the solution is the inverse of the correct solution. Patterson functions
cannot distinguish between (x,y,z) and (-x,-y,-z) and you will have to identify the hand of the
solution by other means. One method is carrying out a difference Fourier using anomalous
information, as in the example used in this tutorial. Another is to calculate a native FOurier and
see if it looks reasonable. In some space groups there is a third reason why a solution, though
compatible with the Patterson, could be wrong. That is in these space groups, there are
multiple solutions to the Patterson, some of which are not related to the correct solution by
inversion symmetry.

The two-site solutions that HASSP obtains are listed in the order found, not in the order of
highest peaks. It is a good idea to look at the heights of the self- and cross-peaks for each
solution and consider first the solution with the smallest number of sites that agrees very well
with the difference Patterson. Usually for the first derivative you solve, you will not be
confident until this derivative is used to phase a difference Fourier for a second derivative, and
then phasing a difference Fourier using this second derivative gives you back the same sites
you identified in the difference Patterson.

II. Refining heavy atom parameters against the origin-removed difference
Patterson function with HEAVY•

The purpose of heavy atom refinement is to come up with a model for the locations,
occupancies, and thermal factors of the heavy atoms in each derivative. This model can then be
used to calculate structure factors due to these heavy atoms in the structure, and these structure
factors are, in turn, used along with the measured native and derivative structure factor
amplitudes to estimate the phases for the native structure factors.

Although a number of approaches and implementations exist for refinement of heavy atom
parameters, two of the most commonly-used approaches are phase refinement and difference
Patterson refinement. Each of these can be carded out by HEAVY.

Phase refinement

In phase refinement, all the derivatives except one are used to estimate native phases for
the structure, then a heavy atom model is obtained that minimizes the "lack of closure" between
the remaining observed derivative structure factor amplitudes and those calculated from the
native structure factor plus the heavy atom structure factors from the model for that derivative.
For this procedure to be effective, more than one derivative is essential, as the derivative to be
refined must be left out of the phasing calculation. (The procedure can be used in principle
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without leaving the derivative to be refined out of the phasing, but it is still very ineffective for
SIR phasing, see ref. 4).

Origin-removed Difference Patterson refinement

In difference Patterson refinement the heavy atom model is refined essentially by
maximizing the agreement between the observed origin-removed difference Patterson function
and an origin-removed Patterson function based on the heavy atom model. This method differs
from phase refinement in that no phase information is used in the refinement procedure.
Consequently, the heavy atom sites in a single derivative can be refined by themselves without
reference to any other derivatives. This means that the procedure is particularly useful for
refining heavy atom parameters for the first derivative that has been solved, in preparation for
calculating difference Fouriers on any other derivatives. Difference Patterson refinement is
also advantageous in that it gives essentially unbiased estimates of the occupancies of heavy
atom sites (4). As phases are not used in the method, the procedure has the disadvantage
relative to phase refinement that in space groups where the origin is not defined along one or
more axes, the coordinates of atoms in different derivatives cannot be refined relative to each
other. For example, in space group C2, the origin can be anywhere along the y-axis, so the
relative y-values of sites in different derivatives cannot be refined. These relative coordinates
must be obtained by other means such as difference Fourier maps or phase refinement.

Anomalous differences

In cases where anomalous differences have been measured, these can be used with either
phase refinement or difference Patterson refinement to refine heavy atom parameters, either
alone or in combination with the isomorphous differences. In phase refinement, the lack of
closure between the observed and calcualted anomalous differences is minimized, and in
Patterson refinement, the anomalous differences Patterson or the combined difference Patterson
is used in the same way as the isomorphous difference Patterson. It should be emphasized that
if the anomalous differences are not accurate enough to yield an interpretable difference
Patterson function, then they are also probably not accurate enough to be of much utility in
refinement or phasing. In particular, if the anomalous difference Patterson does not show
peaks at the positions expected based on the heavy atom model, then difference Patterson
refinement using _hese anomalous differences will be useless.

Example in space group C2 (continued)

"HEAVY" -- HEAVY ATOM PHASING AND REFINEMENT PROGRAM

CRYSTAI/X_RAPHIC PARAMETERS

A = 76.08 B = 27.97 C = 42.36 ALPHA = 90.00 BETA =
103.17

EQUIVALENT POSITIONS FILE : C2 .MEP
FOR THIS SPACE GROUP THERE ARE 2 GT:[OU.gSOF 2 EQUIVALENT POSITIONS

RELATED BY

ALL EQUIV POSITIONS IN GROUP 2 ARE REq_TED TO THOSE IN GROUP 1 BY THE
TRANSLATION ( 0.5, 0.5, 0.0)

5 cycles of refinement of the positions, occupancies, and thermal parameters for the two
sites identified from the difference Patterson yield the following results:

SITE ATOM OCCUP X Y Z B
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CURRENT VALUES: 1 SEL3 i.0182 0.4841 0.5000 0.0911 17. 1959
STARTING VALUES: 1.0000 0.4842 0.5000 0.0906 24.2680
LAST SHIFT: 0.0036 0.0000 0.0000 0.0000 0.0024
SIGMA: 0.3282 0.0006 0.0000 0.0010 7.0862

CURRENT VALUES: 2 SEL3 I.0191 0.1404 0.3422 0.2183 20. 9124
STARTING VALUES: 1.0000 0.1401 0.3471 0.2180 36.2252
LAST SHIFT: 0.0090 0.0000 0.0000 0.0000 -0.0270
SIGMA: 0.3466 0.0006 0.0028 0.0012 7. 5041

Note that the "y" value of site 1 was not refined. The position of the origin along "y" is
not def'med in this space group, so one atom must arbitrarily be fixed in this direction. Note
that you can refine the values of "y" for any other sites in the same derivative. You cannot use
Patterson refinement to refine the relative value of "y" for another derivative, however. In this
test case, the refined values of the heavy atom parameters are very close to the correct values.

This heavy atom model was then used to obtain native phases. The figure of merit of this
data is summarized below:

FIGURE OF MERIT LESS THAN 0.i 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
NUMBER OF REFLECTIONS 103 122 118 109 Ii0 169 179 212 261 350

FIGURE OF MERIT WITH RESOLUTION
Res 7.73 5.85 4.89 4.29 3.86 3.54 3.29 3.09 TOTAL

#Obs 123 157 186 209 244 253 271 290 1733
<m> 0.66 0.66 0.58 0.58 0.57 0.63 0.65 0.63 0.62

That is, the overall figure of merit of this phasing is only 0.62. The figure of merit
estimated using difference Patterson ref'menent with HEAVY is generally lower than that
obtained with other procedures. On the other hand, the figure of merit obtained from HEAVY
or any other heavy atom refinement program is not necessarily a very good indicator of the
quality of the resulting phases, as will be seen later. The figure of merit is an estimate of the

typical value of the cosine of the phase error, cos(A¢). For this model data, we can calculate

the actual value of <cos(A0)> and find that it is 0.69, or a little higher than that estimated from
the figure of merit.

Calculation of self- and cross.difference Fouriers to evaluate sites

One of the most useful methods for evaluating whether a particular site is correct is to use
other sites and derivatives to obtain native phases, then to calculate a difference Fourier on the
derivative of interest to see if the site in question is among the top peaks in the map. It is
crucial when carrying out this operation that nowhere in any of the derivatives used in phasing
is this site used, not even in another derivative. If you use a site in any derivative, it has a
good chance of appearing in difference Fouriers, particularly if the occupancy of the site is not
accurate.

An example of using a self differnce Fourier in this way is shown below, using site #1 in
the one derivative in the model data described above to obtain native phases, then carrying out a
difference Fourier using the isomorphous differences (for this same derivative). A peak search
on this Fourier yields:
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peak x y z height/rms of the map
1 0.484 0.500 0.093 40.5
2 0.141 0.342 0.219 5.6
3 0.641 0.157 0.219 5.4
4 0.124 0.000 0.094 2.5
5 0.109 0.338 0.406 2.4

6 0.609 0.159 0.406 2.3
7 0.296 0.004 0.346 2.2
8 0.796 0.504 0.346 2.2

9 0.672 0.158 0.034 2.1

Here peak #1 is the peak used in phasing, so it should be ignored. Peak #2 is the other
true site. Notice that this correct peak comes out very strongly in the map even though it was
not used in phasing. Peak #3 corresponds to the inverse (-x,-y,-z) of the true second site, and
is incorrect. It is present because the anomalous differences are fairly weak and a difference
Fourier using SIR phasing without anomalous differences does not discriminate between
(x,y,z) and (-x,-y,-z). Peaks #4... are all incorrect sites.

In an actual case, if you obtained this difference Fourier, you would conclude that your
site #2 was indeed correct, as it appears in this Fourier that did not include this site in phasing.
A similar result is obtained in this model system if site #2 is used in phasing and the peak
height at site #1 is examined.

III. How not to use Hassp and Heavy.

One of the easiest traps to fall into in the use of these or any other heavy atom search and
refinement programs is to "find" and include heavy atom sites that are not actually present in
the derivatives. Although in the best of circumstances the occupancies of such incorrect sites
will refine to low and therefore insignificant levels, sometimes these sites can remain and
severely worsen the phasing. What follows is an example of how this can happen, using the
same data as discussed above.

i

Note that in the list of peaks found in the self-phased difference Fourier shown above,
there are a number of peaks that are greater than twice the rms of the map. One might be
tempted to pick some of these and "just see how well they refine". Let's see what happens
when we do this.

If we start out using just site #1 to refine and obtain native phases, Patterson refinement
using HEAVY gives the result:

site oct x y z B
1 1.1169 0.4847 0.5000 0.0909 23. 1586

This is quite close to the correct location, occupancy, and B. Using this to obtain phases,
we find a mean figure of merit <m> of 0.51, and companng these phases with the true phases,
we find that <cos(AO)> - 0.43, somewhat lower than estimated.

Now we introduce two new sites from the list of peaks above. Just for purposes of
illustration, we skip the true site (#2). Let's pick #5 and #9 because they are reasonably strong
and not on any special positions relative to site #1. We refine first just their occupancies and
then x,y,z, occupancy and B (always fixing "y" of site #1 in this space group of course). The
result is:



o

HASSP and HEAVY: Tools for automated heavy atom searches and refinement
a.

site occ x y z B

1 1.1719 0.4834 0.5000 0.0911 22. 0936
2 0.3984 0.1056 0.3321 0.4039 21. 5596
3 0.2818 0.6739 0.1600 0.0368 0.0000

The parameters for site # 1 have remained about the same, and the two additional and
incorrect sites have significant occupancies and low B factors. From the refinement, you
would conclude that these are "good" sites. Furthermore the figure of merit of this refinement
has now increased from 0.51 to 0.58. You might be very encouraged by this.

Now let's compare the new phases with the true phases. The value of the cosine of the

phase error, <cos(AO)> has now decreased from 0.42 to just 0.31 t The new phases are much
worse than those obtained using only the correct site.

You might ask if phase refinement would have given a different result. The same data,
using phase refinement (phasing at the most probable phase for heavy atom refinement), gives:

site occ x y z B
1 1.3171 0.4809 0.5000 0.0914 21. 6544
2 0.7009 0.1070 0.3401 0.4082 31. 1089
3 0.5144 0.6746 0.1510 0.0341 34.3609

That is, all the occupancies are even higher than with Patterson refinement. The figure of

merit of this refinement is <rn> = 0.60, yet the true cosine of the phase error, <cos(A0)>, is
only 0.28.

So how should we have eliminated these incorrect sites? Let's calculate the value of the
difference Patterson function at all the self and cross-vectors predicted from these three sites.
This can be conveniently done with HASSP, and yields,

SITE X Y Z

1 0.480 0.500 0.094
2 0.109 0.344 0.406
3 0.672 0.156 0.039

LIST OF CROSS-VECTORS IN PATI_RSON FUNCTION
1 2 3

1 8274.2 -272.0 -680.3

2 -272.0 205.4 -495.8
3 -680.3 -495.8 1217.6

All three sites have positive Harker vectors, but sites 2 and 3 have rather negative cross-
vectors to the f'trst site and to each other. These two sites should have been rejected on this
basis.

In summary, heavy atom sites should be included only if they agree with both the
difference Patterson function and with difference Fouriers, phased using only other sites. All

10
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sites that do not satisfy both criteria should be considered unreliable, and generally should not
be included in refinement or phasing.
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