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Why Cryo-Electron Microscopy

A solution for emergent problems

M protein
Figure 1. Spike protein of coronavirus
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Reconstruction of Three Dimensional
Structures from Electron Micrographs

by
D. J. DE ROSIER
A. KLUG firagas

MRC Laboratory of Molecular Biology,
Hills Road, Cambridge

Tar standard high resolution clectron microscope has
a depth of focus of several thousand Angstroms, making
the image a two dimensional superposition of different
levels in the three dimensional structure. The focus
eannot be adjusted to different levels within the object,
and so three dimensional structures are dificult to analyse.
Stereo-electron micrographs do not overcome this dift
culty satisfactorily, as will be shown.

Our method starts from the obvious premise that more
than one view is generally needed to sco an object in
three dimensions. We determine first the number of
views required for reconstructing an objeet to a given
degreo of resolntion and find a systematic way of abtaining
these views. The electron microscope images correspond-
ing to these different views are then combined mathe
matically, by a procedure which is both quantitative
and free from arbitrary sssumptions, to give the three
dimensional structure in a tangible and permanent form.
Tho method is most powerful for objeots containing
symmetrically arranged subunits. for hero a single image

3

General principles are formulated for the objective reconstruction
of a three dimensional object from a set of electron microscope
These principles are applied to the calculation of a three
dimensional density map of the tail of bacteriophage T4.

different views of the structure.
The symmetry of such an object can be introduced
into the process of reconstruction, allowing the three
dimensionsl structure to be reconstructed from a single
view, or u small number of views. In principle, however,
the method is applicable to any kind of structure, includ-
ing individual, unsymmetrical particles, or sections of
biological specimens

effectively contains man

Summary of Procedure

Electron micrographs sre selected in which the details
of tho structure show up best, as judged for example
in the phage tail described later, by their optical diffrac-
tion pattern The optical density in cach image is
sampled nt regular points on a grid by an automatic

icrodensi linked to a comy d
work of U. W. Arndt, R. A. Crowther and J. F. W.
Maliett), which converts the image into & set of numbers
representing the density at each grid point. These numbers
are now transformed by computation into a set of Fourier
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Tae standard high resolution electron microscope has effectively contains many different views of the structure.
a dopth of focus of several thousand Angstroms, making The -nnme&ry of mh an object can be introduced
the image a two dimensional superposition of different process of reconstruction, allowing the three
fevels in the three dimensional structure. The focus dimensional structure to be reconstructed from a single
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culty satisfactorily, as will be shown. biological specimens.
Our mothod starts from the obvious premise that more

than one view is generally needed to sco an object in Summary of Procedure

three dimensions. We determine first the n\lmber of Electron micrographs are seleeted i in ‘which the details
views required for reconstructing an object to a given  of tho structure show up best, ns judged for example
degree of resolntion and find a systematic way of obtaining  in the phage tail described later, hy thmr optical diffrae-
these views. The electron microscope imnges correspond-  tion patterns'’. The optical denm in cach image is
ing to these different views are then combined mathe- sampled at mguln- pomu on a grid by an automatic
matically, by a procedure which is both qnmtlhtwo roda €03 ubr (unpublished
and free from arbitrary sssumptions, to give the three work of U W Amde. R. A Cron er and J. F. W.
dimensional structure in a tangible and g Mallctt), which converts the image into a set of numbers
The method is most powerful for objects oonmmnz representing the density at each grid point. These numbers
symmetrically arranged subnnits. for here a single image  are now transformed by computation into a sct of Fourier
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cryo-electron microscopy (cryo-EM) is
now being used to solve macromolecular
structures at high resolution.
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The field that came in from the cold
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Tar standard high resolution clectron microscope has
a depth of focus of several thousand Angstroms, making
the image a two dimensional superposition of different
levels in the three dimensional structure. The focus
cannot be adjusted to different levels within the object,
and so three dimensional structures are dificult to analyse.
Stereo-eleetron micrographs do not overcome this diffi
culty satisfactorily, as will be shown.

Our method starts from the obvious premise that more
than one view is generally needed to sco an object in
three dimensions. We determine first the number of
views required for reconstructing an object to a given
degree of resolntion and find a systematic way of obtaining

s

effectively contains many different views of the structure.
The symmetry of such an object can be introduced
into the process of reconstruction, allowing the three
dimensional structure to be reconstructed from a single
view, or u small number of views. In principle, however,
the method is applicable to any kind of strueture, includ-
ing individual, unsymmetrical particles, or sections of
biological specimens
Summary of Procedure

Electron micrographs are selected in which the details
of the structure show up best, s judged for example
in the phage tail described later, by their optical diffrac-

these vie The electron microscope imnges corre tion pattern The optical density in cach image is

ing to these different views are then combined sampled at regular points on a grid by an automatic :
matically, by a procedure which is both quantitative icrodensi; linked to a comp d Met
and free from arbitrary assumptions, to give the three work of U. W. Amndt, R. A. Crowther and J. F. W. hE
dimensional structure in a tangible and permanent form. Mallett), which converts the image into & set of numbers e
Tho method is most powerful for objects containing representing the density at each grid point. These numbers cryo
symmetrically urranged subunits. for here a single image  are now transformed by computation into a sct of Fourier :“"r“‘l
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"for developing cryo-electron microscopy for the high-resolution structure
determination of biomolecules in solution"

Congratulations 2017 Nobel Laureates in Chemistry
Jacques Dubochet, Joachim Frank and Richard Henderson!

@0 The Nobel Foundation
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effectively contains many different views of the structure.
The s ry of such an object can introduced
into the process of reconstruction, allowing the three
dimensional structure to be reconstructed from a single
view, or a small number of vm In prmpla, however,
the mothod is applicable to nuY of structure, includ-
ing individual, un; particles, or scetions of
biological specimens.

Summary of Procedure
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in the phage tail deseribed later, hy elmr optical diffrae-
tion patterns'’. The optical dmnb in cach image is
m.mpcd at wguln pomu on a grid by an automatic
a_com ubr (unpublished
work ul‘ U W Amdt R. A Crowther and J. F. W.
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Cryo-EM structure of the 2019-nCoV spike in the

prefusion conformation

Daniel Wrapp™*; Nianshuang Wang'*, Kizzmekia S. Corbett?, Jory A. Goldsmith", Ching-Lin Hsieh’,
Olubukola Abiona, Barney S. Graham?, Jason S. McLellan't

The outbreak of a novel coronavirus (2019-nCoV) represents a pandemic threat that has been declared
international

a public health emergency of

mmcqu(s;mmms-bym

for vaccines, therapeutic antibodies, and diagnostics. To facilitate medical countermeasure development,
we determined a 3.5-angstrom resolution cryo-electron microscopy structure of the 2013-n1CoV

S trimer in the prefusion conformation. The predominant state of the trimer has one of the three
receptor-binding domains (RBDs) rotated up in a receptor-accessible conformation. We also provide
biophysical and structural evidence that the 2019-nCoV S protein binds angiotensin-converting enzyme
2 (ACE2) with higher affinity than does severe acute respiratory syndrome (SARS)-CoV S. Additionally,
we tested several published SARS-CoV RBD-specific monaclonal antibodies and found that they do not
have appreciable binding to 2019-nCoV S, suggesting that antibody cross-reactivity may be limited
between the two RBDs. The structure of 2019-nCoV' S should enable the rapid development and
evaluation of medical countermeasures to address the ongoing public health crisis.

‘e novel coronavirus 2019-nCoV has re-
cently emerged as a human pathogen in
the city of Wuhan in China’s Hubei pro-
vince, causing fever, severe respiratory
illness, and pneumonia—a disease re-
cently named COVID-19 (Z, 2). According to
the World Health Organization (WHO), as of
16 February 2020, there had been >51,000
confirmed cases globally, leading to at least
1600 deaths. The emerging pathogen was
rapidly characterized as a new member of the
betacoronavirus genus, closely related to sev-
eral bat coronaviruses and to severe acute respi-
ratory syndromme coronavirus (SARS-CoV) (3, 4).
Compared with SARS-CoV, 2019-n00V appears
10 be more readily transmitted from human to
human, spreading to multiple continents and
leading to the WHO's declaration of a Public
Health Emergency of International Concern
(PHEIC) on 30 January 2020 (1, 5, 6).
2019-nCoV makes use of a densely glycosyl-
ated spike (S) protein to gain entry into host
cells. The 8 protein is a trimeric class T fusion
protein that exists in a metastable prefusion
conformation that undergoes a substantial strue-
tural o fuse the viral membrane
with the host cell membrane (7, 8). This process
is triggered when the S1 subunit binds to ahost
«cell receptor. Receptor binding destabilizes the
prefusion trimer, resulting in shedding of the
Stsubunit and transition of the 52 subunitto
astable postfusion conformation (9). To engage
ahost cell receptor, the receptor-binding do-
‘main (RBD) of $1 undergoes hinge-like confor-
mational movements that transiently hide or

National Insitutes of Heatth, Bethesda, MD 20892, USA
*These avtrors contrtuted equally o this work.
‘avthor. Emal mclellanQastin uteras adu

expose the determinants of receptor binding.
«down corresponds to the receptor-inaccessible

A
S5 RBD sbz

Viral membrane

1

state and up corresponds to the receptor-
accessible state, which is thought to be less
stable (10-13). Because of the indispensable
function of the S protein, it represents a target

Based on the firstreported genome sequence
of 2019-nCoV (4), we expressed ectodomain
residues 1 to 1208 of 2019-nCoV 8, adding two
stabilizing proline mutations in the C-terminal
S2 fusion machinery using a previous stabili-
zation strategy that proved effective for other
‘betacoronavirus S proteins (11, 14). Figure 14
shows the domain organization of the expres-
sion construct, and figure S1 shows the purifi-
cation process. We obtained ~0.5 mg/liter of
the recombinant prefusion-stabilized S ecto-
domain from FreeStyle 293 eells and purified
the protein to homogeneity by affinity chro-
‘matography and size-exclusion chromatography

(fig. S1). Cryo-electron microscopy (cryo-EM)
grids were prepared using this purified, fully
glyeosylated S protein, and preliminary screen-
ing revealed a high partide density with litde
‘aggregation near the edges of the holes.

s2'

1208
I w1 co \m

HR2 CT

Fig. L Structure of 2019-nCoV S in the prefusion conformation. (A) Schematic of 2019-nCaV §
primary structure colored by domain. Domains that were excluded from the ectodomain expression
construct or could not be visualized in the final map are colored white. SS, signal sequence;

52, 52" protease deavage site; FP, fusion peptide; HR1, heptad repeat L CH, central helix;

D, connector domain; HR2, heptad repeat 2; TM, transmembrane demain; CT, cytoplasmic tail.
Arrows denote protease deavage sites. (B) Side and top views of the prefusion structure of the
2019-nCoV S protein with a single RBD in the up conformation. The two RBD down protomers are shown
as cryo-EM density in either white or gray and the RBD up protomer is shown in ribbons colored

corresponding to the schematic in (A)

Wrapp et al., Science 367, 1260-1263 (2020) 13 March 2020
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Congratulations 2017 Nobel Laureates in Chemistry
Jacques Dubochet, Joachim Frank and Richard Henderson!
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Tae standard high resolution electron microscope has
a depth of focus of several thousand g

image a two dimensional superposition of “difforent
levels in the three dimensional structure. The focus
eannot be adjusted to different levels within the object,
and so three dimensional structures are difficult to analyse.
Sterea-clectron micrographs do not overcome this diffi-
culty satisfactorily, as will be shown.

Our mothod starts from the obvious premise that more
than one view is generally needed to sco an object in
three dimensions. We determine first the number of
views required for reconstructing an object to a given
degree of resolition and find a systematic way of obtaining
these views, The ron microscope images correspond-
ing to these different views are then combined mathe-
matically, by a procedure which is both qumtlhtwc
and free from arbitrary sssumptions, to give the thre
dimensional structure in a tangible and permanent form.
Tha method is most powerful for objects containing
symmetrically arranged subunits. for here a single image

General principles are formulated for the objective reconstruction
of a three dimensional object from a set of electron microscope
images. These principles are applied to the calculation of a three
dimensional density map of the tail of bacteriophage T4.

effectively contains many different views of the structure.
The s ry of such an object can introduced
into the process of reconstruction, allowing the three
dimensional structure to be reconstructed from a single
view, or a small number of vm In prmpla, however,
the mothod is applicable to nuY of structure, includ-
ing individual, un; particles, or scetions of
biological specimens.

Summary of Procedure
Electron micrographs are selected in which the details
of the structure show up best, as judged for example
in the phage tail deseribed later, hy elmr optical diffrae-
tion patterns'’. The optical dmnb in cach image is
m.mpcd at wguln pomu on a grid by an automatic
a_com ubr (unpublished
work ul‘ U W Amdt R. A Crowther and J. F. W.
Mallctt), which converts the image into a set of numbers
representing the density at each grid point. These numbers
are now transformed by computation into a sct of Fourier
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Olubukola Abiona®, Bz

The outbreak of a nov

Nl_'ll-ilﬂ‘ Dimitr| . Chirgadze®, Hhm l._hlllia-m
Sjors H, W. Scheens' ™

The three-dimensional positionsof atoms in protein molecules define their structure
amd their rodesin biological processes. The more precisely atomic eoordinates ane
determined, the more chemical information can be derived and the mare mechanistic
indights into protein function may be inferred. Electron cryo-microscopy (cryo-EM)
single-particle analysis has yielded protein structures withincreasing levels of detail in
recent years'. However, it bas proved difficult to obtain cryo-EM reconstructions with
sufficient resclution i visialize individual atoms in proteins. Here we use anew
electran source, energy filier and camera to obeaina 1.7 A resolurion erya-EM
reconstruction for s human membrane protein, the B3 GABA, receptor
homepentamer’, Suchmaps allow a detaibed understanding of small- malecule
eoordination, visualization of solvent molecules and alternative conformations for
multiple amina acids, and unambiguous building of ordered acidic side chains and
glycans. Applied o meuse spaferritin, cur strategy ledtoa 122 A reselution
reconstruction thatoffers a genuine stomic-resolution wview of a protein molecule
using single-partiche cryo-EM. Moreover, the scattering petential From many hydrogen
atoms can be visualized in difference maps, allowing a direct analysisaf
hydrogen-bonding networks, Dur technobogical sdvances, combined with fusther
approaches tosceelerate data scquisition and im prove sample quality, provide a route
towards routine application of cryo-EM in high-throughput screening of small
milecule modulators and structure-based drug discovery.

Mulripsbe Facrors determine the artairabbe e soliation of seconstructions

fromsingle-particle crya-EM. However, far hiological macromalecules,
centlynamed COVE |y gy gigtion damage caused by election teractions with the sirple
the World Health Or | 5 fundamental lsmitation. To preserve the molecular structure, dam-
gt s restricted by carefully limiting the number of glectrons used for
imaging®. The resulting counting statistics lead o high levels afnaise.
Thesignal ta-noise ratio (SNRDof cryo-EM images drops sapidly with
spatial frequncy, and at Bighes spatial Tregiieieies e nos s i
cally ardersof magnitude higher than the signal.

Figh-resalution recomstructions can still be calculated by svaraging.
aver many images of ind ividual particles, provided that their relative
orientations can be determined, Howeves, because noise reduction
scales with the square roct of the numiber of particles, and because
« higher SRS bead 10 MOne aecurane orientations, acquring mere par-

ticles is aften less efficient than increasing the SKR in the images.

leading t0 the WHOY | ¢y ary, sitheugh micsoscope automation” snd Faster imape

Health Emergency | pqcossing programs® have allowed reconstructions fram largee

(PHEIC) on 30 Janu: | garacets in recent years, increasing the SMR of the raw datamay lead

2019000V makes 0 DIEgEr improvements, & i Hlustrated by the sudden increase in
ated spike (S) protei

10 be more readily tr

crpoEM resclutions with the introduction of more sensitive direcs.
electron cameras in 2015,

Higrewi describoetha elFect of e technedogicsl developanents thet
furtherincrease the SNR of oryo-EM images:a new cold fckd emission
electron gun (CFEG). a newenengy filber andthe Latest generation Falcon.
direct electron camera (Fig. 1a). Combined, these developmentslead to.
amried increase inthe schievable resclution thatuitmanedy enshles
thvisualization of individual pratein atoms in oprimized samples,

Electron source optimized for energy spread

Thet source inside the microscope emis electrons with a range of dif-
ferentwavelengths, or energies. Becausenot all of these electrons can
e focused in the same plans owing o chromatic aberration in the
abjective lens, the energy spread of the electrons leads to ablurin the
inages. The cormespondingloss in SNRincre ases with spatial frequency
anddis described by an envelopeon the contrastcrassher function (CTF).
Many state-of-the-art electron microscapes are equip ped with a feld
amnissson gun (FEGHhat is operated i a wmperatuee of L7040 LSDOE.

cells. The S protein i VRS Laboratory of Melacilar Bisiogr, Carmbridge, It ‘Mirsrialsand Sirucivrsl Arabyui Ditias, Tharma Fither Sciarific, Endhosan, The Msibarandu. 'Snision of Suctural Bislogy,

protein that exists it

conformation that um ‘Tha Necharlasnch. "Prusant acrees. Deprirrari:of Fhysics, Impars. Cellega Londen, Lasdon, UE- “Thau suhors coririsied scuslly Taknad akana, Aty ziachs, ks Seris.

tural 1 gl iacuamac-inis.cam ac Lk, wheres e imh.camosc ok

with the host cell mex

is triggered when the B2 | Natwn | Vol 557 | 5 Novambse 2020

«cell receptor. Receptc

prefusion trimer, resulting in shedding of the o
S1subunit and transition ofthe S2 subunit to Viral membrane
astable postfusion conformation (9). To engage

ahost cell receptor, the receptor-bindingdo- | Fig. L Structure of 2019-nCoV $ in the prefusion conformation. (A) Schematic of 2019-nCoV S
‘main (RBD) of S1 undergoes hinge-like confor- | primary structure colored by domain. Domains that were excluded from the ectodomain expression

mational movements that transiently hide or | construct or could not be visualized in the final map are colored white. SS, signal sequence;

52, 52" protease deavage site; FP, fusion peptide; HR1, heptad repeat L CH, central helix;

D, connector domain; HR2, heptad repeat 2; TM, transmembrane demain; CT, cytoplasmic tail.
Arrows denote protease deavage sites. (B) Side and top views of the prefusion structure of the
2019-nCoV S protein with a single RBD in the up conformation. The two RBD down protomers are shown

hatiora rstiutes of Beaih, Bahesc MD 20852 LSk as cryo-EM densily in ither white or gray and the RBD up protomer is shown in ribbons colored
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ﬂ Check for updates

Apoferritin GABAA-p3 GABAA-p3 GABAA-B3  GABAA-P3
Number of collected 3370 8733 1244 1268 1556
movies
Initial particle images 428590 1105069 192053 199867 242059
(no.)
Final particle images 363126 233576 33166 42780 45009
(no.)
Map resolution at 1.22 1.73 1.97 1.89 1.87

FSC=0.143 (A)

N8O glycan

B3 subunit

N149 glycan

nanodisc

Mb25

90°

Steven W. Hardwick®, Dimitri Y. Chirgadze®, Garib Murshudov’, A. Radu Aricescu'™ &
Sjors H. W. Scheres'™
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Challenges

e Large Data Set (Thousands of movies)
e High Dimension (Pixel number)

e Heavy Noise

e Heterogeneous Conformations

e Missing Value Problem



cryoEM data

Particle picking

2D clustering

3D structure
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One 1mportant function of 2D clustering 1s to sift valid
particle images. It 1s manually executed!

f& Metadata: classes2D.sglite 64 items (80 x 80)@ubuntu16 - [m] X
File Display Tools Help
& 100+ ¥ 1 Cols Rows

Block [Classes2D

3

File Display Tools Help
B[ 160 ¢ Al Rows

Block [Classes2D

e relion

_size=1573, id=21 =1039, id=15 | size=903, id=17 | size=817, id=41 | _si

2 size=743, 7 | _size=695, id=23
=544, id=14

_size=539, id=49 | _size=493, id=44 _size=443, id=5

_size=403, id=43

_size=392, id=18

File Display Tools

Help

@[ 100

Block grclasseszD

[«

Metadata: classes2D.sqlite 66 items (80 x 80)

1

=,

el

Cols Rows

ISAC

522, id=...|...101,

id=6 |..

8
‘}l .
..101, id=...|...101, id=..

-

=

100,

.90, id=59 |

.89, id=48|...=88, id

P -
% Close \m Averages Classes




Accept for 3D




Training Set

Volta phase plate?

betagal

ribsome

T20S proteasome

COWpea mosaic virus

Activated NAIP2/NLRC4

Inflammasome

TcdAl

- thermostabilized avian CFTR
"% Synaptic RAGI-RAG2 Complex

~ bovine liver glutamate

dehydrogenase

10057

10205

10063

10089
10219
10049

10217

100x100
100x100

130%x130

200x200
250%250

400x400

530x%530

350%350
400x400
192x192

300x300

Total

158(92/66)
200(47/153)
500(218/282)

79(7/72)
59(18/41)
40(13/27)

60(27/33)
100(25/75)
150(64/86)

95(27/68)

1441(538/903)

3792
4800
12000

1869

1416

960

1440
2400
3600

2280

34584




def BuildModel(training, training label, size, num_filter,name):

model=Sequential()

model.add(Conv2D(filters=20,kernel size=(30,30),input_shape=(100,100,1),activation="sigmoid’,padding="same"))
model.add(Conv2D(filters=20.kernel size=(20,20),padding="same"))

model.add(MaxPooling2D(pool_si1ze=(10,10)))

model.add(BatchNormalization())

model.add(Activation( 'relu' ))

model.add(Flatten())

model.add(Dense(100,activation="sigmoid'))

model.add(Dense(1,activation="sigmoid'))

model.compile(optimizer='adam',Joss='binary crossentropy',metrics=['accuracy'])

checkpoint = ModelCheckpoint(name+'model-{epoch:03d }.h5', verbose=1, monitor="val loss',save best only=True, mode="auto')

model.fit(training,training label,epochs=20,batch size=500,verbose=1, validation data=val set, callbacks=[checkpoint])



Training & validation
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loss

0.1545
0.0318
0.0324
0.0259
0.0506
0.0032
0.1042
01117
0.0937
-0.0071

accuracy

0.9226
0.9288
0.9149
0.9471
0.9148
0.9471
0.9528
0.9013
0.959

0.9406

loss

-0.158
1343
1495
1955
1497
0.1698
-0.2351
0.1499
-0.1671
0.216

= I O P

accuracy

0.9392
0.9435
0.9467
0.9325
0.9373
0.9373
0.9498
0.9429
0.9275
0.9329

0.945
0.955
0.95
0.945
0.94
0.95
0.955
0.945
0.925
0.935



100 (23/77)
89 (21/68)
30 (4/26)
30 (7/23)
48 (10/38)
30 (8/22)
40 (9/31)
95 (27/68)
85 (17/68)
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The performance of DCGAN model on single
frame Image super-resolution (SR).

DCGANSs for image super-resolution, denoising and debluring
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3D reconstruction using GAN de-
noised images is Not as expected,

0.10 0.15
1/Resolution (1/A)



Training set
231 projections of ribosome plus Poisson noise
8251 paired data

Testing set
720 images

Input Ground Truth Input Ground Truth



The output iImages by cGAN could not yield reasonable 3D structure

reconstruction.
Pure or nearly noise images may also output likely particle images.
It Is dangerous to use In field like Cryo-EM where the image SNR is low.

Input Input
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Domain Knowledge:

Fourier Slice Theorem and Common Line.

Common Line implicitly holds the particle images as
a structure, but neglected in Deep Learning.

What we want to find

50S T9TLLT
ribosomal 2D FFT  SEESEE
subunit /f\ - —— pieriaes
' n < SRS
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What we have

3D Inverse Fourier Transform?
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Improved proteinstructure prediction using
potentials fromdeep learning
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ASCE P: We employ Scipion to integrate competitive

algorithms to process experimental cryo-EM data.
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ASCEP’ approach is to
develop

Efficient Dimension Reduction Method to subdue
the noise impact and save computation complexity.

Robust Clustering Algorithm to reduce the iteration
times yet output comparable results (if not better).

Distributed Computation Algorithms.
Interactive Visualization Tool.

Mathematical Modeling for better interpretation.



Distributed t-SNE

Szu-Han Lin, Ting-Li Chen* and I-Ping Tu (in preparation)
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Szu-Chi Chung, Shao-Hsuan Wang, Po-Yao Niu, Su-Yun Huang, Wei-Hau Chang and |-Ping Tu* (2020). “Two-
stage dimension reduction for noisy high-dimensional images and application to Cryogenic Electron

Microscopy”. Annals of Mathematical Sciences and Applications 5, 283-316.

MPCA-Stage
Rank Reduction
s ‘
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Figure 1: Schematic of 2SDR procedure.

Figure T: (a), (b), (c) from left to right, contains three t-SNE plots of ) o .
scores generated by PCA, MPCA and 2SDR; (d), (e), (f) presents the c Figure 2: 3D variability analysis. (a) The average volume. (b) The Scree plot




Szu-Chi Chung, Hsin-Hung Lin, Po-Yao Niu, Shih-Hsin Huang, |-Ping Tu* and Wei-Hau Chang* (2020). “Pre-pro
is a fast pre-processor for single-particle cryo-EM by enhancing 2D classification”. Communications Biology
3, 508.

Particle Picking

Patticles

Fig. 1 The flow charts of the processing and the pre-processing. (a) A single Cryo-EM image processing workflow. (b) The workflow of proposed pre
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Fig. 3 The ISAC dassification results of two small datasets: 70S ribosome and beta-galactosidase. (a) 40 classes of 705 ribosome are produced by Fig. 5 The classification results of Rat TRPV1 channel (EMPIAR-10005). (a) Representative classes from RELION with 175 prescribed classes, and
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Table 1: The classification time of the CPU implementation on five datasets. Notice that we only use the
CPU implementation from RELION.

Dataset
RELION ISAC DRMRA
Algorithm

708 ribosome 0.43 (30 classes) 1.78 (200 members) 0.28
GS Protein 22.91 (150 classes) 50.92 (1000 members) 1.82
124.50
808 ribosome 62.32 (520 classes) 2.54 (4X binning)
(4X binning, 200 members)
55.61
16.03 (200 classes) 1.76 (3X binning)
(3X binning, 1000 members)

12.36 (100 classes) * 3.86 (3X binning)

Table 2: The classification time of the GPU implementation on five datasets.

Dataset
RELION ISAC DRMRA

Algorithm

708 ribosome 0.28 (30 classes) 0.33 (200 members) 0.18
GS Protein 8.68 (150 classes) 4.08 (1000 members) 1.58

14.55
80S ribosome 30.12(f) (520 classes) 2.02 (4X binning)

(4X binning, 200 members)

13.56(f) (200 classes) 538 1.51 (3X binning)
(3X binning, 1000 members)

12.65

9.49(f) (100 classes) 3.33 (3X binning)
(3X binning, 1000 members)




2.5 A cryo-EM structure of particulate
methane monooxygenase

Wei-hau Chang*, I-Kuen Tsali, Shih-Hsin Huang, Hsin-Hung Lin, Szu-Chi Chung, I-Ping Tu,
Steve S.-F. Yu* & Sunney |. Chan* (2021) Cryo-EM structures of the functional particulate

methane monooxygenase (pMMO) from Methylococcus capsulatus (Bath) reveals the sites of the
copper centers. Journal of American Chemical Society (accepted).
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