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Direct-method phase extension has been applied to two-dimensional electron diffraction data of the protein strepta-

vidin. Structure-factor amplitudes from electron diffraction were combined with phases from the corresponding electron

micrographs. Maximum-entropy discrimination and cluster analysis were used to derive a solution from a large number

of random trials. The phase extension from 0.3 to 0.25nm led to substantial improvement of the reconstructed projection

image quality.
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1. Introduction

Ever since the three-dimensional (3D) structure
map of the tail of bacteriophage T4 was determined
by reconstructing a series of electron micrographs pro-
jected from different directions,[!! this new technique
of 3D reconstruction has been set up and widely ap-
plied to the structural study of macromolecules and
their complexes. Considerable effort has been ex-
pended to improve the resolution of electron micro-
graphs of macromolecules since the 1970s when great
progress was made for improving the resolution of elec-
tron microscopes. It was reported that the beam-
induced specimen movement and radiation damage
are two of the most important factors in reducing
image contrast.! A big step forward for 3D recon-
struction was made in 1975,/3] when the structure of
purple membrane from Halobacterium halobium was
investigated. The image contrast and resolution were
enhanced by preserving the specimen in a less volatile
glucose medium and by alleviating the radiation dam-

age with a low dose of electrons. Preserving the spec-

imen at liquid nitrogen or helium temperature is an-
other efficacious way for reducing the radiation dam-
age and enhancing the image contrast.[*] In order to
minimize the effect of specimen movement the spot-
scan mode by a computer control has been developed
for the image recording, and the electron micrographs
recorded in such a way showed a higher and more con-
sistent contrast.[®®! A complex image processing tech-
nique can be used to enhance the image resolution by
many refinement procedures in methodology.[":®! The
resolution of protein structures determined by the 3D
reconstruction has reached 0.35, 0.35 and 0.34nm for
bacteriorhodopsin, 8! PhoE porin(®! and LHC-IL,1 re-

spectively.

The direct method originally developed in x-ray
crystallography plays a more and more important
role in electron crystallography. For instance, the
direct method has been successfully utilized for ab-
initio crystal structure determination based on elec-
tron diffraction data.['ll Another successful applica-

tion of direct method to electron crystallography is
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the phase extension: namely, in enhancing the resolu-
tion of crystal structures determined by HREM. For
inorganic crystals the resolution of determined struc-
tures is much higher than that of the image and may
be close to the diffraction resolution limit.['2=2! Apart
from the above-mentioned phase extension technique
that uses the direct method, the one using the maxi-
mum entropy method was applied to two-dimensional
purple membrane.[?2] In this paper, the direct method
is applied to protein crystals and a test is carried out

for the biotin-binding protein streptavidin.

2.Method

2.1. Experiment

The specimen used in the test is the biotin-
binding protein streptavidin with space group C222
and unit-cell parameters a=8.225nm, b=8.225nm,
¢=5.000nm. The atomic model of protein streptavidin

(23] and Hendrickson et

was determined by Weber et al
al!?4] using the x-ray crystallographic method. Elec-
tron diffraction pattern was recorded on Kodak SO-
163 film by a JEM1200 microscope operated at 100kV.
Electron micrographs were taken at 400kV with a
JEM4000 microscope using a flood beam illumina-
tion and low-dose technique.[?®] Amplitudes of 0.25nm
resolution were extracted from the electron diffrac-
tion pattern according to the method of Baldwin and
Henderson.?$! Twenty-two image arrays from six dif-
ferent micrographs were processed with SPECTRA[27]
and other programs from MRC.[7] Initially, lattice dis-
tortion was removed by unbending after lattice param-
eters were refined. A rough estimation of defocus and
astigmatism parameters was obtained from contrast
transfer function (CTF) ring!?®! or by a comparison
of their phases with the CTF-correct ones.?® Then,
a refinement of CTF parameters for each image ar-
ray against others was carried out to minimize their
merging phase residuals. Finally, 0.3nm phases are ob-
tained by the weighted average of the merged phases

from image arrays.
2.2. Phase extension

2.2.1. Initial extended phase sets

The direct-method program, SAPI,[?9 has been
used for the phase extension. The 0.25nm structure
amplitudes from electron diffraction and the 0.3nm
known phases from the corresponding micrographs
were input to SAPI. Random starting phases®?] were

assigned to 80 independent reflections between 0.3 and

0.25nm. The refinement of starting phases was carried
out by the statistically-weighted tangent formula,3!]
and 903 random trials were performed.

2.2.2. Entropy discrimination

It is essential in multisolution phase extension to
pick up the correct solution. For this purpose, conven-
tional figures of merit in the direct method have been
tried, but they seemed not very successful, owing to
the low resolution limit of the diffraction data. An
alternative procedure was then used, in which a dis-
crimination method referred to as maximum entropy
image deconvolution®? was used to screen out those
solutions with phases nearly in random distribution
before the cluster analysis!®*3] was carried out. Values
of entropy were calculated for all projected potential
maps corresponding to the random trials.

The inverse Fourier transform of each trial F(H)
set yields a projected potential distribution map
(PPDM). Divide each unit cell into n pixels and let
¢; denote the value of projected potential of the jth
pixel. The entropy of this PPDM is defined as

=-> PP, (1)
j=1
where

Z ¢;- (2)

Those F(I-_f ) sets are discarded, of which the entropy
values are less than a threshold value. Thus, a certain
percent of phase sets are reserved for the cluster anal-
ysis.
2.2.3. Cluster analysis

The cluster analysis method has been applied to
protein crystallography by Lunin et all** in determin-
ing the molecular envelope of proteins for diffraction
data with very low resolution. Recently, Liu et al[®3]
described another implementation in choice of the cor-
rect solution among the phase sets resulting from ran-
dom trials. According to the practice of cluster analy-
sis, a considerable number of phase sets is close to the
true solution, while others vary randomly and differ
from one another. To find out those phase sets which
are close to the true solution, the procedure is set up
as follows. The average phase error for every pair of

phase sets (phase-set pair), defined as
(dif(p)) = Z 7 z]/ZFg, 3)
H

is calculated, where F; is the amplitude of the struc-

[()OHI_

ture factor, (@)1 and (¢g)2 are phases of two phase
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sets. Then a phase error close to the peak in the his-
togram of the distribution of average phase errors is
chosen as a radius. By taking one phase set as the
centre, a cluster is formed such that all those phase
sets with the average phase error between anyone of
them and the centre set less than the radius are in-
cluded. Evidently, the number of clusters formed by
such a way equals the number of phase sets. The av-
erage phase set is obtained by the weighted average

for the largest cluster as follows:

[mﬁexp(i(pﬁ’best)]average

N
= Z [mﬁexp(isoﬁ,best)]j/Na (4)

J
where N is the number of phase sets in the largest
cluster, [mg]; and [p 5, ...|; are the weight and phase,
respectively, of the jth phase set in the largest clus-
ter. The average phase sets from the largest clusters

are taken as the most probable solutions.

3. Test result

The 903 phase sets were derived from SAPI by
combining amplitudes from electron diffraction pat-
tern and phases from electron micrographs. Among
them 142 phase sets were reserved after discarding
those phase sets, of which the entropy values of cor-
responding projected potential maps were less than
10.275.

In the histogram given in Fig.1 the y-axis indi-

cates the number of phase-set pairs and the z-axis the
average phase error in degree. According to the above-
mentioned principle of cluster analysis, the sharp peak
in Fig.1 implies that only a single largest cluster, in
which the number of phase-set pairs is the biggest,
is found out. The average phase set in this largest

cluster should be close to the true solution.
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Fig.1. Histogram showing the distribution of phase-
set pairs as a function of average error. The y-axis
indicates the number of phase-set pairs and the z-axis
the average phase error in degree.

The phase extension using amplitudes taken from
the electron diffraction pattern and phases between
0.3 and 0.25nm was carried out. Phases of 80 reflec-
tions between 0.3 and 0.25nm were derived. Figure
2(a) displays the projected potential map obtained by
using amplitudes taken from the electron diffraction

pattern and phases between 0.3 and 0.25nm derived

Fig.2. Projected maps of protein streptavidin of resolution. (a) 0.25nm obtained after phase extension,

using the amplitudes taken from electron diffraction pattern and phases from phase extension using the

program SAPI, and (b) 0.3nm with the amplitudes obtained from electron diffraction pattern and phases

from the merging image arrays.[25] Four symmetrically arranged atomic backbones are superimposed on the

map. The black colour in the map stands for high densities.
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by the phase extension with the entropy discrimina-
tion and cluster analysis being applied. Four symmet-
rically arranged atomic backbones are superimposed
on the map where the black colour stands for high den-
sities. For comparison, the projected potential map of
resolution 0.3nm obtained with phases from the merg-
ing image arrays and amplitudes from electron diffrac-
tion pattern [2] is displayed in Fig.2(b).

Figures 3(a) and 3(b) are pictures magnified from
the top right region in Fig.2(a) and 2(b), respectively.
It can be seen that in all the places pointed out by ar-

rows the image contrast is more reasonable in Fig.3(a)
than that in Fig.3(b). In other words, a better fit be-
tween the projected potential map and the structure
model is found in Fig.3(a) than in Fig.3(b).

The derived phases of 80 reflections between 0.3
and 0.25nm were compared with the true phases, and
57 phases are correctly derived. The deviation be-
tween some derived phases from the true ones indi-
cates that the resolution of obtained projected map is

not exactly 0.25nm, but is close to 0.25nm.

Fig.3. Magnified pictures of the top right area in Fig.2. The image contrast of Fig.3(a) fits the
structure model better than that of Fig.3(b).

4. Conclusion

The validity of phase extension has been shown by
means of the test for the biotin-binding protein strep-
tavidin. It should be emphasized that the phase exten-
sion method developed in electron crystallography for
inorganic crystals'?2=21] has been modified to fit the
protein crystals. After obtaining the initial random
phase sets of structure factors by conventional phase
extension, two more procedures have been introduced.
Firstly, a preliminary discrimination method based on
the principle of maximum entropy has been proposed
and applied to filter the initial phases obtained by
means of the conventional phase extension method so

that a group of relatively good phase sets is reserved.

Secondly, the cluster analysis method has been intro-
duced to select the best cluster among the good phase
sets. Finally, the average phase set for the best clus-
ter is recognized as the correct solution. The results
show that the resolution of projected structure ob-
tained from the electron micrographs can be enhanced
from 0.3nm to approximately 0.25nm by combining
the electron diffraction data. It can be expected that
this method is beneficial to the determination of un-

known structures in protein electron crystallography.
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