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To achieve de novo protein structure determination of challenging cases, multi-wavelength anomalous diffraction
(MAD) and multiple isomorphous replacement (MIR) phasing can be powerful tools to obtain low-resolution initial phases
from heavy-atom derivative datasets, then phase extension is needed against high-resolution data to obtain accurate struc-
tures. In this context, we propose a direct-methods procedure here that could improve the initial low-resolution MAD/MIR
phase quality. And accordingly, an automated process for extending initial phases to high resolution is also described. These
two procedures are both implanted in the newly released IPCAS pipeline. Three cases are used to perform the test, includ-
ing one set of 4.17 A MAD data from a membrane protein and two sets of MAD/MIR data with derivatives truncated down
to 6.80 A and 6.90 A, respectively. All the results have shown that the initial phases generated from the direct-methods
procedure are better than that from the conventional MAD/MIR methods. The automated phase extensions for the latter two
cases starting from 6.80 A to 3.00 A and 6.90 A to 2.80 A are proved to be successful, leading to complete models. This
may provide convenient and reliable tools for phase improvement and phase extension in difficult low-resolution tasks.

Keywords: direct methods, multi-wavelength anomalous diffraction (MAD)/multiple isomorphous replace-

ment (MIR) phasing, phase extension, low-resolution

PACS: 61.05.—a

1. Introduction

Experimental phasing methods are the major choices for
de novo protein structure determinations in x-ray crystallog-
raphy. In these methods, phasing process starts with finding
the substructures in the asymmetric unit of derivative crys-
tals and the initial phases are calculated via different types
of techniques, such as single-wavelength anomalous diffrac-
tion (SAD), single isomorphous replacement (SIR), multi-
wavelength anomalous diffraction (MAD), multiple isomor-
phous replacement (MIR), SIR with anomalous scattering
(SIRAS), and MIR with anomalous scattering (MIRAS).[!] As
the phase ambiguity is intrinsic in SAD/SIR, the MAD/MIR
phasing is more powerful for combining the bimodal phase
distribution of several SAD/SIR data sets to give the unique
phase indication for each individual reflection. Programs
such as SHARP, SOLVE, and MLPHARE are all available
to obtain the phase information via conventional MAD/MIR
methods.”*! In some challenging cases of membrane proteins
or large complexes, the intrinsic disorder or flexibility often
results in low resolution®! (say about 6.00 A lower) in the
heavy-atom derivative data, making it difficult for crystallog-
raphers to obtain the initial phases. Even under this condition,
MAD and MIR are still reliable and can provide useful infor-
mation for the structure determination.

However, MAD and MIR have their own limitations: for

DOI: 10.1088/1674-1056/28/7/076108

MIR, the isomorphism between the native and the derivatives
is not always perfect; for MAD, the severe radiation damages
may lead to weak anomalous signals in the individual SAD
data sets. These problems can be even serious when dealing
with cases from poorly diffracted crystals, making the phases
interpretation ambiguous in high-resolution and the good-
quality phases only available at lower resolution.!®! There-
fore, we propose here an iterative direct-methods MAD/MIR
phasing procedure in order to eliminate the effects of these
problems. It integrates the iterative direct-methods SAD/SIR
phasing!”#! with the conventional MAD/MIR methods and
testing results with three cases at low resolution have shown
this hybrid-procedure is better than using single method alone.
During our test, we find that the resulting low-resolution
initial phases obtained by the hybrid procedure mentioned
above are far from sufficient to generate an interpretable elec-
tron density map from either manual or automated model
building. Phase extension is therefore becoming an essen-
tial part in the following process. In addition, prior knowl-
edge of the structure such as the non-crystallographic symme-
try (NCS), homologous template, or multi-crystal information
is often needed in difficult phase extension cases.>!%1 And
when the prior structure knowledge is unavailable, the auto-
mated phase extension would become a grand challenge.
There are many different methods for conducting the
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13]

phase extension procedure, such as the solvent-flattening, !

121 the maximum-entropy method,!

[14

histogram matching, !
and the maximum likelihood density modification.!'*) In prac-
tice, all the methods above were incorporated with the solvent-
flattening technique within a dual-space framework to im-
prove their own efficiency. We present here an iterative direct-
methods phase extension procedure by modifying the itera-
tive direct-methods-aided partial-model extension proposed in
2007.151 This method differs from all the above in that it
uses direct methods to provide phase constraint in the recipro-
cal space and, in addition, it is independent of prior structure
knowledge. Two testing cases with starting phases at 6.90 A
and 6.80 A have been successfully extended to native data at
resolutions of 2.80 A and 3.00 A, respectively, and the final
resulting models agree well with the previous entry structures
in Protein Data Bank (PDB; http://www.pdb.org/).

2. Methods

The method consists of two stages, the first stage is to
obtain the low-resolution initial phases via a direct-methods
MAD/MIR phasing procedure, while the second stage is to
extend the low-resolution phases to higher resolution automat-
ically. The details of these two stages will be described in the
following sections.

2.1. Stage 1: iterative direct-methods MAD/MIR phasing
procedure

This procedure is featured as follows.

(i) Phases are first calculated by the conventional
MAD/MIR methods;

(il) MAD/MIR phases from step (i) are cut off to low
resolution and used as the starting “known phases” for the
direct-methods SAD/SIR phasing. For details of direct meth-
ods SAD/SIR phasing, please refer to Refs. [7] and [8].

(iii)) Among the MAD/MIR derivative datasets, one set
with the strongest anomalous signal or the highest resolution
is selected to conduct the iterative direct-methods SAD/SIR
phasing based on the starting known phases from step (ii).

(iv) Each cycle of the procedures consists of three parts:
direct method phasing, density modification, and model build-
ing/refinement. Starting from the second cycle onwards, mod-
els from last cycle will be fed back to the current cycle. The
known phases will be “fixed” in each cycle until the percent-
age of residues built has reached certain standard that users
define (say about 80%).

In practice, SAD/SIR phase estimations are not as ac-
curate as MAD/MIR because of the intrinsic phase ambigu-
ity, while the direct-methods proposed by Fan and Gu!'®l in
1985 was designed to overcome this problem by changing the
0-27 phase problem into making a choice between the sign

of plus and minus. In addition, with the help of those high-
quality and low-resolution known phases as starting point, the
P+ formula deduced from this theory'®! will give a more ac-
curate modulation to the bimodal phase probability distribu-
tion, thus strengthening the phasing power. The “fixed” in
step (iv) means the known phases remain unchanged in the
direct-methods phase calculation, and these phases are used
to calculate the value of P+ instead of setting it to a constant
value of 0.5. Please refer to Ref. [6] for more details.

So as it is, the procedure has achieved two things at one
stock. The starting known phases from the MAD/MIR proce-
dure at low resolution can greatly enhance the phasing power
of direct methods, while the low-resolution MAD/MIR phases
can be extended to higher resolution with the aid of SAD/SIR
iteration. What is more, by choosing only one set of deriva-
tive data with strongest anomalous signal or highest resolu-
tion, the phasing result would be less affected by the imper-
fect isomorphism or the weak anomalous signals. The high-
resolution derivative data will not be limited by other low-
resolution datasets and can be used to its full potential.

The flowchart of the iterative direct-methods MAD/MIR
phasing procedure is presented in Fig. 1. Programs in charge
of this procedure are OASIS for direct method phasing,
DMU!!7! for density modification, and AutoBuild!'®! for the
model building and refinement.

\
MAD/MIR conventional MAD/MIR
data MAD/MIR phasing phases
S

N

direct-methods i

SAD/SIR phasing | = A\
J

one set of
SAD/SIR data
& heavy-atoms

[ density

modification

Y

model building
and refinement

<ok >

yes

no

end
Fig. 1. Flowchart of the iterative direct-methods MAD/MIR phasing.

2.2. Stage 2: iterative direct-methods phase extension

This procedure was originally proposed in 2007 as
a direct-methods-aided partial-model extension without the
needs of SAD/SIR information. By redefining the variables in
the P+ probability formula proposed by Fan and Gu,!'®! the
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phase extension process of finding a value in the range of 0—
27 for each unknown phase is reduced into that of just making
a choice between two possible values. It is more like a “phase-
flipping” process, where the phases that differ much from the
correct value will undergo a large shift, while the phases that
are close to the correct value will remain unchanged. For more

partial-model

p
_| direct-methods aided]l
phase refinement J‘ A

density
modification

details, please refer to Ref. [15].

high resolution
data & low-
resolution

known phases

model building
and refinement

>

.

A

y

model building
and refinement

Fig. 2. Flowchart of the iterative direct-methods phase extension.

Usually, the direct-methods-aided partial-model exten-
sion starts with an incomplete model. However, the density
map calculated at low resolution from stage 1 may not be suffi-
cient enough to build a reliable structural model, so we first use
the initial phases to build up a model against the structure am-
plitudes with high-resolution. Then the resulting initial model

will be the starting information for the direct methods phas-
ing in OASIS. At the same time, the initial phases can also be
used as “known phases” that remain fixed in the iteration until
the resultant model has grown to the standard defined by users
(say about 80% of the whole structure).

The flowchart of the iterative direct-methods phase ex-
tension procedure is displayed in Fig. 2. Programs involved
in this procedure are AutoBuild for the initial model build-
ing, OASIS for the direct method phasing, DM for the density
modification, and AutoBuild and Buccaneer!!°! for the model
building and refinement.

3. Testing and results

All the tests stated in this section are conducted in the
newly released IPCAS 2.0 pipeline. The programs and their
usage in the tests are listed in Table 1. The details of the test-
ing processes are described as follows.

Table 1. Programs used in the test.

Program Version Usage
AutoBuild PHENIX 1.15.2 model building/refinement
DM version 7.0 in CCP4 7.0.073 density modification
OASIS version 4.2 in IPCAS 2.0 direct-methods phasing

Buccaneer version 1.6.5 in CCP4 7.0.073 model building

REFMAC  version 5.8 in CCP4 7.0.073 structure refinement
RESOLVE PHENIX 1.15.2 iterative density modl.ﬁcatlon
for phase extension
SOLVE PHENIX 1.15.2 MIR phasing
SHARP version 2.8 MAD phasing

3.1. Testing data sets

Three sets of protein data are used to test the methods,
including the MAD data of the human K2P TRAAK channel

Table 2. Crystallographic statistics of testing cases.

The human K2P TRAAK channel

Human BK channel Ca>* gating apparatus

R-phycoerythrin

PDB code 3UM7 3MTS 1LIA
No. of residues
in the AU 618 726 668
NCS copies 2 1 2
Data Native Derivative ]?envapve Native Derivative DenvaFwe Derivative Native Derivative Derivative Derivative  Derivative
(peak)  (inflection) (peak) (inflection)  (remote)

Resolution 3.30 x 3.80 x 3.80° 4.17 4.17 3.00 3.30 (6.80P) 3.30 (6.80°) 3.30 (6.80°) 2.80 5.00 (6.90°) 4.50 (6.90P) 4.00 (6.90P) 3.00 (6.90°)
Heavy-atom sites / T1(7) TL(7) / Se (13) Se (13) Se (13) / Hg Hg Pt Au
Bijveot ratio/% / 8.20 8.21 / 3.92 391 3.78 / / / / /

Space group P2,2,2, P2,2,2, P6322 P6322 P6322 P6322 R3 R3 R3 R3 R3
alk 87.9 87.5 144.5 145.1 189.8 189.8
bIA 130.9 130.7 144.5 145.1 189.8 189.8
c/A 132.8 132.1 182.2 182.4 60.1 60.1
Unitcell gy e) 90 90 90 90 90 90
BI(°) 90 90 90 90 90 90
vI(°) 90 90 120 120 120 120
Wavelength/A 0.9783 0.9783 0.9791 0.9792 0.9792 0.9793 0.9640 /
Runerge! % / / / 8.9(73.8) 10.5(49.3) 10.0(53.3) 13.0(74.5) /
1/o; 25.6(1.4) 15.6(1.3) 14.2(1.1)  19.6(24) 18.8(33) 182(3.1) 139222 /
Completeness/% 73.4(4.9) 98.2(99.3) 98.4(99.3)  99.9 (99.9) 99.8 (100.0) 99.8(100.0) 99.8(100.0) /
Redundancy 3.7(4.5) 3.6(3.7)  3.6(3.7) 5.8(5.9) 7.0(7.2) 7.0(7.2) 7.0 (7.2) /

Native data were anisotropically truncated to 3.30 x 3.80 x 3.80 A prior to scaling.
The resolution of the truncated data.
In the row of “Rinerge”

,“I/a;”, “Completeness”, and “Redundancy”, the numbers in parentheses represent values in the highest-resolution shell.
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(PDB_ID: 3UM?7),[291 the MAD data of the human BK chan-
nel Ca>* gating apparatus (PDB_ID: 3MT5),?!! and the MIR
data of the R-phycoerythrin (PDB_ID: 1LIA).[?% In addition,
the derivative data sets of 3MT5 and 1LIA are manually trun-
cated to 6.80 A (original resolution: 3.30 A) and 6.90 A (orig-
inal resolution: 3.00 A). For all the three cases above, we use
the previously deposited model in the PDB as the reference
model in our test. Detailed data statistics are listed in Table 2.

3.2. MAD and MIR phasing

The human K2P TRAAK channel (3UM7) is a membrane
protein. In the original work, the initial phases were calculated
in SHARP via MIRAS method and the final model was built
by iterative manual building.

During the test, the conventional MAD phases and heavy-
atoms are firstly calculated by SHARP, then the MAD phases
are truncated to 8.00 A and regarded as the “known phases”.
The diffraction data from the “peak” wavelength at 4.17 A res-
olution along with the known phases are used to conduct the
direct-methods MAD phasing for 20 cycles of iteration (IP-
CAS iteration control: OASIS+DM+AutoBuild). The result-
ing electron density matches well with the reference model
(see Fig. 3(a)) and the backbone structure auto traced from the
density map covers 51.2% of the total residues.

The human BK channel Ca>* gating apparatus is also a
membrane protein. In the original work, initial phases were
calculated by MAD phasing and the model was generated and
extended against native data by iterative manual building.

In the testing case, the heavy-atoms and MAD phases are
firstly calculated by SHARP, then the MAD phases are trun-
cated to 8.00 A and regarded as the “known phases”. The trun-

cated 6.80 A “peak-wavelength” data along with the known
phases are used to conduct the iterative direct-methods MAD
phasing for 20 cycles of iteration (IPCAS iteration control:
OASIS+AutoBuild). Finally, a backbone-structure has been
generated with 41.8% of the total residues built from the re-
sulting density map. The map matches reasonably with the
reference model (see Fig. 3(b)).

The structure of R-phycoerythrin (Rpe) was originally de-
termined via MIR method with four sets of derivative data and
the native data.

In our test, the heavy-atoms and the conventional MIR
phases are firstly calculated by SOLVE.[® Then the MIR
phases are truncated to 8.00 A resolution and regarded as
The truncated 6.90 A Au-derivative
data and the native data along with the initial known phases

the “known phases”.

are used to conduct the iterative direct-methods MIR phas-
ing for 20 cycles of iteration (IPCAS iteration control:
OASIS+AutoBuild).
traced by the resulting electron density map which has re-

71.2% of the total residues are auto

vealed the essential features of the reference model (see
Fig. 3(c)).

For all the three testing cases above, we have compared
the final figure-of-merit (FOM)-weighted mean phase error
of the conventional MAD/MIR phasing, the iterative direct-
methods SAD/SIR phasing, and the iterative direct-methods
MAD/MIR phasing, respectively. The results of the iterative
direct-methods MAD/MIR phasing are evidently better than
the other two phasing methods, proving that it could further
improve the conventional MAD/MIR phases. Detailed result-

ing information is listed in Table 3.

Fig. 3. Results of three cases from stage 1: (a) 3UM7; (b) 3MTS; (c) 1LIA. The upper part represents the resulting electron density maps (the
orange meshes) contoured at 1.5 ¢, and the reference models are shown in gray cartoons. The bottom part shows the resulting models (blue)
superimposed with the corresponding reference models (grey). This figure is made by PyMOL. >3
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Table 3. Results for three testing cases in stage 1.

Direct-methods MAD/MIR phasing

FOM weighted mean phase error of

different phasing methods/(°)

Protein PDB-ID Reference Resolution/A Ruont/Riree Residues CPU times Direct-methods Direct-methods MAD/MIR
model length? built/%®  (h:min:s) MAD/MIR phasing SAD/SIR phasing  phasing
The human K2P
¢ human 3UM7 503 417 047/048 512 01:37:20 70.88 86.00 78.78
TRAAK channel
Human BK channel 5\ 593 6.80 049/053 418  02:10:34 35.44 69.74 40.28
Ca®* gating apparatus
R-ph hri
phycoerythrin 1y 1a 668 6.90 042/045 712 00:50:53 37.97 62.01 51.20

(Rpe)

4Total residue number of the reference model.

PNumber of residues in the model built by the model-building programs.

3.3. Phase extension

Although the “sausage-like” electron density maps ob-
tained in stage 1 have revealed some basic characteristics of
the structure, the models are lack of accurate side-chain infor-
mation owing to the low resolution of the diffraction data. In
order to obtain more precise structures, the phase extension is
conducted.

In the human K2P TRAAK channel case, we have failed
to automatically extend the phase and model to higher reso-
lution owing to the severe anisotropy displayed in the native
data which is elliptically truncated and scaled to 3.80 x 3.30 x
3.80 A. While for the other two cases, automated phase exten-
sions are successfully achieved.

For the human BK channel Ca>* gating apparatus case,
the 6.80 A phases from stage 1 are firstly used to build an
initial model and refined by PHENIX.AutoBuild against the
3.00 A native data. Then the model as well as the native data
is used to conduct the direct-method phase extension for 17
cycles of iteration. The final model is nearly completed with
Ryork/Riree Teaching 0.25/0.29. The results of cycles 0, 4, 10,
and 17 are listed in Table 4, and the models of cycles 0, 4,
and 17 are shown in Fig. 4. The electron density maps are
figured by COOT!?¥ to show the successful phase extension
from 6.80 A to 3.00 A resolution (see Fig. 6(a)). As there is no

NCS information within the unit cell, the testing result proves
that the direct-methods phase extension procedure could be
independent of the aid of the prior NCS information in the

challenging case.

Fig. 4. Results of iterative direct-methods phase extension of 3MT5
(from 6.80 A initial phases to 3.00 A structure): (a) model from cycle
0; (b) model from cycle 4; (c) model from cycle 17; (d) the reference
model.

Table 4. Results of low-resolution phase extension for 3MTS in stage 2.

FOM-weighted Number of Number of No. of Car with Ca-atom
Cycle Rwork/Rfree . .1.b . c
mean phase error/(°) residues built residues placed® ACa® < 1.00 A RMSD/A
0 63.40 0.50/0.54 242 5 71 2.85
48.56 0.46/0.52 364 32 93 2.26
10 29.64 0.41/0.49 401 81 226 1.69
17 23.72 0.25/0.29 602 583 544 0.94
AutoBuild 82.79 0.46/0.52 307 26 13 2.88

2ACuq is the deviation of Car atoms between the resulting final model and the reference model.

YThe number of residues in the model built by model-building programs.

°The number of residues that match the sequence.

076108-5



Chin. Phys. B Vol. 28, No. 7 (2019) 076108

The case of 1LIA has a two-fold NCS operator. The
6.90 A phases are firstly used to build an initial model and
refined by PHENIX.AutoBuild against the 2.80 A native data.
Then the model as well as the native data is used to conduct
the direct-method phase extension for 15 cycles of iteration.
The final model is nearly completed with Ryork/Riree Teach-
ing 0.25/0.28. The results of cycles 0, 4, 8, and 15 are listed
in Table 5 and the models of cycles 0, 4, and 15 are shown
in Fig. 5. The electron density maps from 6.90 A to 2.80 A
resolution are displayed in COOT (see Fig. 6(b)).

We have made a comparison in phase extension between
RESOLVE!®! in PHENIX with our direct-methods phase ex-
tension procedure. The phases after extension in RESOLVE
are then delivered to PHENIX.AutoBuild for model building
and refinement, and the building results of the two cases are
listed in Tables 4 and 5, respectively. We can see that RE-
SOLVE has failed in extending phases good enough for auto-
matic model building while the direct-methods phase exten-

sion has achieved.

Fig. 5. Results of iterative direct-methods phase extension of 1LIA (from
6.90 A initial phases to 2.80 A structure): (a) model from cycle 0; (b) model
from cycle 4; (c) model from cycle 15; (d) the reference model.

Table 5. Results of low-resolution phase extension for 1LIA in stage 2.

FOM-weighted Number of Number of No. of Cor with Co-atom
Cycle Rwork/Rfree A b .
mean phase error/(°) residues built residues placed® ACa® <1.00 A RMSD/A
0 70.62 0.42/0.48 359 17 161 1.45
50.23 0.37/0.44 429 28 294 1.69
8 38.11 0.32/0.42 532 294 452 1.04
15 31.08 0.25/0.28 684 677 644 0.87
AutoBuild 79.92 0.39/0.46 360 69 51 2.01

2ACa is the deviation of Car atoms between the resulting final model and the reference model.

>The number of residues in the model built by model-building programs.

“The number of residues that match the sequence.

Fig. 6. Electron density maps before (left column) and after (right col-
umn) the iterative direct-methods phase extension: (a) 6.80 A map ex-
tends to 3.00 A map for 3MTS5; (b) 6.90 A map extends to 2.80 A map
for 1LIA. This figure is made in COOT.

4. Conclusion and perspectives

The iterative direct-methods MAD/MIR phasing proce-
dure is proved to be reliable to improve the phase quality cal-
culated from the conventional MAD/MIR methods at low res-
olution. The iterative direct-methods phase extension proce-
dure is capable of extending phases automatically in two spe-
cific cases (case from 6.90 A to 2.80 A and case from 6.80 A
to 3.00 A), both resulting in nearly completed models. The
techniques proposed in this paper are useful and reliable when
dealing with MAD/MIR data with derivative crystals diffract-
ing to much lower resolution and native crystal diffracting to
high resolution.

Furthermore, low-resolution phases from other sources
such as molecular replacement (MR) template, cryoEM map,
or even nuclear magnetic resonance (NMR) data can be pos-
sibly extended to high resolution by using the procedure de-
scribed in this article. In addition, as the success of the direct-
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methods phase extension depends on the quality of the initial

phases and the resolution of the high-resolution data, quanti-

tative analysis is needed to investigate how these factors in-

fluence the final results. By accomplishing this, more appli-

cations in protein crystallography will be discovered via this

low-resolution phase extension tool.
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