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A new phasing procedure has been proposed for dealing with single isomorphous replacement (SIR) x-ray diffraction

data. The procedure combines SOLVE/RESOLVE with the dual-space fragment extension involving OASIS. Two sets

of SIR data at 0.28 nm resolution taken from the protein (R)-phycoerythrin (PDB code: 1LIA) were used in the test.

For one of the two SIR data sets, a default run of SOLVE/RESOLVE based on the heavy-atom substructure found by

SHLEXD led automatically to an interpretable electron density map. OASIS could not effectively improve the result.

For the other set of SIR data, SOLVE/RESOLVE resulted in a fragmented model consisting of 454 of the total 668

residues, in which only 29 residues were docked into the sequence. Based on this model, 7 iteration cycles of OASIS-DM-

RESOLVE (build only) yielded automatically a model of 547 residues with 133 residues docked into the sequence. The

overall-averaged phase error decreased considerably and the quality of electron density map was improved significantly.

Two more cycles of iterative OASIS-DM-RESOLVE were carried out, in which the output phases and figures of merit

from DM were merged with that from the original run of SOLVE/RESOLVE before they were passed onto RESOLVE

(build only). This led automatically to a model containing 452 residues with 173 docked into the sequence. The resultant

electron density map is manually traceable. It is concluded that when results of SOLVE/RESOLVE are not sufficiently

satisfactory, the combination of SOLVE/RESOLVE and OASIS-DM-RESOLVE (build only) may significantly improve

them.
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1. Introduction

Multiple isomorphous replacement (MIR) method

is one of the essential techniques of solving de novo

protein structures. Single isomorphous replacement

(SIR) method is an important supplement to MIR

method. It needs fewer (only one) isomorphous heavy-

atom derivative and hence less experimental work in

both sample preparation and data collection. On the

other hand, SIR method has the problem of intrin-

sic phase ambiguity and needs special treatment in

phase derivation. This paper presents a new phas-

ing procedure for SIR data, which combines two ex-

isting techniques. Test calculations showed that in a

difficult case the new procedure yielded a result bet-

ter than that obtainable with either of the two exist-

ing techniques alone. In a different context, the pro-

gram SOLVE/RESOLVE[1−4] has been proved very ef-

ficient in solving protein structures with single/multi-

wavelength anomalous diffraction (SAD/MAD) or

SIR/MIR data. The dual-space fragment exten-

sion procedure combining OASIS,[5−7] DM[8,9] and

ARP/wARP[10] or combining OASIS, DM and RE-

SOLVE (build only)[3,4] has also been proved very ef-

ficient in dealing with protein SAD data.[11] In prin-

ciple, such procedure can be applied to SIR data as

well. The questions are, how well does the procedure

perform when applied to the SIR case and, whether

a combination of SOLVE/RESOLVE and dual-space

fragment extension can do things better than either of

them alone. In this paper, positive answers are given

to both questions by a series of test calculations using

two sets of SIR data at 0.28 nm resolution.

2. Data

Crystal structure of the protein R-phycoerythrin

(PDB code: 1LIA) was originally determined at
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0.28 nm resolution using MIR data of four heavy-

atom derivatives.[12] The native and two heavy-atom

derivatives were taken for the present study. One of

the derivatives is the p-chloromercuriphenyl sulphonic

acid derivative (hereafter referred to as Hg-derivative)

and the other the K2AuCl4 derivative (hereafter re-

ferred to as Au-derivative). Crystallographic data of

both derivatives and the native protein are summa-

rized in Table 1.

Table 1. Summary of test data.

Native Au-derivative Hg-derivative

Space group R3

Unit cell parameters/nm, (◦) a = b = 18.99, a = b = 18.99, a = b = 18.98,

c = 6.01; γ = 120 c = 5.98; γ = 120 c = 6.00; γ = 120

Resolution limit/nm 0.28 0.273 0.28

Rmerge(F)/% 4.2 4.41 4.84

Phasing power 1.51 1.36

Phasing power = 〈F 2
h, heavy atom〉1/2/σ∆F

3. Direct-methods SIR phasing

In the SIR case, phases can be defined either as

that associated with the native protein or that associ-

ated with the isomorphous derivative. In the following

we define the phases as associated with the native pro-

tein. They can be expressed as

ϕh = ϕ′
h
± |∆ϕh|, (1)

where h is the reciprocal vector; ϕ′
h

is the phase of

the heavy-atom (replacing-atom) substructure in the

isomorphous derivative; |∆ϕh| is the absolute phase

difference between the native and the heavy-atom sub-

structure. Both ϕ′
h

and |∆ϕh| are known quantities

provided the heavy-atom substructure is known. The

“plus or minus” sign preceding |∆ϕh| implies the SIR

phase ambiguity, which can be resolved using the P+

formula,[13] which gives the probability of ∆ϕh being

positive as follows:

P+ =
1

2
+

1

2
tanh

{

sin |∆ϕh|
[

∑

h′

mh′mh−h′κh,h′

× sin(Φ′
3 + ∆ϕh′,best

+ ∆ϕh−h′,best) + χ sin δh

]}

. (2)

Definitions of variables in formula (2) are as follows:

mh = exp(−σ2
h
/2)

{[

2
(

P+ −
1

2

)2

+
1

2

]

× (1 − cos 2∆ϕh) + cos 2∆ϕh

}1/2

(3)

with

σ2
h

=
2(nσ∆Fh

)2|Fh,D|2

|Fh,N |2|Fh,H |2
, (4)

where n is a scaling factor,[5] σ∆Fh
is the standard de-

viation of ∆Fh = |Fh,N| − |Fh,D|. |Fh,N|, |Fh,D| and

|Fh,H| are respectively the structure factor magnitudes

of the native, derivative and heavy-atom substructure.

κh,h′ = 2σ3σ
−3/2
2 EhEh′Eh−h′ , σn =

∑

j

Zn
j , (5)

where Eh is the normalized structure-factor magni-

tude derived from |Fh,N|, Zj is the atomic number of

the jth atom in the unit cell.

Φ
′
3 = −ϕ′

h
+ ϕ′

h′ + ϕ′
h−h′ (6)

is the three-phase structure invariant of the heavy-

atom substructure.

tan(∆ϕh,best) = 2
(

P+ −
1

2

)

sin |∆ϕh|/ cos∆ϕh, (7)

ϕh,best = ϕ′
h

+ ∆ϕh,best, (8)

χ = 2EhEh,known

/ (unknown
∑

i

Z2
i

/ total
∑

j

Z2
j

)

, (9)

where ‘known’ means the known partial structure of

the native protein, ‘unknown’ means the unknown

part of the unit cell and ‘total’ means the whole unit

cell.

δh = ϕh,known − ϕ′
h
. (10)

In practice, values of ∆ϕh,best and mh are first cal-

culated respectively via formulae (7) and (3) with the

initial P+ set to 1/2. These values are then substi-

tuted into formula (2) to calculate new values of P+.

The process can be made iterative. In the initial cy-

cle, the ‘known’ part of the protein consists of nothing,

while during fragment extension the ‘known’ part of

the protein should be updated in each cycle with the

partial model found in the preceding cycle.
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4. Phasing and model building

protocols

Four protocols of phasing and model building

were used in the present test.

1) SOLVE/RESOLVE: Intensity data and heavy-

atom parameters were input to the program

SOLVE/RESOLVE for SIR phasing, density modifi-

cation and automatic model building.

2) OASIS-DM-RESOLVE (build only): Intensity

data and heavy-atom parameters were input to the

program OASIS for SIR phasing, DM for density mod-

ification and RESOLVE (build only) for automatic

model building. Calculations were done iteratively

until no further improvement on the output model

could be made. For details of iterative OASIS-DM-

RESOLVE (build only) the reader is referred to the

original paper.[11]

3) SOLVE/RESOLVE + OASIS-DM-RESOLVE

(build only): Intensity data and heavy-atom param-

eters were input to the program SOLVE/RESOLVE

for SIR phasing, density modification and automatic

model building. Then OASIS-DM-RESOLVE (build

only) were used for fragment extension based on the

model given by SOLVE/RESOLVE. The fragment ex-

tension was done iteratively until no further improve-

ment on the output model could be made.

4) Merging iteration of OASIS-DM-RESOLVE

(build only): Output phases and figures of merit from

DM were merged with that from the original run of

SOLVE/RESOLVE before they were passed onto RE-

SOLVE (build only). The merged phases and figures

of merit are defined as

[mhexp(iϕh,best)]merged = {[mhexp(iϕh,best)]DM

+[mhexp(iϕh,best)]SOLVE/RESOLVE}/2.

The fragment extension was done iteratively until no

further improvement on the output model could be

made. This protocol was used in combination with

and after protocol 3. The purpose is to introduce

some disturbance to the result of protocol 3 in case

it converges to a result which is not quite satisfactory.

5. Heavy-atom substructure and

NCS

Since the protein R-phycoerythrin was

solved before the release of SHELXD[14,15] and

SOLVE/RESOLVE, in the present test the heavy-

atom substructures of Hg-derivative and Au-

derivative were re-determined by SHELXD, then re-

fined and searched for NCS by SOLVE/RESOLVE.

Refined heavy-atom parameters and the twofold NCS

generators obtained from SOLVE/RESOLVE (which

are listed in Table 2) were used in subsequent test

calculations.

Table 2. Summary of heavy-atom substructures.

Au-derivative Hg-derivative

Heavy atom x y z q B x y z q B

1 0.8558 0.4437 0.0590 0.56 40.95 0.5917 0.1478 0.0530 0.32 39.60

2 0.0855 0.1909 0.0730 0.61 37.76 0.0871 0.1891 0.0574 0.35 38.61

3 0.1612 0.0130 0.0960 0.38 60.00 0.1870 0.0919 0.1000 0.14 2.70

4 0.5181 0.1707 0.0298 0.27 54.65 0.4832 0.2145 0.0141 0.13 11.55

5 0.2819 0.0662 0.2583 0.14 22.04

6 0.0705 0.1241 0.1306 0.08 1.00

7 0.2964 0.5479 0.3069 0.09 13.18

NCS operator

R11 R12 R13 −0.6428 0.7659 −0.0104 −0.6096 0.7926 0.0141

R21 R22 R23 0.7659 0.6425 −0.0223 0.7926 0.6091 0.0287

R31 R32 R33 −0.0104 −0.0223 −0.9997 0.0141 0.0287 −0.9995

t1 t2 t3 0.1101 −0.2155 −12.1095 −0.1051 0.2884 −13.2586

x, y, z: fractional coordinates; q: occupancy; B: temperature factor; Rij : components of the NCS rotation matrix; tj : compo-

nents of the NCS translation vector.
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6. Comparison of results of

SOLVE/RESOLVE using dif-

ferent SIR data sets

To see how the data quality affects the SIR phas-

ing, SOLVE/RESOLVE results using Hg-SIR data

and Au-SIR data are compared. As is shown in Ta-

ble 1, Hg-derivative data have larger Rmerge and lower

phasing power. Besides, the heavy-atom substructure

of Hg-derivative contains more sites with lower occu-

pancies (see Table 2). Consequently, Hg-SIR data is

less favourable than Au-SIR data for solving the pro-

tein structure. In the second and last columns of Ta-

ble 3 there are listed cumulative phase errors resulting

from SOLVE/RESOLVE using Hg-SIR data and Au-

SIR data respectively. As can be seen, the accuracy

of resultant phases from Au-SIR data is much higher

than that from Hg-SIR data. This led to different re-

sults of automatic model building as shown in the sec-

ond and the last column of Table 4. With Hg-SIR data

SOLVE/RESOLVE yielded a model consisting of 454

of the total 668 residues, of which only 29 were docked

into the sequence. On the other hand, much better re-

sult was obtained with the Au-SIR data, which led to

a model consisting of 552 residues, of which 150 were

docked into the sequence. Figures 1(a) and 1(b) show

ribbon models obtained by SOLVE/RESOLVE with

Hg-SIR and Au-SIR data respectively. In comparison

with the final ribbon model (Fig.1(e)) it is seen that

all α-helixes in the two models well match the final

model (see Figs.2(a) and 2(b)), but the model from

Au-SIR data provides much more structural informa-

tion. Two portions of electron density maps with the

final model superimposed are shown respectively in

Figs.3 and 4, in which (a) is derived from Hg-SIR

data, while (d) is from Au-SIR data, both phased by

SOLVE/RESOLVE. As is seen, the electron density

map derived from Au-SIR data is much easier to in-

terpret than that from Hg-SIR data. Furthermore,

OASIS could not effectively improve the result of

SOLVE/RESOLVE with Au-SIR data, but was able to

improve significantly the result of SOLVE/RESOLVE

with Hg-SIR data, as will be seen in the next section.

Table 3. Cumulative phase errors for different SIR data and different phasing protocols.

Number of reflections

Hg-SIR data Au-SIR data

SOLVE/RESOLVE
OASIS-DM-RESOLVE SOLVE/RESOLVE+OASIS-DM-

SOLVE/RESOLVE

(build only) -RESOLVE (build only)

Cycle 0 Cycle 3 Cycle 3 Cycle 5 Cycle 7 Cycle 9*

500 31.9 39.4 30.9 25.4 24.6 23.2 20.8 27.5

1000 35.2 42.0 32.6 27.4 26.8 25.4 24.2 30.1

5000 46.2 52.0 42.7 40.4 37.5 36.5 34.9 39.8

10000 53.0 57.2 49.5 47.2 44.7 44.4 42.2 46.5

15000 57.8 61.6 54.9 52.8 50.9 50.3 48.8 51.6

17500 60.0 63.8 57.7 56.0 54.1 53.7 52.0 54.5

Reflections were arranged in descending order of Fobs and cumulated into groups as listed in the first column. *In cycles

8 and 9, output phases and figures of merit from DM were merged with that from the original run of SOLVE/RESOLVE

before they were passed onto RESOLVE (build only).

Table 4. Number of residues found automatically for different SIR data with different phasing protocols.

Hg-SIR data Au-SIR data

Protocol I II III IV I

Number of residues found 454 (29) 456 (49) 547 (133) 452 (173) 552 (150)

Numbers of residues that have been docked into the sequence are shown in parentheses. Protocols: I —

SOLVE/RESOLVE; II — 3 cycles of OASIS-DM-RESOLVE (build only); III — SOLVE/RESOLVE + 7 cycles

of OASIS-DM-RESOLVE; IV — SOLVE/RESOLVE + 7 cycles of OASIS-DM-RESOLVE + 2 merging cycles of

OASIS-DM-RESOLVE.
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Fig.1. Ribbon models of the protein R-phycoerythrin. (a) Hg-SIR data phased by SOLVE/RESOLVE; (b) Au-SIR

data phased by SOLVE/RESOLVE; (c) Hg-SIR data phased by SOLVE/RESOLVE followed by 7 cycles of OASIS-

DM-RESOLVE; (d) Hg-SIR data phased by SOLVE/RESOLVE followed by 7 cycles of OASIS-DM-RESOLVE plus

2 merging cycles of OASIS-DM-RESOLVE; (e) final model.

Fig.2. Ribbon models (red) from different phasing protocol and different SIR data matching with the final ribbon

model (grey). (a) Hg-SIR data phased by SOLVE/RESOLVE; (b) Au-SIR data phased by SOLVE/RESOLVE;

(c) Hg-SIR data phased by SOLVE/RESOLVE followed by 7 cycles of OASIS-DM-RESOLVE; (d) Hg-SIR data

phased by SOLVE/RESOLVE followed by 7 cycles of OASIS-DM-RESOLVE plus 2 merging cycles of OASIS-DM-

RESOLVE.
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7. Comparison of results from

Hg-SIR data with different

protocols

Here we shall see that with the combination of

SOLVE/RESOLVE and dual-space fragment exten-

sion by OASIS-DM-RESOLVE (build only) much bet-

ter electron density maps can be obtained from Hg-

SIR data. Four phasing and model-building proto-

cols described in section 3 were applied to Hg-SIR

data. The resultant cumulative phase errors are listed

in Table 3. It is seen that SIR phasing by OA-

SIS followed by three iteration cycles of OASIS-DM-

RESOLVE (build only) fragment extension yielded

slightly better results (column 4 of Table 3) than that

of SOLVE/RESOLVE (column 2). However the elec-

tron density map is still not easy to trace. On the

other hand, the combination of SOLVE/RESOLVE

and dual-space fragment extension of OASIS-DM-

RESOLVE (build only) yielded much better results

(columns 5–8 of Table 3). Results of automatic model

building from different protocols are listed in Table 4.

Fig.3. Partial electron density maps (1σ) covering residues A125-139 with the final model superimposed. (a) Hg-SIR

data phased by SOLVE/RESOLVE; (b) Hg-SIR data phased by SOLVE/RESOLVE followed by 7 cycles of OASIS-

DM-RESOLVE; (c) Hg-SIR data phased by SOLVE/RESOLVE followed by 7 cycles of OASIS-DM-RESOLVE plus

2 merging cycles of OASIS-DM-RESOLVE; (d) Au-SIR data phased by SOLVE/RESOLVE. Regions where electron

densities not well matching the final model are circled in red.

Fig.4. Partial electron density maps (1σ) covering residues B4-B15 with the final model superimposed. (a) Hg-SIR

data phased by SOLVE/RESOLVE; (b) Hg-SIR data phased by SOLVE/RESOLVE followed by 7 cycles of OASIS-

DM-RESOLVE; (c) Hg-SIR data phased by SOLVE/RESOLVE followed by 7 cycles of OASIS-DM-RESOLVE plus

2 merging cycles of OASIS-DM-RESOLVE; (d) Au-SIR data phased by SOLVE/RESOLVE. Regions where electron

densities not well matching the final model are circled in red.
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Protocol III yielded a model of 547 residues of

which 133 were docked into the sequence, while Pro-

tocol IV yielded a model of 452 residues with 173

docked into the sequence. The latter result is com-

parable with that from Au-SIR data by protocol I,

which consists of 552 residues with 150 docked into

the sequence. Ribbon models from the Hg-SIR data

phased by protocols III and IV are shown respec-

tively in Figs.1(c) and 1(d). Two portions of the elec-

tron density maps deduced from different protocols

are compared respectively in Figs.3 and 4. As is seen,

the quality of electron density maps of Hg-derivative

is continuously improving from (a) to (c). The qual-

ity of (c) is comparable with that from Au-SIR data

phased by SOLVE/RESOLVE (d). All figures in this

paper were plotted using the program PyMOL.[16]

8. Concluding remarks

Direct methods have been proved successful in

SIR phasing and in fragment extension with SIR data

at 0.28 nm resolution of a protein of considerable size.

In case the quality of SIR data is not good enough

and the SOLVE/RESOLVE result is not sufficiently

satisfactory, the combination of SOLVE/RESOLVE

with dual-space fragment extension by OASIS-DM-

RESOLVE (build only) may lead to a better result.
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