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Experimental phasing of macromolecules
Experimental phasing usually implies the presence of heavy atoms to 
provide reference phases.  We then calculate the phases φT of the full 
structure by:

φT = φA + α
where φA is the calculated phase of the heavy atom substructure. 
As we have seen, α can be estimated from the experimental data. 
The phase determination requires the following stages:

SHELXE may be used for estimating the protein phases and improving 
them by density modification (stages 3 and 4).

1. Location of the heavy atoms.

2. (Refinement of heavy atom parameters and) calculation of φA.

3. Calculation of starting protein phases using φT = φA + α.

4. Improvement of these phases by density modification.



SHELXE
The aim of SHELXE was to produce a reliable indication of whether 
the structure could be solved before taking the crystal off the 
beamline. Priority was given to speed, robustness and ease of use. 
The program was also specifically designed for incorporation in high 
throughput structure determination pipelines. 

The intention was to get reasonable phases fast, NOT the best 
possible phases! However if the resulting map is good enough for
wARP to trace, maybe that is good enough?!



SAD phasing in SHELXE
1. Calculate centroid phases (α = 90 or 270°) with weights that 

depend on the (normalized) |ΔF|.

2. Use these phases, foms and |FT| to calculate a map, apply low 
density elimination (Woolfson, Giacovazzo) and reinvert map to 
estimate phases for small |ΔF| and centrics. This is an alternative 
to B.C.Wang’s method of solvent flattening to resolve two-fold 
ambiguities.

3. If the heavy atoms are present in the native, include their     
σA-weighted direct estimates of φT (as in the heavy-atom method 
for small molecules, does not use |ΔF|).

These three steps produce independent phase estimates (2 and 
3 are orthogonal to 1) so can be combined using σA-weights 
(Read).  For MAD and SIRAS step 2 is skipped.



Simulations with one heavy atom in P1

A perfect MAD or SIRAS experiment 
should give perfect phases! A 
centrosymmetric array of heavy 
atoms is fatal for SIR, but one heavy 
atom is enough for SAD even in 
space group P1, because it is easy 
to remove the negative image by 
setting negative density to zero!

MAD or 
SIRAS

SIR

SAD



One heavy atom in P1
For SIR, the heavy atom phases correspond to a centrosymmetric
double image of the structure. There is usually no escape. 

For SAD, the map phased using only α = 90 or 270º does not show 
the anomalous atom and consists of positive and negative images of 
the rest of the structure. The negative image can in principle be 
removed by replacing negative density with zero, but where the 
negative and positive images overlap it is not possible to recover 
density in this way. Although the stronger the anomalous signal, the 
better the map, even with perfect SAD data the map may not be 
interpretable without improvement by density modification.

The quality of SIRAS and MAD maps is limited only by the quality of 
the data, which is determined by radiation damage (MAD) and lack of 
isomorphism (SIRAS) as well as by the strength of diffraction from 
the crystals.



Centrosymmetric substructures
When the heavy atom substructure, taking symmetry equivalents into 
account, is not chiral, SIR gives an unresolvable double image. This 
is always fatal.

With a chiral substructure, SIR gives the same figures of merit in the 
density modification for both heavy atom enantiomers. In the best 
case one map is correct and the other is its mirror image (the α-
helices go the wrong way)!

With a centrosymmetric substructure, for SAD both heavy atom 
enantiomorphs give the same (correct) structure and figures of merit. 
If (as usual) the substructure is chiral, for SAD the figures of merit 
should identify the correct enantiomorph; one map should be correct 
and the other should be nonsense.

Space groups that are members of enantiomorphous pairs (e.g. P31, 
P41212) are particularly good for heavy atom location and density 
modification (strong enantiomorph definition). Even one-site SIR 
works well for such space groups!



Density modification
The heavy atoms can be used to calculate reference phases; initial 
estimates of the protein phases can then be obtained by adding the 
phase shifts α to the heavy atom phases. 

These phases are then improved by density modification.  Clearly, if we 
simply do an inverse Fourier transform of the unmodified density we 
get back the phases we put in.  So we try to make a chemically sensible
modification to the density before doing the inverse FFT in the hope 
that this will lead to improved estimates for the phases.  

Many such density modifications have been tried, some of them very 
sophisticated.  Major contributions have been made by Kevin Cowtan
and Tom Terwilliger. One of the simplest ideas, truncating negative 
density to zero, is actually not too bad (it is the basic idea behind the 
program ACORN).

The basic idea of the density modification in SHELXE is to assess, for 
each pixel in the map, how likely it is that it is close to the site of an 
atom.



The sphere of influence algorithm
The variance V of the density on a spherical surface of radius 2.42 Å is 
calculated for each pixel in the map. The pixels with the highest V are 
most likely to correspond to real protein atomic positions.

Pixels with low V are flipped (ρS’ = –γρ where γ is about one).

For pixels with high V, ρ is replaced by  [ρ4/(ν2σ2(ρ)+ρ2)]½ (with ν usually 
1.0) if positive and by zero if negative.  This has a similar effect to the 
procedure used in the program ACORN.

A fuzzy boundary is used; in the fuzzy region ρ is set to a weighted sum 
of the two treatments. The fuzzy boundary is an attempt to avoid the 
lock-in effect of a binary mask.

The use of a spherical surface rather than a spherical volume was 
intended to add a little chemical information (2.42 Å is a typical 1,3-
distance in proteins and DNA). An empirical weighting scheme for 
phase recombination is used to combat model bias.



The fuzzy solvent boundary

↑
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Fraction of pixels sorted on variance of density in 2.42Å spherical shell

← Fraction of pixels in solvent) →
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ρP’ = [ρ4/(ν2σ2(ρ)+ρ2)]½

if ρ > 0 and

ρP’ = 0 if ρ ≤ 0.

Pixels with high V:

Pixels with low V:
ρS’ = –γρ
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In the fuzzy region, the modified density is a weighted 
mean of the two treatments:  ρ’ = βρP’ + (1–β)ρS’

The parameters γ and ν are both usually set to 1.0



Figures of merit for density modification
During each cycle, the program calculates two figures of merit. The 
contrast is defined as the variance of V averaged over all pixels 
(Terwilliger uses a similar idea in SOLVE), and the connectivity is 
defined as the fraction of adjacent pixels that are either both in the 
solvent or both in the protein regions.  At the end a pseudo-free 
correlation coefficient is calculated by leaving out 10% of reflections 
at random and doing one cycle density modification.  All three figures 
of merit should be as large as possible but the values may vary from 
structure to structure.

In addition to indicating when the density modification has converged, 
these criteria should also show which heavy atom enantiomorph is 
correct.  If they are not significantly different starting from the two 
heavy atom enantiomers, the structure is possibly not solved!



Disulfide bond resolution
When the anomalous signal does not extend to sufficient resolution 
to resolve disulfides, it has been standard practice to search for 
super-sulfur atoms.

An effective alternative is to modify the peaksearch to locate the best 
positions for S-S units in the slightly elongated electron density 
maxima. These resolved disulfides not only improve the performance 
of the substructure solution, they also give a much better phase
extension to higher resolution and better final map correlation 
coefficients. The CPU time overhead is negligible.

Thus suggests that searching for small fragments in the real space 
part of the dual-space recycling may be a good way of extending 
direct methods to lower resolution, provided that it can be done
efficiently.



Mean phase errors as a function of resolution for SAD 
phasing of  cubic insulin at a wavelength of 1Å

without disulfide resolution                   with disulfide resolution



The free lunch algorithm
As first described by Eleanor Dodson at the Fabio Meeting at Martina 
Franca, Italy 2001, it is possible to estimate phases for the reflections 
that were NOT recorded (e.g. because the resolution of the data did not 
extend so far) and so improve the maps! Two papers by the Bari group 
around Carmelo Giacovazzo (Caliandro et al., Acta Cryst. D61 (2005) 
556-565 and 1080-1087) confirmed this and appeared before the paper 
on the implementation of the idea in ACORN (Acta Cryst. D61 (2005)). 

The unexpected conclusion of both groups was that if these phases are 
now used to recalculate the density, using very rough estimates of the 
(unmeasured) amplitudes, the density actually improves! I have 
incorporated this into the current distributed version of SHELXE and 
can completely confirm the observations, at least when the native data 
have been measured to a resolution of 2 Å or better.

Since one is apparently getting something for nothing, I propose that 
this algorithm be named the free lunch algorithm.



Solution of an unknown structure
The free lunch algorithm (FLA) clearly improved the density for a 
number of standard test structures, introducing real features that were 
not present in the original maps.  However a particularly convincing 
example was the application to the solution of an unsolved structure by 
Isabel Usón using data collected by Clare Stevenson.

Data for this 262 amino-acid protein in space group P2 were almost 
complete to 1.9 Å and partial to 1.35 Å.  Despite collecting six datasets 
the only phase information was a weak SIRAS signal to about 3.5 Å
from a mercury acetate derivative.  All attempts to improve these maps 
by interpretation or modification of the density and also molecular 
replacement on the native data failed.

At first we thought that the free lunch algorithm might be able to fill in 
the missing data, but Isabel was ambitious and expanded to 1.0 Å, 
much further than the crystals had ever diffracted.



Postmortem on a free lunch

Best experimental phases 
after fitting       α-helices 
by hand then den. mod. 

(MapCC 0.57)

After FLA filling in to 
1.34 Å (MapCC 0.66)

FLA expansion to 1.0 
Å (MapCC 0.94)

Phase errors calculated 
relative to the 

subsequently refined 
structure



Maps before and after a free lunch

Best experimental phases after 
density modification (MapCC 0.57)

After expansion to 1.0 Å with 
virtual data (MapCC 0.94)



Why do we get a free lunch?
It is not immediately obvious why inventing extra data improves 
the maps.  Possible explanations are:

1. The algorithm corrects Fourier truncation errors that may have 
had a more serious effect on the maps than we had realised.

2. Phases are more important than amplitudes (see Kevin’s ducks 
and cats!), so as long as the extrapolated phases are OK any 
amplitudes will do.

3. Zero is a very poor estimate of the amplitude of a reflection that 
we did not measure.



RIP phasing with SHELXC/D/E
shelxc fn9 <<EOF
BEFORE fn9-1.sca
AFTER fn9-2.sca
CELL 37.70 37.70 108.14 90 90 90
SPAG P41212
FIND 10
DSCA 0.97
NTRY 1000 
EOF
shelxd fn9_fa
shelxe fn9 fn9_fa -s0.5 -m20 –b –e1.0
shelxe fn9 fn9_fa -s0.5 -m20 –b –e1.0 -i

Recycling of the positive and difference peaks produced by –b is 
normally necessary (rename fn9.hat or fn9_i.hat to fn9_fa.res).
The RIP phases had a MPE of 39.7º without FLA and 33.5º with (mapCC
0.67/0.76); for the same structure S-SAD with λ = 1.70Å gave MPE 66.8º
without FLA and 39.6º with (mapCC 0.43/0.72).

Data kindly provided 
by Elspeth Garman 
and Raimond Ravelli.



Autotracing in SHELXE
The current version of SHELXE includes a very crude and inadequately 
developed and tested autotracing function (e.g. –a3 for 3 cycles 
autotracing, if –e is also used the free lunch is applied only after 
autotracing). 

In its present form it may be useful for seeing if a structure has been 
solved and extending low resolution phases to higher resolution native 
data. It is sometimes able to get a toehold with very poor starting 
phases (MPE > 60º) and after recycling considerably reduces the 
number of cycles required for the final free lunch cycle (e.g. from 200 to 
30). The trace might also be useful for kick-starting wARP in borderline 
resolution cases.

It has not yet been optimized for speed and suffers from various
idiosyncrasies. In particular it performs relatively badly on very good 
maps. Possible release date: 01.01.2015.



SHELXE autotracing algorithm
1. Find potential α-helices in the density and try to extend them at 

both ends, avoid already traced atoms and heavy atoms.

2. Then find potential β-strands and try to extend them at both ends in 
the same way.

3. Use the traced residues to estimate phases and combine these with 
the initial phase information using sigma-A weights, then restart 
density modification.

Criteria used:

1. Density at atom positions and holes (correlation coefficient).

2. Keep as many atoms as possible in density.

3. Only accept chains that have good average density for all atoms 
types (especially CB) and are longer than 7 residues.

4. Backbone torsions consistent with Ramachandran plot.



Example: viscotoxin a3 (1.75 Å, 1okh)
Originally solved by S-SAD by Judit Debreczeni, but could only be 
traced after applying NCS in DM. The MPE for the density modified 
phases from SHELXE without NCS was 66.3º, there are 92 amino-acids.

Cycle 1 2 3 4 5

# residues  37 53 66 61 74

% atoms within 1Å 83.1 77.3 91.9 95.3 95.4†

MPE including trace 57.1 50.6 48.8 45.4 38.9*

† 91.2% within 0.5 Å and 69.0 % within 0.3 Å.

* After 30 iterations FLA, other cycles 20 iterations without FLA.



Example: GERE (2.7 Å, truncated to 3 Å)
Standard MAD test example from CCP4. The MPE for the density 
modified phases from SHELXE without NCS was 54.8º, there are 444 
amino-acids, 393 in final deposited model.

Three cycles autotracing (with foreshortened C=O bonds) traced 238 
residues, but only 76.2% of the atoms were within 1 Å of their correct 
positions.



SHELXE - conclusions
SHELXE was designed to be fast, robust and easy to use, as a 
contribution to high-throughput phasing. Despite its lack of 
sophistication, there are three sets of circumstances under which 
high quality model-free maps are obtained directly:

• When high quality MAD data are used.

• When the solvent content is high (>0.6).

• When the resolution of the native data is very high (<1.5Å).

These maps have a surprisingly atomic appearance, especially 
when the free lunch algorithm is used, but have a tendancy for the 
features corresponding to lower electron density (e.g. disordered 
side-chains) to be suppressed.

The autotracing feature still needs a lot of work, but looks as though 
it will be useful for extending low resolution phase information to 
higher resolution.



SHELXE – possible future developments

Input of Hendrickson-Latman coefficients from SHARP or BP3.

Automatic NCS recognition and NCS averaging (also for SHELXD?).

More thorough (but slower) fragment search to initialize autotracing
for poor starting phases at lower resolution.

Read sequence and attempt to assign and fit side-chains.

Anisotropic scaling in SHELXC. This is already available in XPREP 
and can produce a major improvement.
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