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Abstract. Both direct methods and the solvent flattening
technique have been proved capable of breaking the phase
ambiguity intrinsic in one-wavelength anomalous scatter-
ing (OAS) data. However, in thcory, while direct methods
are better in denving starting phases from OQAS data, the
solvent flattening technigue is more powerful in the subse-
quent phase refinement. A procedure 1s described in this
paper which combines direct mcthods with the solvent
Nattening technique for phasing of OAS data. The proce-
dure has been tested with the known protein RNase Sa.
This protein is of moderate size, and the diftraction data
were collected routinely without taking special care for the
recording of Friedels. The test proved that the combina-
tion ol the direct method and the solvent flattening leads
to a much better result than that (rom either method alone.

Introduction

There have been reported a number of successful tests on

dircct-method phasing of one-wavelength anomalous scat-
tering (OAS) data from protcins. The OAS data of the Hg-
derivative of aPP, a small protein (Blundell, Pitts, Tickle,
Wood and Wu, 1981), has been phased by a direct method
leading 1o an interpretuable Fourier map (Fan, Hao, Gu,
Qian, Zheng and Ke, 1990). The combination of direct
method with phase-refinement tcchniques had been uscd
lo derive phases of the OAS data from a moderate-size
protein, selenobiotin-binding core of streptavidin (Hen-
drickson, Pihler, Smith, Satow, Merritt and Phizackerley,
1989), intensities of which were collected with synchro-
tron radiation at a wavelength close to and slightly shorter
than that of the absorption cdge of selenium. Special ar-
rangement was made to ensurc that all reflections were
collected under nearly the same condition as their Friedel
partners. The resultant Fourier map allowed backbone tra-
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cing (Sha, Liu, Gu, Fan, Ke, Yao and Woolfson 1995). A
similar procedure was also successful in phasing the OAS
data of the native protein azurin containing copper atoms
as anomalous scatterers (Zheng, Fan, Hao, Dodd and Has-
nain, 1996). In this case, however, the data were collected
with synchrotron radiation at a wavelength far shorter than
that of the absorption edge of copper. In the present paper,
we describe a further test on phasing OAS data of RNasc
Sa (Dodson, Sevcik, Dodson and Zelinka, 1987), a protein
of medium size. The data were measured with Cuk,, radia-
tion, withoul special provisions for collecting the Friedel
pairs. This is the method commonly used in protein crys-
lallography. The success of the present test proves the
flexibility and feasibility of our procedure, In a different
context, the solvent flattening technique (Wang, 198l,
1985) has been widely used in protein crystallography
mainly for phase refinement and extension, but il has also
been succeeded 1n breaking the OAS phase ambiguity in
the determination of bovine neurophysin 1l dipeptide com-
plex (Chen, Rose, Breslow, Yang, Chang, Furey, Sax and
Wang, 1991) and of Cd, Zn metallothionein (Robbins,
McRee, Williamson, Collett, Xuong, Furey, Wang and
Stout, 1991). In theory, direct methods arc better for resolv-
ing the phase ambiguity, while the solvent flattening tech-
nique is better for subsequent phase refinement. Hence, it
1s expected that the combination of these two methods will
give better results than those obtained by either of them
alone. The present work shows that it is true in practice.

Method

The solvent flattening technique used in our test is that
typically applied in protein crystallography (Wang, 1981,
1985). The main point of the technique is to distinguish,
on a given Fourier map, the ordered protein region from
that of the surrounding disordered solvent. Following that,
the densities inside the protein envelope are raised by a
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constant value and then densities lower than a certain value
are removed. Outside the protein region, the density is
smoothed to a constant level. By this process some of the
major noise in the Fourier map is filtered and a rough
structural model 1s constructed, which can be used to re-
solve the phase ambiguity. The procedure is made iterative.
To apply the solvent flattening technique, it is necessary to
assume the solvent content of the crystal. In the present
test, the solvent content was assumed to be 50%. When a
stable mask is obtained during the iteration, this mask will
be applied back to the original Fourier map calculated with
averaged OAS phases, and then the iteration will be re-
peated until 1t converges to a new stable mask. By doing
this, it is often possible to improve the final phases.

A brief description of the direct method used to break
the phase ambiguity is given below.

The phase doublets inherent in the OAS method are
expressed as

o=@ "u £ |Agu] . (1)

Where ¢y denotes the phase of structure factors of the
protein; ¢"y is the phase of
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which can be calculated from the known positions of the
anomalous scatterers and the known value of Af”; Agy is
the difference between ¢y and @'y, its absolute value can
be approximated by (Blundell and Johnson, 1976)

cos Agy = (Ffi = Fi)/2 [l |. (3)

ARG

In practice, values of |cos {Agy)| obtained from equation
(3) may exceed 1 due to the error in data measurement
and scaling. If there are only a few reflections, say less
than 1%, with cos (Agg) outside the range of —1 to +1,
we can just simply reduce values greater than +1 to +1
and increase values smaller than —1 to —1. However, if
there are too many reflections with cos (Agy) outside the
range of —1 to +1, the whole set of cos (Agy) will not be
used directly in subsequent calculations. Instead they are
first sorted in descending order and then modified to fit
into a uniform distnbution between 41 and —1. New va-
lues of cos (Agy) obtained in this way are then used in
the following calculations.

The phase problem in the OAS case 18 in fact a sign
problem according to equation (1). The probability for
Ay to be positive 1s given by Fan and Gu (1985):
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if

the subscript # denotes atoms of the non-anomalous scat-
terers,

'fSH =&H ang — (pHH . (10)

Ey uno and @y an,, respectively, are the magnitude and
phase of the normahized structure factor of

Nmm
Foo = 22 (i + AF} ) exp (i27H - 1;). (11)
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The factor exp (—og*/2) in equation (5) is related to the
“lack of closure error” (Blow and Click, 1959) and i1s cal-
culated according to Hendrickson and Lattman (1970).
Equation (4) can be used 1in connection with equations (5)
and (6) to break the phase ambiguity, At the beginning,
P, 1s set to 1/2 for all reflections. Equations (5) and (6)
are then used to calculate values of my and Agy 4, for
each reflection. These results are then used in equation (4)
to obtain a new set of P, In our test, the minimum value
of xy p for accepting Z, relationships was set to 0.03.
With the values of P, so obtained, equations (5) and (6)
yield new values of my and Agy p.e, which are used to
calculate the original Fourier map for use in the solvent
flattening procedure described above. Programs for solvent
tflattening were available in the CCP4 suit (Collaborative
computational project, number 4, 1994), Programs for di-
rect-method phasing were written in our laboratory. Four-
ier maps for evaluating the results were calculated using

the program FRODO (Jones, 1978).

Test data

The data used 1n the present test were collected with Cuk,
radiation from the platinum derivative of ribonuclease Sa
(RNase Sa) at 2.5 A resolution (Dodson, Sevcik, Dodson
and Zehnka, 1987). The crystals belong to space group
P2,2,2, with unit cell parameters a = 64,90 A,
b=7832 A and ¢ = 38.79 A. There are two molecules in
the asymmelric unit, each with 96 amino-acid residues. Five
platinum positions were found in the asymmetric unit, but
being only partially occupied so that there are effectively
only six platinum atoms in the whole unit cell. The value for
the imaginary anomalous-scattering correction  of
Pt, Af"” = 6.925, was used in the following calculations, No
correction for the real anomalous scattering was applied.

Result and discussion

A total of 6993 reflections were used in the test. OAS
doublets were calculated from the intensities of Bijvoet
pairs (F7 and Fp;) and the known substructure of anoma-
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Table 1. Comparison of mean phase errors resulting from differem
phasing procedures.

Number of Fone-weighted mean phase error ()
reflections Averaged Dircct- Solvent Solvent
0AS method flattening tlattening
phases  resolved based on based on
OAS averaged direct-method
phases OAS phases phases
1000 68.77 55.56 51.88 43.43
2000 68.14 57.16 55.52 46.76
3000 68.58 59.10 5798 49.67
4000 68.88 60.61 59.86 52.09
5000 69.65 62.23 61.69 54.51
6000 70.56 63.71 63.18 56.37
(6766) 6995 (71.03)  (64.34) 64.00 57.42

Refleclions were sorted in descending order of the observed structure-
factor amplitudes and then cumulated into seven groups. The number
of reflections in each group is listed in the first column. Values of
averaged phase errors were calculated with respect to the final struc-
ture model.

lous scatterers according to equations (1), (2), and (3). Re-
sultant mean phase errors of different phasing procedures
are listed in Table 1. Obviously, the OAS phase ambiguity
was effectively broken by either direct method or solvent
flattening alone indicated by the great improvement to the
averaged OAS phases. However, the combination of direct
method and solvent flattening led to much better results
than those obtained by either method alone. In Table 2,
map correlation coefficients calculated for individual ami-
no-acid residues are compared for the two resultant Four-
ier maps, one from “direct method 4 solvent flatiening”,
and another from “solvent flattening alone”. The map cor-
relation coeffictent is defined as

r= (Q_rf@_; - -Q_rr@_l)/’al?fa!h ]

where @, and g, are the electron densities derived from
estimated phases and true phases, respectively, and o,
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Fig. 1. The same portion from the two elce-
tron density maps resulting from (a): “direct
mecthod 4+ solvent flattening™; (b): “solvent
flaticning alone”. The maps arc contourcd at
1.5¢. Some distant contours projected onto
the skeleton have been erased manually. The
superimposed model is based on the final
paramcters from the original authors.

Table 2. Comparison of map correlation coefficients for the two
phasing procedures.

Corrclation Number of amino-acid residues

coefticicnt Main chain Side chain
Direct Solvent Direct Solvent
method + flatiening method -+ flatiening
Solvent alone Solvent alone
flattening flattening 3

> 0.8 8 7 5 0

> 0.7 38 20 16 7

= 0.6 82 61 43 23

20.5 134 97 80 49

=04 162 130 109 84

Correlation coefficients of the resultant electron density maps were
calculated with respect 10 the “final” electron density map for indivi-
dual amino-acid residues. The cocflicients were then sorted in des-
cending order and cumulated into five groups as indicated in the first
column. Number of residues in each cumnulated group was counted
for the main chain and the side chain separately.

and g, are their standard deviations. It is clear from the
comparison that “direct method + solvent flattening” is
definitely supenior to “solvent flattening alone”. Identical
portions of these two Founer maps are shown in Figure ].
It 15 concluded that the solvent flattening technique for ab
initio phasing of OAS data can be greatly strengthened by
the incorporation of direct methods. Since the present test
was done under conditions common in protein structure
analysis, our procedure could be of use in practice.
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