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Automatic structure determination based on the
single-wavelength anomalous diffraction technique

away from an absorption edge

The phasing of macromolecular structures based on the use of
the single-wavelength anomalous diffraction method has
recently enjoyed a revival. Here, additional evidence is
provided that the method may be successfully applied at
wavelengths remote from the absorption edge of interest and
that it is in principle applicable to a large number of systems.
This opens up the possibility of rapid and reliable automatic
de novo structure determination using simple experimental
configurations with no need for wavelength tunability or
absorption-edge scanning. The method should therefore be
exploitable at most synchrotron beamlines. The effects of data
completeness and multiplicity on the quality of the phases
obtained are discussed as are the prospects for the automation
of macromolecular structure solution based on the experi-
mental protocols described.

1. Introduction

The burgeoning of many structural genomics initiatives
requires that many hundreds, perhaps thousands, of macro-
molecular structures are determined rapidly and reliably.
Increasing attention is thus being focused on the use of
automation in all aspects of macromolecular structure deter-
mination (Arzt et al., 2005). Progress is being made in the
areas of automation of sample changing (Abola et al., 2000)
and sample characterization (Leslie et al., 2002) and methods
have been available for some time that address the automation
of phasing (Terwilliger & Berendzen, 19994) and model-
building (Perrakis et al, 1999) procedures. However, the
automatic production of usable experimental data to feed
these latter processes remains problematic.

The multiwavelength anomalous dispersion (MAD)
method (Hendrickson, 1991, 1999; Hendrickson & Ogata,
1997) has risen to a position of pre-eminence amongst
experimental phasing methods and it is now a straightforward
and widely accepted technique for producing de novo phase
information for use in macromolecular structure determina-
tion. Indeed, in suitable cases, structure determination using
the MAD method can be effected in a matter of hours (Walsh
et al., 1999). However, the use of the techique is not without its
drawbacks. There is a need for special equipment, such as
energy-dispersive fluorescence detectors on beamlines and the
requirement for careful accurate data collection at a number
(typically three) of wavelengths means that MAD experiments
place great demands on instrumentation reliability, reprodu-
cibility and stability. Owing to the efforts of many scientists
over the last decade, these problems have largely been over-
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come. In tandem with developments in beamline technology,
software developments have also kept pace with interest in
MAD structure determination and the elucidation of large
anomalous scattering substructures is now routine (von Delft
et al., 2003). However, a potentially more serious problem for
the technique has recently emerged with the increased use of
highly brilliant undulator beamlines for data collection. This is
the phenomenon of radiation damage, which can severely limit
the amount of data collected from the crystal sample and also
removes one of the prime advantages of MAD: the nearly
perfect isomorphism of the data collected at the different
wavelengths (Ravelli & McSweeney, 2000). One of the
consequences of radiation damage is that in many cases the
data-collection protocol required for a successful MAD
experiment is no longer straightfoward.

Possibly as a result of this drawback, there has recently been
a great deal of interest in using single-wavelength anomalous
diffraction (SAD) data in the elucidation of macromolecular
structures (Harvey et al., 1998; Brodersen et al., 2000; Rice et
al., 2000; Dauter et al., 2002), with investigations showing that
the SAD technique may be applied to many diverse problems,
ranging from weak anomalous signals to highly complex
substructures (von Delft et al., 2003). In principle, the SAD
method is used with data collected close to an absorption edge
of the anomalous scatterer in the sample under investigation.
However, the work of Hendrickson & Teeter (1981) and later
developments by Wang (1985) demonstrated the possibility of
exploiting the weak anomalous signals available away from
the edge features. This work was revisited when the usefulness
of the anomalous scattering of sulfur at the Cu K« wavelength
to solve macromolecular crystal structures was demonstrated
(Dauter et al, 1999). These experiments have since been
complemented by various investigations at longer wavelengths
(Weiss et al., 2001; Gordon et al., 2001; Cianci et al., 2001;
Micossi et al., 2002; Ramagopal et al., 2003a,b) and together
they have demonstrated that it is possible to successfully
utilize anomalous signals as low as 0.6% for SAD phasing.

Although one needs to overcome the problem of bimodal
phase-probability distributions inherent to the SAD technique
(see Hauptman, 1996; Langs et al., 1999; Hao et al., 2000;
Dauter et al., 2002, for discussion), the basic simplicity of the
SAD method and the success of SAD structure determina-
tions using very small anomalous signals tempted us to
investigate the possibility of employing a further simplification
of the SAD technique; namely SAD structure determination
on a synchrotron beamline without wavelength tunability. This
idea complements work described by Brodersen et al. (2000)
and our interest in this experimental approach for structure
determination addresses many of the problematic issues
described previously. Most obviously, use of data at a single
wavelength means that the data-collection process is greatly
simplified Additionally, as data collection will not normally be
close to an absorption edge, one may expect reduced radiation
damage to the anomalous scatterer. The resulting simplifica-
tion of data-collection protocols would make them suitable for
incorporation into existing phasing and model-building
packages, thus allowing automatic procedures in which all

aspects of the structure-determination process are carried out
without the need for manual intervention.

Once experimental intensity data have been collected and
processed, in the majority of cases structure determination
using the SAD technique proceeds via a three-step process.
Firstly, the determination of the positions of the anomalous
scatterers is carried out; phases are then developed in order to
produce electron-density maps and, in the final stage, these are
interpreted using either manual or automatic methods to
produce a starting model for refinement procedures. An
automatic system must successfully pass each of these stages
and therefore in addition to the potential simplification of
data-collection procedures, we were also interested in the
amount of data that was necessary for each step to be
successfully completed and in the correlation between the
completion of one stage and the optimization of the next.

2. Experimental methods

Two systems for which the structures were already known
were chosen as test cases. Both contain anomalously scattering
atoms for which the absorption edges are at a much longer
wavelength than that at which data were actually collected.
The two systems have somewhat different characteristics.
They contain different scatterers, one is of relatively high
molecular weight the other rather low, the Laue symmetry of
the two systems is different (one rather higher than than
other) and one contains two monomers in the asymmetric unit,
the other a single copy of a monomer. Given these differences
and the rather small anomalous signals available (see below),
we are thus confident that our assessment of the potential
exploitation of the techniques outlined in the paper results in
conclusions that may be generally applicable.

The first test case was shrimp alkaline phosphatase (SAP)
(Nilsen et al., 2001; Olsen et al., 1991; de Backer et al., 2002;
PDB code 1k7h), provided by Biotec Pharmacon ASA
(Tromsg, Norway). The protein monomer has a molecular
weight of 53 kDa and contains three Zn>* ions in its active site.
7" for Zn>" at the wavelength of our experiment (0.933 A) is
2.3 e~ (calculated with the CCP4 program CROSSEC) and the
anomalous signal calculated according to Hendrickson et al.
(1985) is approximately 1.95%. The enzyme crystallizes in
space group P432,2, with unit-cell parameters a = 171.07,
¢ = 8432 A. The crystals contain a dimer in the asymmetric
unit, resulting in a Matthews coefficient (Matthews, 1968) of
2.9 A*Da™! and a solvent content of 57%. Cryoprotection
during data collection was obtained by soaking in the crys-
tallization solution with 30%(v/v) glycerol.

The second test case was ferredoxin VI (FdVI) from
Rhodobacter capsulatus (Armengaud et al., 2001; PDB code
1e9m). This protein has a molecular weight of 11.6 kDa and
each molecule contains a single [2Fe-2S] cluster, yielding an
anomalous signal of 1.45% (A = 0.933 A, f” for Fe*" is 1.4 7).
Crystals belong to the orthorhombic space group P2,2,2,, with
unit-cell parameters a = 45.28, b = 49.2, ¢ = 54.33 A and one
molecule in the asymmetric unit. The solvent content is 53%
and the Matthews coefficient is 2.7 A> Da™'.
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Data were collected from one crystal of each of the test
cases at 100 K and at a wavelength of 0.933 A. After indexing,
these initial frames were integrated to assess the signal-to-
noise ratio, mosaicity and the diffraction limit of the sample.
For each crystal a highly redundant data set (300° of oscilla-
tion in 0.3° slices for SAP, 360° of oscillation in 0.5° slices for
FdVI) was collected to a resolution limit normally sufficient
for successful automatic model building and that was readily
achievable with the available samples (2.1 A for SAP and
2.2 A for FdVI).

In order to assess the effects of data completeness and
multiplicity on the success of the experiment, each full data set
was then used to generate data sets of limited rotation (0-n°),
with each range being separately processed and scaled using
DENZO (Otwinowski & Minor, 1997) and SCALEPACK.
The resulting data files were converted to mtz format
(COMBAT) and analysis of data quality (see Tables 1 and 3)
was carried out with the program SCALA. Structure factors
and anomalous differences were obtained using TRUNCATE
(all programs from the CCP4 suite; Collaborative Computa-
tional Project, Number 4, 1994). In order to simplify notation,
the data sets will be referred to by the sample name and the

Table 1
Data-collection statistics for SAP.

All statistics derived from a SCALA analysis of data processed and scaled with
DENZOISCALEPACK. Figures in parentheses are for data in the highest
resolution shell (2.21-2.09 A).

Data set SAP300 SAP180  SAP90 SAP65 SAP45

Roym (%) 59 (263) 48(19.6) 3.8 (17.0) 3.4 (16.3) 3.4 (164)

Rineas (%) 6.1 (28.6) 52(223) 45(215) 43(22.0) 4.4 (22.8)

Completeness (%) 98.1 (93.1) 97.9 (92.4) 97.0 (88.1) 96.1 (84.7) 93.0 (79.0)

Anomalous com-  97.2 (90.8) 96.8 (86.9) 93.5 (73.6) 89.2 (61.1) 79.0 (49.0)
pleteness (%)

Slopet 1.24 1.22 1.16 1.13 1.09

(D)/{o(I)) 36.9 (64) 33.1(62) 25.6(5.0) 22.0(42) 17.9 (3.6)

1 Slope of anomalous difference normal probability plot produced by SCALA.

rotation range included in the data set. Thus, SAP45 refers to
the data set for SAP with total rotation range 45°, Fd360 the
FdVI data set with total rotation range 360° etc.

For each rotation range, searches to determine the
substructure of the anomalously scattering atoms were carried
out using direct methods as implemented in a beta test version
of the program SHELXD-2001 (Sheldrick et al, 2001;
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Figure 1

Plots of @resolves FOMiesove €lectron-density
maps derived from de novo structure determi-
nations using data sets (a) SAP300, (b) SAP180,
(c) SAP90, (d) SAP65 and (e) SAP45
(contoured at the 1o level) superimposed on
the refined model for SAP available in the

()

Protein Data Bank (PDB code 1k7h).
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Table 2

Results from phasing and automatic model-building procedure for SAP.

Data set SAP300 SAP180 SAP90  SAP65  SAP45

Multiplicity 19.5 12 6 43 31

No. of sites found 6 6 6 6 6

CChrest 47.0 45.6 374 26.6 26.7

FOM+t 0.21 (0.49) 0.19 (0.49) 0.15 (0.48) 0.13 (0.48) 0.11 (0.48)

Contrast difference 0.24 0.24 0.12 0.14 0.1
(SHELXE)

CCrmst 0.26 0.24 0.18 0.15 0.12

MCC§ 0.80 0.8 0.74 0.64 0.37

(Agp) (°) 493 47.5 52.8 59.9 752

Main-chain residuesY 831 821 481 142 70

No. of chains in model 31 30 56 31 16

Connectivity index 0.92 0.91 0.73 0.51 0.46

+ Figure of merit after phasing using the heavy-atom substructure with SOLVE. The
values in parentheses are after density modification in RESOLVE. % Correlation of
local r.m.s. density maps before density modification taken from the program SOLVE
and as defined in Terwilliger & Berendzen (1999b). § Map correlation coefficient
MCC = (xy)(x) () /((x2) — (x))2((?) — (1)>)"/?, where x represents the density values
from one map and y the values from the other. ¢ Number of main-chain residues built
automatically using ARP/wARP.

Schneider & Sheldrick, 2002). Input command and data files
were prepared using the Bruker—Nonius program XPREP.
For all the SAP data sets input data were truncated at

dmin = 3.0 A, while for FdVI data were truncated at the
resolution where the ratio (AF/F), as indicated by XPREP,
fell below 1.5. In all cases default search parameters were used
and 100 trials were performed. The correct enantiomorph was
identified implicitly using SOLVE (Terwilliger & Berendzen,
1999a) (see below) and explicitly using SHELXE (Sheldrick,
2002), using standard settings modified only for the solvent
content of each test case.

For each data set, the program SOLVE was used to develop
phase-probability distributions from the previously deter-
mined anomalous scatterer substructure and subsequent
density modification was performed using RESOLVE
(Terwilliger, 2000) to the diffraction limit of the data collec-
tion. Electron-density maps (@resolves FOMiesolve) Were then
calculated using the CCP4 program FFT. Attempts at auto-
matic model building were made using ARP/WARP in
warpNtrace mode, using the slow option. Ten cycles were run
with ten refinement cycles between rebuilding. The output of
the program was checked and judging from the quality of the
model produced the program was restarted with the
previously determined model until the model did not improve
any further. Comparisons of the (¢resorves FOMiesolve) €lectron-

Figure 2

Plots of @resolves FOM esorve €lectron-density
maps derived from de novo structure determi-
nations using data sets (a) Fd360, (b) Fd270,
(¢) Fd180, (d) Fd150 and (e) Fd90 (contoured
at the 1o level) superimposed on the refined
model for FdVI available in the Protein Data

Bank (PDB code 1e9m).
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Table 3
Data-collection statistics for FdVI.

All statistics derived as indicated in Table 1. Values in parentheses are for data
in the highest resolution shell (2.32-2.20 A).

Data set Fd360 Fd270 Fd180 Fd150 Fd9o

Rym (%) 42 (13.3) 3.8(11.8) 3.5(104) 3.3(10.7) 3.2 (13.0)

Rineas (%) 45(143) 41(132) 4.1(122) 43(13.1) 40 (162)

Completeness (%) 99.4 (99.4) 99.4 (99.4) 99.4 (99.4) 99.2 (97.7) 87.6 (87.6)

Anomalous com-  99.7 (98.4) 99.6 (98.0) 99.6 (98.0) 99.4 (97.2) 79.5 (80.7)
pleteness (%)

Slope 1.76 1.76 1.53 1.46 1.4

(D)/{a(D)) 48.5(20.2) 43.7 (18.8) 36.4 (16.0) 33.2 (14.4) 26.5(10.5)

density maps resulting from the SOLVE/RESOLVE proce-
dure with (F., ¢.) maps calculated from the coordinates
associated with the relevant PDB entries (see above) were
carried out using the CCP4 program OVERLAPMAP. Mean
phase differences at various points in the phasing/model-
building procedure were calculated using the program
PHISTATS.

3. Results
3.1. SAP

Data-collection and processing statistics for SAP are shown
in Table 1. Multiplicity ranges from about 3 for SAP45 through
to 19.5 for SAP300. The data were of good quality throughout,
although it is possible that the crystal was starting to show
signs of radiation damage during the later stages of data
collection since the multiplicity-weighted R factor, Rpcas
(Diederichs & Karplus, 1997), for SAP300 and SAP180 had
increased compared with that for the other lower multiplicity
data sets. The normal probability plot (Howell & Smith, 1992;
Table 1) of the anomalous differences shows a slope of 1.24 for
the SAP300 data set. This indicates a detectable intensity
difference within the Bijvoet pairs and is indicative of the
presence of some anomalous signal in the data. For each of the
subsequent SAP data sets this falls off gradually until for
SAPA45 a slope for the normal probability plot of 1.09 suggests
little or no anomalous signal in the data. A more detailed
analysis of the anomalous differences using XPREP showed
that for all the SAP data sets there was significant anomalous
signal [i.e. (AF/o(AF)) > 1.5] to a resolution of around 4.5 A.
At higher resolution (AF/o(AF)) dropped off, with values
being generally lower for the low-multiplicity data sets
(SAP45, SAP65) than for those with higher multiplicity
(SAP180, SAP300).

Using the protocols described above, it was possible to
determine the positions of the anomalous scatterers in the
asymmetric unit for all the SAP data sets. In each case, the best
solution chosen by SHELXD corresponded to the correct
solution (or its enantiomorph). It is noticable, however, that
the degree of confidence that the solution was correct
increased with the multiplicity of the data sets. The correlation
between E,ps and E.,. for the best solutions (CC,.) increased
markedly from SAP45 to SAP300 (Table 2), with CCy,g for
SAP180 and SAP300 unambiguously indicating the solutions

for these data sets to be correct. Enatiomorphs were correctly
identified by SOLVE and were revealed by examination of the
contrast in the solvent-flattened map as reported by SHELXE
when run in both hands (Table 2).

For each SAP data set, phasing was performed and
electron-density maps (Fig. 1) were calculated as described
above. The electron-density maps obtained from data sets with
larger angular ranges (SAP300, SAP180, SAP90) are readily
interpretable by eye, those with smaller angular ranges
(SAP65, SAP45) less so. The main effect of reduced data
multiplicity is a loss of connectivity of main-chain electron
density and loss of electron-density definition for the side
chains. This degradation in the quality of electron-density
maps is also evident from an examination of the correlation
coefficients between the (@resolves FOMiesorve) maps and the
map obtained from the final refined model. The mean phase
differences, (Ag), observed between those derived experi-
mentally and those calculated from the final refined model
(Table 2) also reflect the degradation in map quality. For
SAP300, SAP180 and SAP90, map correlation coefficients
(MCC) are significantly above 0.7 and mean phase errors
significantly below 60°, while for SAP65 and (particularly)
SAP45 the values of both MCC and mean phase error suggest
that the resulting maps would be difficult to interpret.

The indications regarding map/phase quality were
confirmed by attempts to automatically trace models using
ARPI/IwARP. Almost the entire protein main chain could
easily be traced for SAP300 and SAP180 (Table 2), while for
SAPI0 approximately 50% of the protein main chain was built
and the result would have served as an excellent starting point
for further manual model building. Not surprisingly, for both
SAP65 and SAP45 automatic model building struggled to
produce models with high connectivity, probably because of
the loss of connectivity in the main-chain electron density.

3.2. FdVI

The FdVI data sets are of high quality (Table 3) but owing
to the lower space-group symmetry the multiplicity of the data
sets is in general lower, reaching a maximum of 14.2 for Fd360.
Examination of normal probability plots of the anomalous
differences for each of the data sets (Table 3) shows slopes
with a significant deviation from 1.0 in all cases. Surprisingly,
given the smaller anomalous signal expected, the slopes are
steeper than for SAP but, as for SAP, this steepness of slope
increases with multiplicity. In keeping with observations
regarding the steepness of the slopes of normal probability
plots, detailed analysis of the anomalous differences with
XPREP showed significant differences between the magni-
tudes of Bijvoet pairs to a resolution of around 2.9 A for the
higher multiplicity data sets and to around 3.1 A for Fdvo,
where the multiplicity is only 4.1. Searches for the heavy-atom
substructure using SHELXD appeared to be successful for all
rotation ranges tested, as in each case the list of peak heights
produced by the program clearly indicates two potential Fe**
sites. As for SAP, CCy.s (Table 4) is increased for the higher
multiplicity data sets. Interestingly, only for the Fd360 and
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Table 4
Results of phasing and automatic model-building procedure for FdVI.

All statistics defined as in Table 2. No chain tracing was attempted for Fd150
and Fd90.

Data set Fd360 Fd270 Fd180 Fd150 Fdoo

No. of sites found 2 2 2 2 2

CClhest 351 35.6 30.9 27 30.2

FOM 0.27 (0.55) 0.25 (0.54) 0.22 (0.52) 0.17 (0.50) 0.19 (0.50)

Contrast difference 0.07 0.2 0.11 0.14 0.01
(SHEXLE)

CCi s, 0.18 0.17 0.16 0.18 0.14

MCC 0.78 0.7 0.63 0.56 0.31

(Ap) (°) 441 51.5 57.4 62.8 73.2

Main-chain residues 105 68 17

No. of chains in model 1 8 4

Connectivity index 0.98 0.79 0.6

Fd270 data sets is the Fe—Fe distance the same (3.6 A) as in
the final refined structure of FAVI. For Fd180 and Fd150 this
distance is 3.8 A, while for Fd90 the Fe —Fe distance for the
substructure atoms as determined by SHELXD increases
markedly to 4.6 A. This demonstrates that in this case
increased multiplicity plays a crucial role in the determination
of the correct heavy-atom substructure. The correct enantio-
morph could be identified from inspection of the SHELXE
statistics. From Fd150 onwards a clear distinction between
hands can be observed (Table 4); the effect is less marked than
in the case of SAP. Indeed, the discrimination reduces for
Fd360, perhaps indicating the onset of radiation damage.

Not surprisingly, the degree of correctness of the heavy-
atom positions used to develop phases then propagates
through the whole phasing and model-building procedure with
predictable consequences (Fig. 2, Table 4). The (@resolves
FOM, ¢ 01ve) €lectron-density maps are of excellent quality for
both Fd360 and Fd270 and would easily allow manual building
of almost the entire molecule. Mean phase differences
(compared with the final refined model) of 57.4 and 62.8° for
Fd180 and Fd150 indicate that interpretation of the
resulting electron-density maps for these data sets would be
problematical, while a value of 73.2° for Fd90 suggests the
electron-density map here would be of limited use in structure
determination. These impressions are reinforced by our
attempts at automatic model building for FdVI using
ARP/wARP (Table 4). Only for Fd360 (the entire polypeptide
chain) and Fd270 (68 residues out of 106) could useful models
be built.

4. Discussion

The aims of the work we describe here were twofold: (i) to
demonstrate the potential of fixed-wavelength beamlines for
de novo macromolecular structure determination using the
remote SAD technique and (ii) to derive a standard set of
protocols (coupled with suitable indicators) that would facil-
itate routine automatic structure dermination using this
method.

4.1. Applicability

The two systems studied are metalloproteins which at the
wavelength of our experiments yield rather small (<2%)
anomalous signals from which to develop experimental
phases. For both systems, we have been successful in produ-
cing experimental phases that have allowed the automatic
building of complete models. We are thus confident that it
should be possible to solve many macromolecular structures
using the SAD method when wavelength tunability is not
available or the absorption edge of interest is for some reason
not accessible. It should be emphasized that around 30% of all
proteins are metalloproteins and a large number of them will
have anomalous signals of a similar level to those exploited
here. Since metalloproteins have well ordered metal centres as
a rule, this class of macromolecules should be readily amen-
able to this technique. Selenomethionine derivatives are
equally attractive prospects since at a wavelength of 0.933 A
we would expect an anomalous signal of 4.0% for the average
protein, which contains around one Met per 42 amino-acid
residues. Other possible targets for the technique are crystals
in which proteins have been derivatized using compounds
containing third-row transition metals. For such derivatives
containing one fully occupied heavy-atom site per 300 amino
acids one would expect for data collected at 0.933 A anom-
alous signals of around 4-5% for the series Ta—Ir and around
3.5-4% for the series Pt-Pb.

The only common heavy-atom derivatives that could not be
easilly targeted at 0.933 Awavelength are those resulting from
soaking in either NaBr (Dauter et al., 2000, 2001) or RbBr
(Korolev et al., 2001). In these cases a wavelength of 0.933 Ais
on the long-wavelength side of the K absorption edge of both
Br and Rb.

At first sight, the major problem facing the routine use of
this technique in macromolecular structure determination is
the apparent need for high-multiplicity data sets with the
consequent risk of increased radiation damage to samples.
However, for both the systems studied the amount of data
required to yield almost complete automatic structure solution
(180° for SAP and 360° for FdVI) is not significantly higher
than that one would collect in a three-wavelength MAD
experiment. In fact, the prospect of reduced radiation damage
could be an advantage of avoiding the absorption edge. The
smaller absorption cross-section for many anomalously scat-
tering atoms at 0.933 Awavelength then compared with that at
the appropriate K or L absorption edges, particularly in the
presence of so-called ‘white lines’, would reduce localized
changes in the vicinity of the anomalous scatterer positions
(see, for example, Rice et al., 2000), resulting in higher data
quality and unabated anomalous signal.

4.2. Prospects for automation

The data-collection method described is particularly
amenable to automation because the essential information is
acquired in the most straightforward and simple fashion
possible. In particular, the removal of the need to perform and
analyse XANES absorption-edge scans greatly simplifies the
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experimental protocol. Data collection would thus be more
robust and the steady improvement of statistics as the data
collection proceeds offers the possibility to develop software
systems that generate ‘feedback’ such that only sufficient data
are collected to achieve the desired goal. Possible points of
feedback concern (i) the ability to determine the anomalous
scatterer positions, (ii) the determination of the correct
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We noticed during our analyses that approximate positions
for the atoms comprising the anomalous scatterer substructure
could be determined with relatively little data (Tables 2 and 4).
For both test cases, all substructure atoms could be found
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Figure 3

Plots versus multiplicity for both SAP (open circles, solid lines) and FAVI (solid circles, broken lines) of (a) the number of substructure solutions with
CCs greater than 30, (b) the correlation of experimentally phased electron-density maps with those calculated from final models, (¢) mean phase
differences, (Ag), and (d) the percentage of residues for which the main-chain atoms could be built automatically by ARP/WARP.
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using minimal data sets for which the overall completeness is
around 90%, the anomalous completeness is around 80% and
the multiplicity is between 3 and 4. However, in Fig. 3(a) we
plot as a function of multiplicity the number of substructure
solutions found by SHELXD with CCy, greater than 30. A
clear change in gradient is visible when data sets have a
multiplicity of about 6 (anomalous completeness >90%). This
indicates that it is desirable to initially collect rather limited
amounts of data. Thus, an automatic data-collection strategy
should aim at producing an initial data set of multiplicity 6 as
rapidly as possible and these data should be used to determine
the positions of the anomalous scatterers. Initial trials could
realistically commence as soon as the multiplicity is greater
than 3. The determination of the correct enantiomorph could
begin at this point using either SHELXE (run with both hands
examined) or by the automatic procedures implemented in
SOLVE. Only if these steps are successful would further data
be automatically collected. Samples (or data sets) failing this
test may require manual examination.

With the anomalous scatterer substructure accurately
determined, the question then arises as to how much data one
really needs for successful structure determination and for
automatic phasing and model-building protocols to perfom
efficiently. In Figs. 3(b), 3(¢) and 3(d) we plot as a function of
the multiplicity of the data sets (A¢), MCC and the percentage
of residues for which the main-chain atoms can be built
automatically by ARP/WARP. As can be seen, (Ag) and MCC
decrease and increase, respectively, as the multiplicity of the
data used in the process increases. However, both for FdVI
and (particularly) SAP, at a certain point the rates of change in
(Ag) and MCC appear to be flattening off and, more impor-
tantly, the number of residues automatically built using the
ARP/WARP procedure does not increase dramatically.
Indeed, between SAP180 and SAP300 (Ag) actually increases,
which may be an indication of the onset of radiation damage.
There appears therefore to be a point in the data collections
where the ‘law of diminishing returns’ starts to apply and
further data collection is not necessary (or indeed becomes
counterproductive). It is clear that this point (a multiplicity of
around 12 for these test cases) will not be the same for all
systems and a truly automatic process for high-throughput
SAD structure determination would need to identify this point
properly in order that beam time is not wasted collecting
unproductive or even deleterious data.

How to determine the optimal data set for structure
determination is not obvious, as indicators such as (Ag) and
MCC used above would not be available during de novo
structure determinations. One possibility would be to monitor
the quality of experimentally phased electron-density maps at
various stages of the data collection. Estimation of electron-
density map quality is already an integral part of the SOLVE
automatic phasing program (Terwilliger & Berendzen, 1999b)
and SHELXE. Tables 2 and 4 give the correlation of r.m.s.
density in neighbouring boxes (CC, ) as calculated by
SOLVE for the experimental electron-density maps without
solvent-flattening derived at each stage of the data collections
for both SAP and FdVI. As can be seen, CC, ,, generally

increases as (Ag) decreases. It could thus be an excellent
monitor of improvement (or otherwise) of electron-density
map quality in any automatic system for SAD structure
determination and it would seem feasible that this or some
other similar indicator could be used to determine whether
more data are required for successful structure determination.
The use of CC,,s would be particularly powerful when used
in conjunction with the information from density-modification
techniques.

A plausible strategy for automatic data collection and
structure determination in routine cases would thus be to first
collect a minimal data set for substructure solution (multi-
plicity >3) and then, while continuing with the data collection,
to attempt substructure solution via direct or other methods. If
this appeared unpromising when the multiplicity was 6 or
greater, based on analysis of peak heights and CC,., data
collection would be terminated and the sample stored.
Otherwise, further data would be collected and electron-
density maps calculated at suitable points. During this process
there would be no need for interruption of data collection.
Heavy-atom substructures can be redetermined as more data
becomes available; this would provide a useful check for
consistency. Once no improvement in the experimentally
phased electron-density maps is seen, data collection could be
halted, density modification carried out and automatic model
building attempted. If automatic model building cannot
produce a model with connectivity index greater than 0.90, it
could well be worthwhile remounting the crystal and collecting
further (appropriate) data. One concern during the accumu-
lation of sufficient data will be the onset of radiation damage.
A robust way of testing this would be the (artificial) separation
of data into low-multiplicity data sets. Merging statistics
between these data sets should be consistent with the data
quality of the individual data sets and deviations from this
would indicate that data collection should cease.

If interruption of data collection was required, as might be
the case for example for systems with very large cells, for very
complex heavy-atom substructures or if the computation time
is long compared with that for data collection, the develop-
ment of automated sample-changing systems provides an
excellent means of recovering potentially unproductive beam
time as crystals could be stored (and other systems used for
data collection) until such time as the automatic structure-
determination procedure was ready to recommence.

5. Conclusions

In this paper, it is shown that intensity data collected on fixed-
wavelength synchrotron beamlines has the potential to prove
extremely useful in the automatic de novo phasing of very
large numbers of macromolecular structures using SAD. At
the relatively short wavelengths normally available (that are
usually rather remote from the absorption edges of interest),
the anomalous signals are rather small but may be usefully
exploited. As has already been remarked by others in slightly
different contexts (see, for example, Debreczeni et al., 2003;
Dauter & Adamiak, 2001), increased data multiplicity is
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crucial to the success of phasing undertaken in this manner.
However, it is clear that a number of indicators (for solution of
heavy-atom substructure and for evaluation of the quality of
non-solvent-flattened electron-density maps) are available
which, when monitored at pertinent points during experi-
ments, should help to limit the amount of data required and
which provide a basis for the development of software tools to
monitor the progress of the experiment. The simplification of
the data-collection protocol offered by this technique means
that automation of the structure-determination process should
be more straightforward. The remote SAD method could
therefore play an important part in the high-throughput
completely automatic procedures currently being planned for
structural genomics initiatives.

The authors would like to thank Professor Edward Hough
for providing the crystals of SAP and Dr Raimond Ravelli for
discussions and critical reading of the manuscript.
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