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T
he dark side of single-particle EM

T
he greatthing about single-particle EM

:
Every data set and processing approach yields a 3D

 structure !

T
he bad

thing about single-particle EM
:

Every data set and processing approach yields a 3D
 structure !

B
ut is it correct ???

Particularly problem
atic

for low
-resolution m

aps



The issue: Structures of the IP3 receptor
as determ

ined by single-particle EM

Jiang et al.,
2002

Serysheva
et al.,

2003
Jiang et al.,

2003
Sato et al.,

2004
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Structure determ
ination by single-particle EM

C
ells

Protein Expression
Purification

Potential issues:

H
eterogeneity

–
C
om

positional
–
C
onform

ational
–
D
iscrete states

–
C
ontinuous m

ovem
ent

Effect of cross-linking



Structure determ
ination by single-particle EM

Potential issues with sam
ples

If chem
ical fixation was used:

Look at unfixed sam
ple to assess effect of cross-linking

Æ
Assess whether structure of cross-linked sam

ple is m
eaningful

Before attem
pting structure determ

ination –
U
nderstand and optim

ize your sam
ple !

Prepare negatively stained specim
ens:

G
ood contrast and preferred orientations
Æ

Easy to assess heterogeneity
If particles look heterogeneous:

C
alculate class averages

Æ
Assess type and degree of heterogeneity

Æ
M
inim

ize heterogeneity by any m
eans possible



Effect of cross-linking:
The b

2 V
2 R–barrestin1–Fab30 com

plex

N
ative

C
ross-linked

Shukla
et al.(2014) N

ature
512: 218-222



Effect of cross-linking:
The H

O
PS tethering com

plex

C
ross-linked

Bröckeret al.(2012)
PN

AS
109: 1991-1996

N
ative

C
hou et al.(2016)

N
SM

B
23: 761-763

C
B

A
H



Structure determ
ination by single-particle EM

G
rid

Specim
en

preparation

C
ells

Protein Expression
Purification

Potential issues:

–
N
o particles

–
Preferred orientations



Structure determ
ination by single-particle EM

Potential issues with grids

N
o particles (particles bind to carbon and avoid holes)

–
Increase protein concentration

–
D
ouble blotting

–
PEG

 treatm
ent of grid

–
U
se thin carbon film

Preferred orientation (particles align at air/water interface)
Lack of views will result in:
–
non-isotropic resolution of the density m

ap



The m
TO

R1 com
plex

Yip et al.(2010) M
ol. C

ell38: 768-774



Structure determ
ination by single-particle EM

Potential issues with grids

N
o particles (particles bind to carbon and avoid holes)

–
Increase protein concentration

–
D
ouble blotting

–
PEG

 treatm
ent of grid

–
U
se thin carbon film

Preferred orientation (particles align at air/water interface)

–
U
se thicker (or thinner) ice

–
U
se low concentration of detergent (changes surface tension)

–
U
se thin carbon film

 (com
m
only used for ribosom

e sam
ples)

–
U
se gold grids (R

usso & Passm
ore

(2014) Science
346: 1377-1380)

Lack of views will result in:
–
non-isotropic resolution of the density m

ap
–
can potentially lead to an incorrect density m

ap



Preferred orientations: Pex1/6 com
plex

W
ithout detergent



Preferred orientations: Pex1/6 com
plex

W
ith detergent



Structure determ
ination by single-particle EM

G
rid

Specim
en

preparation

2D
 im

ages Im
aging

C
ells

Protein Expression
Purification

Potential issues:

–
Low contrast

–
Beam

 dam
age



Structure determ
ination by single-particle EM

Potential issues with im
ages

Poor electron scattering
Æ

high electron dose
Beam

 sensitivity
Æ

low electron dose
Æ

Poor SN
R
 can be fixed

by averaging
Æ

Loss of inform
ation

cannot be fixed
Æ

Electron m
icrographs recorded with low electron doses

Æ
Particles hard too see, especially sm

all ones

Problem
 fixed by D

D
D
 cam

eras 
Æ

C
ollect long m

ovies
Æ

Add fram
es with resolution filter



Structure determ
ination by single-particle EM

G
rid

Specim
en

preparation

2D
 im

ages Im
aging

2D
 averages

Particle picking
Alignm

ent
2D

 classification

C
ells

Protein Expression
Purification

Particle picking:
–
M
odel/reference bias 

2D
 classification:

–
M
odel/reference bias

–
N
um

ber of classes
–
H
eterogeneous classes

–
D
isappearing classes

Potential issues:



Structure determ
ination by single-particle EM

Potential issues with particle picking

Shatsky
et al.(2009) J. Struct. Biol.166: 67-78

H
enderson (2013)Proc. N

atl. Acad. Sci. U
SA

110: 18037-18041

1,000 im
ages containing

pure white noise
R
eference:

Albert Einstein



Structure determ
ination by single-particle EM

Potential issues with particle picking

Average of 1,000 im
ages containing

pure white noise
after alignm

ent to 
an im

age of Albert Einstein

Æ
Einstein from

 noise

M
odel/reference bias

Shatsky
et al.(2009) J. Struct. Biol.166: 67-78

H
enderson (2013)Proc. N

atl. Acad. Sci. U
SA

110: 18037-18041



Structure determ
ination by single-particle EM

Potential issues with particle picking

M
ao et al.(2013)

PN
AS

110: 12438-12443
H
enderson (2013)

PN
AS

110: 18037-18041

H
IV env

trim
er

b-galactosidase



Structure determ
ination by single-particle EM

Potential issues with particle picking

H
enderson (2013)

PN
AS

110: 18037-18041
M
ao et al.(2013)

PN
AS

110: 12438-12443

H
IV env

trim
er

U
sing tem

plate m
atching

to pick particles from
 very

noisy im
ages is dangerous

Æ
Averages will end up

looking like tem
plates used

for particle picking



K-m
eans classification needs to be initialized with

a num
ber of classes K

Structure determ
ination by single-particle EM

Potential issues with 2D
 classification (K-m

eans)

Æ
reference bias Æ

Einstein from
 noise

–
D
eterm

inistic initialization
–
K

tem
plates are provided

(supervised classification, m
ulti-reference classification)

Æ
results tend to be unstable (different results for different repeats)

–
R
andom

 initialization
–
K

im
ages are random

ly chosen and used as references
–
data set is random

ly split into K
classes and class averages are used 



Structure determ
ination by single-particle EM

Potential issues with 2D
 classification (K-m

eans)

Properties / issues of K-m
eans classification

–
problem

 of “group collapse”, i.e., the possibility of a group losing 
its m

em
bers to the point of vanishing

–
the algorithm

 always converges, but not necessarily to the 
global optim

um
 (the best possible solution) 

–
outliers (rare objects whose appearance is partially or entirely
unrelated to that of the bulk of the data) have a very negative 
im

pact on the outcom
e

–
if the num

ber of groups is not guessed correctly and the groups 
are not well separable (always the case for very noisy data), 
the result depends dram

atically on the initialization 



Structure determ
ination by single-particle EM

Potential issues with 2D
 classification (K-m

eans)

Iterative stable alignm
ent and clustering (ISAC

) procedure
Yang et al.(2012) Structure

20: 237-247  

–
Equal-size group K-m

eans classification
Æ

prevents group collapse

–
Assessm

ent that alignm
ent param

eters for im
ages in a cluster

are stable (below a pixel error threshold) in repetitions

Æ
classes are stable and reproducible

–
Assessm

ent that classes are reproducible in repetitions

Æ
classes are hom

ogeneous
=  good for 3D

 reconstruction

–
O
nly a fraction of the data set is assigned to classes

–
C
om

putationally very expensive



Structure determ
ination by single-particle EM

G
rid

Specim
en

preparation

2D
 im

ages Im
aging

2D
 averages

Initial 3D
 m

ap

3D
 reconstruction

C
ells

Protein Expression
Purification

Particle picking
Alignm

ent
2D

 classification

Incorrect m
ap

Because of:
–
H
eterogeneous sam

ple
–
M
issing views

–
Incorrect solution

Potential issues:



IM
A

G
IN

G

3D
 reconstruction
of specim

en

B
A

C
K

PR
O

JEC
TIO

N

specim
en

at different
tilt angles

D
ifferentprojection view

s

A
SSIG

N
 O

R
IEN

TATIO
N

PA
R

A
M

ETE
R

S x, y
and )

Random
 conical tilt reconstruction



x

y

g

a

b
5 param

eters
to determ

ine

S
ingle particles in ice



A
ngular reconstitution

Serysheva et al., 1995

2. add in further projections and keep
refining

1. choose 3 projection im
ages that are

perpendicular views of the particle
(anchor set)  

van H
eel, 1987



Chicken S
lo2.2 in the absence of N

a
+

C
lass averages

Initial m
odel (obtained with VIPER

)

VIPER

Stochastic
Hill Clim

bing
(initially introduced

in program
 SIM

PLE)



System
etically generated

projections from
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3D
 reconstruction

Stack of
reference

projections

E
xperim

ental
projection

m
ax. C

C
F

coefficient
R

efined
orientational
param

eters

Projection
m

atching

B
ack-projection generates
new

 3D
 reconstruction A

ngular refinem
ent

Stack of
C

C
Fs

Steepest
D

ecent



System
etically generated

projections from
 existing 

3D
 reconstruction

Stack of
reference

projections

E
xperim

ental
projection

FIR
ST

m
ax. C

C
F

coefficient

R
efined

orientational
param

eters

Projection
m

atching

B
ack-projection generates
new

 3D
 reconstruction A

ngular refinem
ent

Stack of
C

C
Fs

Stochastic H
ill

C
lim

bing



Chicken S
lo2.2 in the absence of N

a
+

C
lass averages

Initial m
odel (obtained with VIPER

)

VIPER

Sim
ilar principles

as used in ISAC
:

–
stability and
reproducibility
assessm

ents

Stochastic
hill clim

bing

cryoSPAR
C
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G
rid

Specim
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preparation
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 im

ages Im
aging

2D
 averages

Initial 3D
 m

ap

3D
 reconstruction

Final 3D
 m

ap

3D
 classification

Refinem
ent

C
ells

Protein Expression
Purification

Particle picking
Alignm

ent
2D

 classification

Potential issues:

R
eference bias

O
verfitting

R
esolution assessm

ent



Structure determ
ination by single-particle EM

Potential issues with density m
ap

Shatsky
et al.(2009) J. Struct. Biol.166: 67-78

H
enderson (2013)Proc. N

atl. Acad. Sci. U
SA

110: 18037-18041

Average of 1,000 im
ages containing

pure white noise
after alignm

ent to 
an im

age of Albert Einstein

Æ
Einstein from

 noise

M
odel/reference bias



System
etically generated

projections from
 existing 

3D
 reconstruction

Stack of
reference

projections

E
xperim

ental
projection

m
ax. C

C
F

coefficient
R

efined
orientational
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eters

Stack of
C

C
Fs

Projection
m

atching

B
ack-projection generates
new

 3D
 reconstruction A

ngular refinem
ent

Steepest
D

ecent



Structure determ
ination by single-particle EM

Potential issues with density m
ap

Shatsky
et al.(2009) J. Struct. Biol.166: 67-78

H
enderson (2013)Proc. N

atl. Acad. Sci. U
SA

110: 18037-18041

Average of 1,000 im
ages containing

pure white noise
after alignm

ent to 
an im

age of Albert Einstein

Æ
Einstein from

 noise

M
odel/reference bias

O
ver-fitting results in spurious high-

resolution features due to alignm
ent

of noise



Resolution [Å]

Fourier shell correlation

10

Structure determ
ination by single-particle EM

R
esolution assessm

ent

0.5

0.143

11
8.7

FSC
 = 0.143

Phase error = 60º
R
osenthal & H

enderson (2003) J. M
ol. Biol.333: 721-745

FSC
 = 0.5

Signal = N
oise

Böttcher
et al.(1997) N

ature
386: 88-91

M
aps have to be

independent !



Structure determ
ination by single-particle EM

R
esolution assessm

ent

Stack of particles
(original orientation 

param
eters)

Stack of particles
(refined orientation

param
eters)

Reference
m
ap

Refined
m
ap

Fourier shell
correlation

“Half m
aps”

Stack of particles
(original orientation 

param
eters)

Refined
half m

aps
“G

old standard”
Fourier shell
correlation

D
ata set is split at the start
Æ

Truly independent half m
aps

Half m
aps not independent !

Reference
m
aps

Half stacks
(refined orientation

param
eters)

Half stacks



Resolution [Å]

10 FSC
Structure determ

ination by single-particle EM

R
esolution assessm

ent

0.143

8.7

Reference m
ap

Refined m
ap

Fourier shell
correlation

“Half m
aps”

Resolution range
used for refinem

ent

“G
old standard” FSC

 is not the
only valid resolution assessm

ent

Even “gold standard” FSC
 can

give overestim
ated resolution

R
esolution is justa num

ber

Local resolution



Structure determ
ination by single-particle EM

R
esolution assessm

ent

R
osenthal & R

ubinstein (2015)C
urr. O

pin. Struct. Biol. 34: 135-144

R
otavirus double-layered particle 

20 Å

7
Å

3.8 Å

2.6 Å

> 20 Å
protein envelope

~
9-10 Å

a-helices

<
4.8 Å

b-sheets

~ 4 Å
bulky side chains

W
hat should be

resolved ?
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The issue: Structures of the IP3 receptor
as determ

ined by single-particle EM

Jiang et al.,
2002

Serysheva
et al.,

2003
Jiang et al.,

2003
Sato et al.,

2004



H
enderson et al.(2012) Structure

20: 205-214

M
ap validation

M
eeting of experts in 2010 to com

e up with standards for m
ap validation

O
utcom

e sum
m
arized in 2012:



H
enderson et al.(2012) Structure

20: 205-214

M
ap validation

–
C
om

pare reference-free averages with projections



M
ap validation

R
e-projections and angular distribution

Anaphase
prom

oting
com

plex



M
ap validation

–
C
om

pare reference-free averages with projections

–
Tilt-pair analysis

–
only checks consistency of 3D

 m
ap with 2D

 data
–
also check angle distribution

H
enderson et al.(2012) Structure

20: 205-214



M
ap validation

Tilt-pair analysis

–a

+a

M
atching projections

Particle stack (–a)

Particle stack (+a)

R
osenthal & R

ubinstein (2015)C
urr. O

pin. Struct. Biol. 34: 135-144
R
osenthal & Henderson (2003)J. M

ol. Biol. 333: 721-745
Henderson et al.(2011)J. M

ol. Biol. 413: 1028-1046

Æ
D

angles



M
ap validation

Tilt-pair analysis

Tilt-pair param
eter plot

R
osenthal & R

ubinstein
(2015)C

urr. O
pin. Struct. Biol. 34: 135-144

Tilt-pair phase residual plot



M
ap validation

Tilt-pair analysis

H
enderson et al.(2011)J. M

ol. Biol. 413: 1028-1046

–
can be used to refine param

eters used for orientation determ
ination

Æ
can

thus be used to im
prove the m

ap

–
allows determ

ination of handedness

–
determ

ines whether overall 3D
 m

ap is correct at 15-20 Å
resolution

(but not high-resolution features)

–
validates orientation param

eters
(but not m

icroscope param
eters, i.e., defocus, m

agnification)

“If less than 60%
 of particles show a single cluster, the basis

for poor orientation param
eters should be investigated”



M
ap validation

Tilt-pair analysis

Tilt-pair alignm
ent test

angular errors for determ
ination of the tilt transform

ation of each particle pair 
expected for random

 orientations

R
osenthal & R

ubinstein
(2015)C

urr. O
pin. Struct. Biol. 34: 135-144

Baker et al.(2012) Proc. N
atlAcad. Sci. U

SA
109: 11675-11680

R
usso & Passm

ore
(2014) J. Struct. Biol.187: 112-118



M
ap validation

Tilt-pair web server

W
asilew

ski& R
osenthal (2014)J. Struct. Biol. 186: 122-131

Input
O
utput



M
ap validation

http://ww
w.ebi.ac.uk/pdbe/em

db/validation/tiltpair/



H
enderson et al.(2012) Structure

20: 205-214

M
ap validation

–
C
om

pare reference-free averages with projections

–
Tilt-pair analysis

–
“G

old standard” FSC

–
R
andom

ize phases

–
only checks consistency of 3D

 m
ap with 2D

 data

–
excellent, also establishes handedness

–
not necessarily needed (but certainly not bad)

–
also check angle distribution



M
ap validation

R
andom

ize phases

C
hen et al.(2013) U

ltram
icroscopy135: 24-35

z
D
o single-particle reconstruction / refinem

ent
z

D
eterm

ine resolution (FSC
)

z
Take raw data, random

ize phases beyond which FSC
T falls 

below a threshold (75 or 80%
)

z
R
edo the sam

e analysis and recalculate FSC
 curve

z
Any signal in region of random

ized phases indicates issues 
with noise alignm

ent in that region
z

C
an be im

plem
ented in any package

R
osenthal & R

ubinstein (2015)C
urr. O

pin. Struct. Biol. 34: 135-144



M
ap validation

R
andom

ize phases

R
osenthal & R

ubinstein (2015)C
urr. O

pin. Struct. Biol. 34: 135-144
C
hen et al.(2013) U

ltram
icroscopy135: 24-35

FSC
 signal due to over-fitting (noise)

FSC
 signal due to true structural inform

ation



H
enderson et al.(2012) Structure

20: 205-214

M
ap validation

–
C
om

pare reference-free averages with projections

–
Tilt-pair analysis

–
“G

old standard” FSC

–
R
andom

ize phases

–
only checks consistency of 3D

 m
ap with 2D

 data

–
excellent, also establishes handedness

–
not necessarily (but certainly not bad)

–
excellent, but not com

m
only used

–
also check angle distribution

–
Appearance of expected secondary structure elem

ents 



Sam
so

et al.(2009)PLoS Biol. 7: e1000085

M
ap validation

Expected secondary structure

R
yanodine receptor 1

at 10.2 Å
resolution



H
enderson et al.(2012) Structure

20: 205-214

M
ap validation

–
C
om

pare reference-free averages with projections

–
Tilt-pair analysis

–
“G

old standard” FSC

–
R
andom

ize phases

–
Appearance of expected secondary structure elem

ents 

–
only checks consistency of 3D

 m
ap with 2D

 data

–
excellent, also establishes handedness

–
not necessarily (but certainly not bad)

–
excellent, but not com

m
only used

–
Evaluate with published inform

ation

–
also check angle distribution



M
ap validation

Evaluation with published inform
ation

Anaphase prom
oting com

plex



H
enderson et al.(2012) Structure

20: 205-214

M
ap validation

–
C
om

pare reference-free averages with projections

–
Tilt-pair analysis

–
“G

old standard” FSC

–
R
andom

ize phases

–
Appearance of expected secondary structure elem

ents 

–
only checks consistency of 3D

 m
ap with 2D

 data

–
excellent, also establishes handedness

–
not necessarily (but certainly not bad)

–
excellent, but not com

m
only used

–
Evaluate with published inform

ation

–
also check angle distribution

–
D
ock known atom

ic structures into m
ap –
yeast two-hybrid analysis

–
pull-down experim

ents
–
cross-link m

ass spectrom
etry 



m
G
luR

1
Kunishim

a
et al. 2000

(K. M
orikawa)

KcsA
D
oyle et al. 1998
(R. M

acKinnon)

G
luR

2
Arm

strong et al. 2000
(E. G

ouaux)

M
ap validation

D
ocking of atom

ic m
odels



M
ap validation

D
ocking of atom

ic m
odels



M
ap validation

D
ocking of atom

ic m
odels



N
ative A

M
PA

-R

N
akagaw

a et al.(2006)
Biol.C

hem
. 387: 179-187

Sobolevsky
et al.(2009)

N
ature 462: 745-758

Engineered G
luA

2

Tichelaar
et al.(2004)

JM
B 344: 435-442

M
ap validation

D
ocking of atom

ic m
odels



Jiang et al.,
2002

Serysheva
et al.,

2003
Jiang et al.,

2003
Sato et al.,

2004

M
ap validation –

IP3 receptor
D
ifferent m

aps of the IP3 receptor



Ludtke
et al.(2011) Structure

19: 1192-1199

M
ap validation –

IP3 receptor
N
ew density m

ap in 2011 at 11 Å
resolution



K
ir2.2

M
ap validation –

IP3 receptor
Expected secondary structure elem

ents

Ludtke
et al.(2011) Structure

19: 1192-1199



M
urray et al.(2013) Structure

21: 900-909

M
ap validation –

IP3 receptor
C
om

parison of reference-free averages with projections

A: M
ap projection

B: R
eference-based class average

C
: R

eference-free class average
D
: Selected particles



M
urray et al.(2013) Structure

21: 900-909

M
ap validation –

IP3 receptor
Tilt pair test

Ludtke
et al.

2011

Serysheva
et al.

2003

Sato et al.
2004

Jiang et al.
2002



M
urray et al.(2013)

Structure
21: 900-909

M
ap validation –

IP3 receptor
C
om

parison of m
aps from

 different program
s



Fan et al.(2015) N
ature

527: 336-341

M
ap validation –

IP3 receptor
4.7 Å

resolution structure


