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A procedure, called PBR (phase-bias reduction), has been

developed to properly re®ne heavy-atom derivatives and to

generate less biased heavy-atom phases when these deriva-

tives contain common heavy-atom sites. Two independent

events are obtained by splitting the re®nement and phasing

calculations into two stages, the ®rst in which one of the

derivatives having common sites is used together with the

native amplitudes and the second in which both derivatives

with common sites are used simultaneously, with one of them

being used as the native data set. Improved centroid phases

and the corresponding ®gures of merit are obtained by phase

combination. This procedure has been used in the structure

determination of the iron-cluster-containing protein

pyruvate±ferredoxin oxidoreductase. When the common

heavy-atom sites are properly treated by the PBR procedure,

the resulting calculated centroid phases are improved with

respect to classical heavy-atom re®nement centroid phases

where all derivatives are re®ned together. This leads to

improved electron-density distributions, since anomalous

difference Fourier maps calculated with the PBR-re®ned

centroid phases and corresponding ®gures of merit show more

clearly the positions of the iron sites.
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1. De®nitions

FP, native structure factor, of measured amplitude |FP|; FPH1

and FPH2, structure factors of the two derivatives PH1 and

PH2, of measured amplitudes |FPH1| and |FPH2|, respectively;

FHx, structure factors for the heavy-atom constellations Hx;

�FH, difference vector between FH1 and FH2.

2. Introduction

When the structure of an unknown crystallized macro-

molecule needs to be determined by heavy-atom methods

[multiple isomorphous replacement (MIR) or multiple

anomalous dispersion (MAD)], a necessary step in the process

is the re®nement of the heavy-atom positions, occupancies and

temperature factors (see, for example, Blundell & Johnson,

1976) followed by the computation of centroid phases and

associated ®gure-of-merit values (Blow & Crick, 1959). A

problem that frequently arises is that the heavy-atom deriva-

tives have common sites, including cases where different

chemical species share the same sites. In such cases, if all

derivatives are used together for heavy-atom re®nement and

centroid-phase calculation, the resulting ®gures of merit are

grossly overestimated and the resultant map may not be as

interpretable as the mean ®gure-of-merit value might suggest.

This can be easily seen from the phase circles (Fig. 1a) and
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associated Argand vector diagram: if the lack of closure is

used to measure the distribution of errors, the phase and the

phase probability distribution derived from FH1 are very close

to those derived from FH2. If phasing is carried out using all

derivatives together, the resulting phase probability distribu-

tion is, as is usually the case, bimodal. As the two events FH1

and FH2 are not independent, this leads to the overestimation

of the ®gure of merit corresponding to the centroid phase

(Blow & Crick, 1959). The purpose of this paper is to show

how this problem can be solved and to give an application in

the structure determination of the iron-cluster-containing

protein pyruvate±ferredoxin oxidoreductase (PFOR; Chab-

rieÁ re et al., 1999).

3. Materials and methods

When two heavy-atom derivatives, PH1 and PH2, contain

common sites, the vector difference1 �FH between the heavy-

atom structure factors FH1 and FH2 is small. This difference

arises from the differences in occupancies, temperature

factors, number of electrons involved and number of heavy-

atom sites concerned. The same argument can also be applied

to MAD data if we consider FH as the structure factor

corresponding to the difference in anomalous contribution

between data collected at two wavelengths.

We have

FPH1 � FP � FH1; �1�

FPH2 � FP � FH2; �2�

�FH � FH2 ÿ FH1 �or �FH � FH1 ÿ FH2�; �3�

FPH2 � FPH1 ��FH: �4�
Assuming, as is usually done (for example, in the computation

of difference Fourier maps), that the phases �PH1 ' �P, then

we obtain two independent derivatives using (FP, FH1, FPH1)

and (FPH1, �FH, FPH2) separately. In our case, we represent

FH1 by the two-dimensional vector (A, B), and FH2 by the

vector (A + �A, B + �B), �A and �B being small compared to A

and B. The scalar product of FH1 and FH2 is (A2 + A�A + B2 +

B�B)/(A2 + B2)1/2�[(A + �A)2 + (B + �B)2]1/2, thus showing that

FH1 is nearly collinear with FH2. When we use FH1 and �FH,

the scalar product between these two is (A�A + B�B)/

(A2 + B2)1/2�(�A2 + �B2)1/2, thus showing that FH1 and �FH are

not collinear if �A/A 6� �B/B. Hence (see Fig. 1b), the phase

probability distribution functions derived from FH1 and �FH

are different and independent (this can also be seen from the

corresponding Argand vector diagram), and the resulting

combined centroid phase probability distribution is more

unimodal than in the case where all derivatives are used

jointly (Fig. 1a). Since the two centroid phase probability

distributions now refer to independent events, they can be

combined by adding the corresponding Hendrickson±Lattman

coef®cients (Hendrickson & Lattman, 1970; Hendrickson,

1971).

These facts can be exploited to re®ne properly heavy-atom

parameters by phase re®nement and to generate appropriate

Figure 1
Phase circles corresponding to (a) `classical' heavy-atom re®nement and
phasing, in which all derivatives are used jointly, and (b) PBR, the phase-
bias reduction procedure in which re®nement and phasing are split into
two, as described in x3. In this diagram, the subscripts n and d indicate
whether the corresponding amplitude data set is used as native or
derivative amplitudes; four circles have to be drawn: two for FPn and
FPH1d, and two for FPH1n and FPH2d. The large dots indicate where the
phase circles intersect, hence showing the maxima of the phase
probability distributions. These phase circles are for the general case
where FH1, FH2 and thus �FH are not collinear.

1 In this paper, the term `vector' is used to represent structure factors in the
complex plane. This is because we only use the addition properties of complex
numbers, which are identical to those of vectors.



centroid phases and corresponding ®gure-of-merit values. This

procedure has the advantage of not requiring a single line of

programming as it makes use of existing computer programs.

First, one of the derivatives with shared sites and with

structure-factor amplitude |FPH1| is used together with the

other derivatives with unshared sites and the native data for

heavy-atom re®nement; a ®rst set of Hendrickson±Lattman

probability coef®cients is then computed. Then, the second

derivative with shared sites of amplitude |FPH2| is used with the

®rst derivative amplitude |FPH1| given as the native amplitude,

for re®nement of either the real or the anomalous occupancy

and temperature factor (and possibly re®nement of the small

differences in positions); a second set of Hendrickson±

Lattman coef®cients is then computed. The ®gure-of-merit

values and corresponding centroid phases to be used for map

calculation are then obtained by phase combination, carried

out by addition of the two sets of coef®cients.

The procedure described in this paper has been used in the

structure determination of the iron-cluster-containing protein

PFOR, for which two crystal forms were obtained (Pieulle et

al., 1999). Initial heavy-atom phasing was carried out using the

multiple isomorphous replacement method for one of the

crystal forms and multiple anomalous dispersion for the

second crystal form.

For MIR phasing (®rst crystal form), four heavy-atom

derivatives were obtained by crystal soaking, including two

K2PtCl4 derivatives which have common sites (ChabrieÁre et al.,

1999); these are referred to hereafter as Pt1 and Pt2. In the

application of the phase-bias reduction (PBR) procedure, the

amplitudes from three heavy-atom derivatives (including Pt1

only) and the native amplitudes were used with the CCP4

maximum-likelihood heavy-atom re®nement program

MLPHARE (Otwinowski, 1991; Collaborative Computational

Project, Number 4, 1994) to re®ne the heavy-atom parameters;

the ®rst set of Hendrickson±Lattman coef®cients was then

generated. Pt1 and Pt2 were then used jointly (with Pt1 used

as the native amplitudes) for re®nement and computation of

the second set of coef®cients. These two sets were then added

with the program SIGMAA (Read, 1986) to generate

combined ®gure-of-merit values and corresponding centroid

phases.

For MAD phasing in the second crystal form, four wave-

lengths were used around the iron edge in order to utilize the

anomalous dispersion of the Fe atoms contained in the four

[Fe±S] clusters: �1 corresponds to an energy lower than the

iron edge (f 00 minimum, remote high wavelength), �2 corre-

sponds exactly to the iron edge (f 0 minimum, in¯ection point

in absorption), �3 corresponds to an energy slightly higher

than this edge (f 00 maximum, absorption peak) and �4 (the

remote low wavelength) corresponds to an energy much

higher than the edge (f 00 and f 0 high). In the application of the

classical procedure, we used the data set collected at wave-

length �2 as the native data set, and the data sets collected at

the three other wavelengths as derivatives, termed the �1, �3

and �4 derivatives. We also used the anomalous contribution

of �2 data in the �2 derivative. Diffusion factors corresponding

to wavelengths �3 and �4 are close to each other, so that if data

collected at wavelength �2 is used as the reference `native'

data set, the difference in anomalous contribution between �3

and �2 is very close to that obtained between �4 and �2. This

leads to non-independent �3 and �4 derivatives. To solve this

problem with the PBR procedure in a manner similar to the

MIR case, we used separately the �1, �3 and �2 derivatives with

the �2 data set as native data set and the �4 derivative using the

data set collected at wavelength �3 as the native data set, for

two runs of heavy-atom re®nement and computation of

Hendrickson±Lattman coef®cients. Resulting phase sets were

then combined as previously with the program SIGMAA.

4. Results

For both heavy-atom phasing procedures (MIR and MAD),

analysis of the results was carried out in two different ways:

®rst, the two sets of centroid phases obtained by application of

the two procedures (`classical' and PBR) were compared using

the program SFTOOLS (B. Hazes, unpublished work) to the

phases given by the crystallographic model obtained at 2.3 AÊ

resolution, which gave an R factor of 19.6% (ChabrieÁre et al.,

1999).

The results obtained with PFOR during heavy-atom

re®nement and phasing at 5.0 AÊ resolution, where each [4Fe±

4S] cluster behaves as a single scattering centre, can be

described as follows (Table 1).

For the MIR data, when all four derivatives are used

simultaneously for heavy-atom re®nement and centroid phase

calculation, the mean ®gure-of-merit value (Blow & Crick,

1959) is 0.48, whereas the correct cosine of the phase differ-

ence to the true phase is 0.282 (Table 1). The resulting elec-

tron-density distribution, computed with coef®cients of the

form m|FP|exp(i�centroid), is of poor quality and is not

compatible with such a high mean ®gure-of-merit value and

corresponding phase error (map not shown). This clearly

indicates improper treatment of the derivatives having

common sites during heavy-atom re®nement and phasing and

leads to overestimated ®gure-of-merit values.

When the phasing procedure was repeated using the PBR

procedure, by splitting the calculations in two because of the

presence of common sites for Pt1 and Pt2, the mean ®gure-of-

merit value was 0.39 for the three derivatives (including Pt1

only) used together with the native amplitudes, and 0.28 for

Pt1 and Pt2 used together (with Pt1 as the native set of

amplitudes). The resulting mean combined ®gure-of-merit

value was 0.44, which is closer to its correct value of 0.295. In

this case (Table 1), the phase error has decreased slightly from

73.6 to 72.8�, so that there is minimal phase improvement. The

resulting electron-density map was of improved quality, and

was used for the structure determination by iterative solvent

¯attening and cross-crystal-forms averaging (ChabrieÁre et al.,

1999).

The improvement obtained by the use of the PBR proce-

dure is also indicated by computing the statistical correlation

coef®cient between the phases thus obtained and those of the

crystallographic model (Table 1b): the global correlation was

0.196 with the PBR procedure versus a ®gure of 0.183 obtained
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when the `classical' re®nement procedure was used, i.e. a 7.1%

increase in correlation.

In our test of the PBR procedure using MAD data, the

linear correlation coef®cient between phases is also seen to

improve, with a 3.7% increase in correlation (Table 1b). The

unweighted phase difference to the true phases (Table 1a)

might not be an optimal measure of phase improvement owing

to anomalous contributions which give systematic shifts in the

phases.

Next, for further analysis of the effectiveness of the PBR

procedure in the case of MIR data, we also computed

anomalous difference maps with coef®cients of the form

m(|F+| ÿ |Fÿ|)exp(i�centroid) in order to establish which of

these two ®gure-of-merit and associated centroid phase sets

gave the highest peaks corresponding to the iron clusters: both

sets were used together with anomalous amplitude data from

the protein to compute anomalous difference Fourier maps.

Note that the anomalous signal arising from the Fe atoms was

not used during heavy-atom re®nement and phasing.

The relative peak heights corresponding to the iron clusters

(Table 2), obtained with PBR-combined centroid phases and

®gures of merit, are higher than those obtained using centroid

phases and ®gure-of-merit values which result from the

`classical' run of MLPHARE in which all four derivatives are

used together (with peak heights of 10.8 and 9.4, respectively,

i.e. a 15% increase in peak height; this can be compared to the

corresponding increase in correlation). The contrast between

the protein density and that of the iron clusters also increases

for all iron positions (Table 2). This therefore indicates that

the PBR procedure proposed here is effective in reducing the

phase bias arising from the presence of heavy-atom deriva-

tives having common sites, thereby providing clearer maps.

The PBR procedure may also have a more general applic-

ability, i.e. to obtain several heavy-atom derivatives from a

single heavy-atom reagent by soaking crystals for different

periods of time or by using several concentrations of reagent,

thus obtaining common sites with different effective occu-

pancies.
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Table 2
Comparison of the heights of the peaks corresponding to the iron clusters
observed in the anomalous difference maps.

These values are expressed in numbers of standard deviations above the mean
value of the map.

Procedure Cluster max² Cluster min³ Protein§

Classical 9.4 6.8 4.2
PBR 10.8 7.7 4.1

² Peak height corresponding to the iron cluster with the highest density, obtained from
an m(|F+| ÿ |Fÿ|)exp(i�centroid) anomalous difference Fourier map. ³ As cluster max,
except that it corresponds to the iron cluster with the lowest electron-density
value. § Peak height corresponding to the ®rst non-Fe atom of the protein.

Table 1
Comparison of the heavy-atom phasing results obtained with PFOR at
5.0 AÊ resolution for MIR and MAD data using `classical' heavy-atom
re®nement and phasing and the PBR procedure which reduces phase bias
when heavy-atom derivatives have common sites.

The `classical' procedure is MLPHARE heavy-atom re®nement and phasing
in which all derivatives are used jointly with the native amplitudes; the PBR
procedure is the phase-bias reduction procedure described here.

(a) Figure-of-merit values resulting from the two procedures used.

Method Procedure hfom1i² hfom2i³ hfomi§

cos �DIF} at
5 AÊ (at
3.3 AÊ )

MIR Classical 0.480 0.282 (0.137)
PBR 0.390 0.280 0.440 0.295 (0.143)

MAD Classical 0.581 0.483
PBR 0.485 0.445 0.578 0.470

(b) Linear correlation coef®cient (in various resolution ranges) between
heavy-atom phases and the phases obtained from the re®ned model of PFOR.

Resolution (AÊ )
Linear correlation coef®cients

MIR MAD

Classical PBR Classical PBR

20.00±10.31 0.33 0.28 0.44 0.50
10.31±8.38 0.27 0.26 0.44 0.44
8.38±7.38 0.20 0.26 0.35 0.38
7.38±6.73 0.17 0.21 0.31 0.33
6.73±6.27 0.17 0.20 0.30 0.32
6.27±5.91 0.18 0.15 0.28 0.28
5.91±5.62 0.18 0.22 0.25 0.25
5.62±5.38 0.10 0.10 0.21 0.25
5.38±5.18 0.16 0.15 0.26 0.23
5.18±5.00 0.09 0.12 0.24 0.26
Overall 0.183 0.196 0.301 0.312

² Mean ®gure-of-merit value of the ®rst set of derivatives. ³ Mean ®gure-of-merit
value computed from the second set of derivatives. § Mean ®gure-of-merit value,
either global in case of classical re®nement and centroid-phase calculation, or computed
by phase combination in the PBR procedure. } Mean cosine of the phase difference to
the true phases, taken for these calculations as the phases generated from the ®nal re®ned
model at 2.3 AÊ resolution (ChabrieÁ re et al., 1999).


