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A new method of combining one-wavelength anomalous scattering (OAS) phasing and density modi�cation has

been described, in which the improved phases from density modi�cation are re-introduced into OAS phasing. In this

way, the phases could be improved iteratively until convergence. The OAS phasing method is based on the previously

established sign-probability formula, which breaks the phase ambiguity in the OAS phasing. The implementation

of this method has been available in CCP4 as OASIS. This method, although based on direct-methods, could also

incorporate known phases and �gures of merit into its sign-probability formula. In the implementation of OASIS, the

known phases are from the positions of the anomalous scatters. In the current method, the known phases are from

the density modi�cation. The current method was tested on phasing a lysozyme crystal using anomalous scattering of

sulphur atoms with di�raction data collected on an in-house x-ray source. The resulting map was well connected for the

backbone atoms and clearly traceable, with an average map correlation coeÆcient of 0.6622 for the backbone atoms.
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1. Introduction

Direct methods have proved to be useful in x-

ray crystallographic phasing of proteins (for a re-

view see Ref.[1]). In ab initio phasing, the pro-

grams SnB,[2;3] Acorn,[4;5] SHELXD,[6] and some oth-

ers have succeeded in solving structures containing

more than 1000 atoms when data at atomic reso-

lution are available. In resolving phase ambigui-

ties, there are approaches that do not make the use

of the direct methods, such as Resolved Anomalous

Phasing,[7] ISAS,[8] or general MIR strategy through

SHARP[9] or MLPHARE.[21] Our approaches were the

combination of direct methods with single wavelength

anomalous di�raction (SAD or OAS)[10�12] or multi-

wavelength anomalous di�raction (MAD) data.[13] In

both OAS/SAD and MAD cases, the incorporation of

direct methods led to better phases and maps with

experimental data to medium resolution. More re-

cently, a method of phase extension using direct meth-

ods has been proposed,[14] which is able to incorpo-

rate known phase information into direct methods for-

mulation. Further developments will continue as the

structural genomics �eld becomes mature because the

phase problem is still one of the essential steps in de-

termining protein structures in an automatic fashion.

In this paper, a new method of phase improve-

ment has been proposed based on a previous work.[14]

Usually, in OAS phasing, after resolving the phase am-

biguity of the re
ections, density modi�cation is used

to improve the phases.[11;12;15] The phases from the

density modi�cation could then be used in resolving

the phase ambiguity again in OAS phasing, because

the direct methods formulation in OAS phasing could

now be modi�ed to incorporate known phase infor-

mation. It is obvious that this process could be it-

erated until convergence. The main focus of this pa-

per is phasing of a tetragonal lysozyme crystal using

the anomalous scattering of the sulphur atoms of the

lysozyme. It will be shown that traceable maps were
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obtained. This paper also focuses on the phase im-

provement achieved by the iterative OAS phasing and

density modi�cation as a new method for the combi-

nation of OAS phasing and density modi�cation.

2. Materials and methods

2.1.Sign formula for OAS or SAS and single

isomorphous replacement method (SIR)

The phase ambiguity in the OAS case is expressed

as

'h = '00
h;A � j�'hj; (1)

where '00
h;A and �'h are known from the data of

OAS.[16] The sign of �'h is derived using the formula

P+(�'h) =0:5 + 0:5tanh
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where �h is related to the experimental error and can

be calculated from the mean square of the `lack-of-

closure error'.[18] For the theory behind and the prac-

tical application of Eqs.(1){(6), the reader is referred

to Refs.[11,19,20].

2.2.The modi�cation of the OAS formulation

In the original derivation of Eq.(2),[11] the Sim-

weight distribution was used for introducing the

known phase information from the positions of the

anomalous scatters. In the current re-interpretation

of Eq.(2),[14] the real physical meaning of the Sim-

weight is not used. Instead, a known phase infor-

mation, 'h;known, with a �gure of merit, mh, is �rst

approximated by a Gaussian distribution, and then

this Gaussian distribution is approximated mathemat-

ically and numerically, by a Sim-weight distribution,

using a Taylor expansion at Æh=0, so that Eq.(2) could

still be used. Therefore, �h is approximated by Eq.(7)

(see below) and Æh should be 'h;known � 'h;best. The

Sim-weight term is only present and added to the

triplet term when phase information is known for the

corresponding index h. So when phase information is

not known, the corresponding Sim-weight term is the

same as before, namely, using the known phase from

the positions of the anomalous scatters.

For a known phase, 'h;known, the Sim-weight-like

distribution is used to approximate the phase prob-

ability distribution, and �h can be calculated by ap-

proximating the distribution with the Gaussian distri-

bution whose half-height width is related to the �gure

of merit of the known phase. This leads to the next

equation,

�h = �1=(2 ln(mh)) (7)

where mh is the �gure of merit. There is a singular-

ity in �h when mh approaches unity, which is avoided

by setting mh equal to 1 minus a tiny number. This

tiny number will a�ect the relative weight between

the Sim-weight term and the triplet term. This tiny

number was chosen to be 10�3 and, in the meantime, a

scale factor is also introduced to multiply the resulting

�h to modulate the relative balance between the two

terms. In the test presented below, the scale factor is

set to 0.1. This modi�cation of direct methods aided

formulation for determining and re�ning the phases

for single crystals could also be applied to analysing

the structures of polycrystal �lms and powders.[25;26]

2.3.Combination of density modi�cation and

OAS

After the �rst cycle of OAS followed by CCP4/

DM,[21] the resulting phases are more accurate than

those derived from the positions of the anomalous

scatters. These better phases could then be used

again in another cycle of OAS, as is described in sec-

tion 2.2. The resulting phases should be improved

again by CCP4/DM. Moreover, an extra step of den-

sity cutting could be applied to the map derived from

CCP4/DM, e.g., using CCP4/MAPMASK. A smaller

fraction than the content of the protein region could

be saved so that only good, reliable protein densi-

ties are used in calculating the known phases for the

next cycle of OAS. The weight or `�gure of merit' for
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the calculated phases could be better estimated with

CCP4/SIGMAA. The overall 
owchart of the com-

bined procedure of density modi�cation and OAS is

shown in Fig.1.

Fig.1. The 
owchart of the iterative procedure of

combining OAS and density modi�cation.

2.4.Test on phasing a lysozyme crystal using

sulphur atoms

To test this combined approach, a chicken egg

white lysozyme crystal was used to collect the

di�raction data at room temperature. The space

group is P43212 with cell parameters a=b=7.9217,

c=3.8126nm. The data were collected with the help

of Yamano (Rigaku, Co.) on a MicroMAX007 system

(�=0.15417nm) using the HTC image plate detector.

The exposure time was 30s per degree and 360 degrees

of rotation around the spindle axis were collected. The

average redundancy of the measurements was about 8.

The data were processed to 0.2nm with D�TREK by

P
ugrath.[24] The data statistics are given in Table 1.

Since this crystal was very similar to the PDB[22;27]

entry 1BVX (the same space group with a=b=7.9203,

c=3.8040nm), its coordinates were used as the refer-

ence for theoretical values for phases and for calcu-

lating the map correlation coeÆcients. To perform

the OAS calculation, the positions of the ten sulphur

atoms (4 disulphide bonds and 2 Met residues) in the

lysozyme were taken from the coordinates of 1BVX.

Table 1. Data collection statistics of lysozyme.

Radiation/nm 0.154

x-ray power/kW 0.8

Detector and optics Rigaku HTC, Osmic 40{10

Unit-cell parameters/nm 7.92, 7.92, 3.81, 9.00, 9.00, 9.00

Space group P43212

Resolution range/nm 2.8{0.2

Rmerge(I)/% 4.5 (22)y

Completeness/% 99.8 (99.8)

Redundancy 8 (8)

I=�(I) 20.9 (5.5)

No of atoms (per ASU) 1011

No of sulphur atoms 10

Resolution of phasing/nm 2.8{0.2

Experimental anomalous di�erence/% 3.1

yValues in parentheses are for the highest resolution shell.

3. Results and discussion

For OAS phasing, a development version of

CCP4/OASIS was used, including the implementa-

tion of the modi�cation described in section 2.2. The

minimum cut-o� for the triplet terms was 0.02, which

resulted in 17,461,590 �2 relationships. Then DM

was applied using the solvent content calculated with

CCP4/Matthew�coef, which was 0.42. The resulting

phase errors against the true values calculated using

the coordinates of PDB entry 1BVX are listed in col-

umn 2 of Table 2. For iterative phase improvement

as described in section 2.3, a shell script was written.

For MAPMASK, \save fraction 0.4" was used. For
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SIGMAA, the \combine part" option was used, that

is, the phases after the density cutting were combined

with that before the density cutting. The phases from

SIGMAA were introduced back to the next cycle of

OAS phasing. The resulting phase errors after the

�rst and second cycles are listed in columns 3 and 4 of

Table 1. Judging from the convergence of the phase

errors, the optimal improvement has been reached af-

ter the second cycle. The improvement in the phases

was also visible from the map correlation coeÆcients,

using the coordinates of PDB entry 1BVX as the true

model. The map correlation coeÆcients for all cycles

of the combined OAS and DM phasing are listed in

Table 2. Overall, in the �nal improvement the phase

and the map correlation coeÆcients were 1.5% and

3.1%, respectively. But the phases of the strong re
ec-

tions were improved about 2.5 degrees, which should

be useful for tracing.

Table 2. The phase errors after each cycle of OAS and DM phasing.

re
ection numbers accumulated Fp weighted phase errors/(Æ)

cycle zero cycle one cycle two

500 35.06 33.57 32.59

1000 38.47 37.46 36.49

1500 42.45 41.47 40.87

2000 43.78 42.61 42.17

2500 44.79 43.41 42.94

3000 45.75 44.25 44.04

3500 46.31 45.05 44.77

4000 47.06 45.83 45.73

4500 47.55 46.37 46.22

5000 48.29 47.12 47.10

5500 48.86 47.84 47.80

6000 49.38 48.40 48.40

6500 49.94 48.99 49.00

7000 50.37 49.50 49.54

7500 50.84 50.00 50.05

8000 51.22 50.40 50.43

8506 51.52 50.73 50.74

The map correlation coeÆcients by residues are

plotted in Fig.2. The �nal electron density map of

the lysozyme crystal phased in the current test was

traceable, judging from the map correlation coeÆcient

and visual inspection. Visual inspection of the whole{

molecule and its maps showed large breaks at only

seven residues, which were at turns of the backbone

trace. There were other minor breaks at 16 main chain

atoms, which did not interrupt tracing signi�cantly.

Therefore, the phasing of this lysozyme crystal using

the anomalous scattering of sulphur atoms could be

considered successful.

Since the solvent content was 0.42, the \save frac-

tion 0.6" in MAPMASK was also tested. This would

correspond to saving the protein regions of the map.

The resulting phases and maps were not so good as

those with \save fraction 0.4". As 0.4 would mean

saving a percentage of the protein regions that were

more reliable (with higher densities) and gave better

results, this was consistent with the idea of SIGMAA

of using a partial better determined model and pro-

ducing a phase set without bias. Therefore, it was not

surprising that through combined iterative approach

as outlined in Fig.1, the phases were improved more

than that of using a single cycle of DM.

Fig.2. Map correlation coeÆcients by residues.
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Theoretical anomalous di�erence for the current

lysozyme structure is about 1% while the measured

di�erence was 3.1% (see Table 1). So there is still room

for improving the quality of the experimental data,

and more accurate data will help solve the positions of

sulphur atoms. From this study, we could observe that

even when the positions of anomalous scatters were

not solvable from their anomalous di�raction di�er-

ence, the phase ambiguity problem could be solved to

the point of determining the �nal structure using our

OASIS method. Therefore, the problem of determin-

ing the anomalous scatters' positions could be solved

independently of breaking the phase ambiguity. For

example, a di�erent wavelength of soft x-ray available

at synchrotron sources was used by Brown et al
[23]

to phase a structure using sulphur atoms. Moreover,

more accurate measurement of the anomalous di�er-

ences using the inverse beam strategy could be used,

which should help determining the positions of sul-

phur atoms. Once the positions of the sulphur atoms

could be determined, our study suggests that the sul-

phur atoms have enough phasing power to phase the

lysozyme crystal.

4. Conclusions

The combination of density modi�cation and

OAS phasing has been shown to improve the phases

through iteration of density modi�cation and OAS

phasing. The amount of improvement for phasing a

tetragonal lysozyme crystal using anomalous scatter-

ing of sulphur atoms was 1.5% and 3.1% for the mean

phase error and map correlation coeÆcient, respec-

tively. It has also been shown that when the posi-

tions of the sulphur atoms were known, the phases of

a tetragonal lysozyme crystal could be determined by

using the anomalous signal of sulphur atoms in the

di�raction data collected on an in-house x-ray source.

|||||||||||||||||||||||||||
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