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Three Interrelated topics

* The specimen support -

— Gold grids - o

— Nanowire grids \ !
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Specimen support

(a)

3mm

grid
I support/substrate
Grid materials
Copper Gold
Nickel CuRh
Titanium Molybdenum
Silicon Aluminum

Tungsten

« “products are fully specified by 4 parameters”
« Hole diameter, pitch of the foil & material type & mesh type

&2 COLUMBIA UNIVERSITY Russo & Passmore, (2016)
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Specimen support

C)) 3 mm (b) 80 um
ol  Gifiimiwainiii i S
®
id
9 ffl}ll grid bar
® B e E
support/substrate
Grid materials Foil materials
Copper Gold Amorphous carbon C—ﬂat
Nickel CuRh Gold
Titanium Molybdenum TiSi SiN
Silicon Aluminum Si0, SiC
Tungsten

« “products are fully specified by 4 parameters”
« Hole diameter, pitch of the foil & material type & mesh type

&2 COLUMBIA UNIVERSITY Russo & Passmore, (2016)
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Specimen support
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support/substrate
Grid materials Foil materials
Copper Gold Amorphous carbon C—ﬂat
Nickel CuRh Gold
Titanium Molybdenum TiSi SiN
Silicon Aluminum Si0, SiC
Tungsten

(c)

1 um

ice embedded 200 A
proteinlpanicles l

grid bar

continuous film

grid bar
Film materials

Amorphous carbon
Graphene
Graphene oxide
TiSi

« “products are fully specified by 4 parameters”
« Hole diameter, pitch of the foil & material type & mesh type
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C-flat

1500x (45°) 3000x 10,000x 20,000x
| *' CF-MH-2C
CF-MH-4C multi hole and space

CF-1/1-2C
CF-1/1-4C 1.0pm hole, 1.0 um space

CF-1.2/1.3-2C
CF-1.2/1.3-4C 1.2um hole, 1.3 um space

CF-2/1-2C
CF-2/1-4C 2.0pm hole, 1.0um space

CF-2/2-2C
CF-2/2-4C 2.0pm hole, 2.0um space

CF-2/4-2C
CF-2/4-4C 2.0pm hole, 4.0um space
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nt (A)

RMS displaceme

Movement

(a)

1 am-Cfilmon .7} ]
1 am-C foil ..~

(c)
1 graphene film on
.+*T | am-C foil

(e)
| theoretical
1 diffusion limit

3 6 9
Fluence (e 7A%)

Fluence (e/A?%)

3 6 9 12

Fluence (e/A%)

Fluence (e/A?%)

3 6 9

Fluence (e/A%)

Diffusion limit: “Using the measured variation in the
power spectra amplitude with number of electrons per

Image we deduce that water molecules are randomly
displaced by a mean squared distance of ~1.1 A
every incident 300 keV e/A2. ... The beam-induced

movement of the water molecules generates pseudo-

Brownian motion of embedded macromolecules”
[McMullan, Vinothkumar, Henderson (2015) Ultramic. 158:26-32]
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Different hole spacing

100 keV 200 keV 300 keV

10" 3 .
3 1 géggi Formulae for Figure 1
7 - _ 3810 A The mathematical formulae used to generate the plots in
- T~ 3360 A Figure 1, are tabulated below.
= ~ 2420 A
; |- 1240 A
10% < S~ 1130 A
= ™~ 890 A Description Formula Reference(s) Notes
. —
] 610 A Electron ) = he/\/2EE, T B2 27]
i — 280 A wavelength
— 220 A Chromatic g, = ,/7Ax/2 [23]
— 150 A aberration
10° - limit
3 Inelastic mean A; — C/g2In(f2(E + E,)/E) [22] T
- free path
] Depth of field g — 1.4/t [26] 66° phase
. | errorf
=
@
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a . — 41A
| C 154
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10 100 1000
Energy (keV)
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Different hole spacing

100 keV

200 keV 300 keV

Distance (A)
=

0
10

movement limit carbon

1.5 A
. D94
0.6 A
- 054

.7 pm
pm
—~ 2.0 pm

M D G
3 LN

L=

10 T T T T T T1 |
10 100
Energy (keV)
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Different ratio of ice:foil

10,000x 20,000x

Russo & Passmore, (2016)
Curr. Opin. Struc. Bio. 37:81-89



* Does the grid influence movement?
— Need to balance with protein concentration &
behaviour etc

» Could we test this by looking at the MotionCor
outputs and seeing movement for different
grids?

— Does anyone have any of these files they would be
willing to share?
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The specimen-support

» Three general parameters:
1. Air-water interface
2. Bulk particle behaviour
3. lce thickness
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The specimen-support

» Three general parameters:
1. Air-water interface
2. Bulk particle behaviour
3. lce thickness

1) Clean 2) Primary, secondary, tertiary  3) Surfactants (if present)
protein structures/networks

water from denaturation

air

@2 COLUMBIA UNIVERSITY Noble et al. (2018)

IN THE CITY OF NEW YORK
elife, 7:€34257



The specimen-support

» Three general parameters:
1. Air-water interface
2. Bulk particle behaviour
3. lce thickness

1) Free-floating particles 2) Particles at air-water 3) Particles at air-water
(no preferred orientation) interface interface, no denaturation
(no preferred orientation) (N-preferred orientations)
F oV &

¥ ™ g 8 W P20 PR & & B WP S R

4) Particles at air-water interface, 5) Particles at air-water interface,
partial denaturation significant denaturation
(M-preferred orientations)

L AR A R A O T

e

v/ COLUMBIA UNIVERSITY Noble et al. (2018)
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The specimen-support

» Three general parameters:
1. Air-water interface
2. Bulk particle behaviour
3. Ice thickness

1) Convex 2) Flat
3) Concave (center is thicker than particle’s 4) Concave (center is thinner than particle’s
minor axis) minor axis)

Noble et al. (2018)
elife, 7:e34257



90% of proteins near AWI

A: Potential air-water interface composition
1) Clean 2) I:gr?eairr‘y,sfrizct):riasx, etm;:g 3) Surfactants (if present) L O O ke d at Ove r
from denaturation -
1000 holes with
| tomography

B: Potential bulk particle behavior at/near an air-water interface*

1) Free-floating particles 2) Particles at air-water 1 3) Particles at air-water ~ |
(no preferred orientation) interface : interface, no denaturation 1
(no preferred orientation) |  (N-preferred orientations) :
C 4P, @ W ' ' 0

- ) 'Qu . ] o ¥ R 2 : ' . .

A FPRLwIPelE | AVPEULIER | O OT a
______________________________ 1 S |

S S— particles are
4) Particles at air-water interface, 5) Particles at air-water interface, - -
partial denaturation significant denaturation W I th I n 5 - 10 n m Of

(M-preferred orientations)

N the alr-water
* Particles might also aggregate. T TTTTTTTomomees I n te rface

C: Potential ice thickness variations in holest

I1) Convex 2) Flat 1 pJ 11 b k
i, . (we’ll come bac
3 r— ! .
1 - = ==
- - . to this)
:3) Concave (center is thicker than particle’s 4) Concave (center is thinner than particle’s :
: minor axis) minor axis) :
I I
: 77777»7‘77 7777,,-"'7v e T I
) o el ;o
i e = e 1
o o o e o o e e - - - o3

Noble et al. (2018)
elife, 7:e34257

t Apposed ice curvatures are not necessarily equivalent.



|ce thickness &

(1) Edge

Vo S

7% single layer
83+4nm(N=2)

¥ wwe
o
&
RSB HA

75% double layer
105+48 nm (N = 21)

Thinnericeint

protein spatial arrangement

(2) Centre

Thickness of ice for different grids

¥ S
84% single layer
34 £ 13 nm (N = 30)

en
Edge

R B B[R R oo | |
22% double layer 401 |
87 £54 nm (N = 8)

T
Gold Spotiton

CCCCCC

Single layer of

&2 COLUMBIA UNIVERSITY
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protein In thinner regions

Noble et al. (2018)
elife, 7:e34257



Best supports for thin 1ce...

Thickness of ice for different grids

160 [ Centre
Edge
140 4
120 4
,“% 100 +
é 80
E 60
40 m
201
Gold Spotiton Carbon Spotiton Holey Carbon
Location
Noble et al. (2018)
elife, 7:e34257
&2 COLUMBIA UNIVERSITY Razinkov et al.(2016)
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Spatial arrangement Is variable

Sample # Example cross-sectional Sample # Example cross-sectional Sample # Example cross-sectional Sample # Example cross-sectional
Name schematic diagram Name schematic diagram Name schematic diagram Name schematic diagram
1* W”““""’f—f‘, 14* 777.- 27* T T 38** e
32 kDa Kinase e 8 Neural E IDE i Apoferritin e
i Receptor S (0.5 mg/mL)
[ e
it 1z* : o ;:{'_’lf : 30* = 39*t e
e o s Froeinwith | e 1 GDH e Apoferritin with o n
Bound Lipids 0.5 mM TCEP S220s v s o0 ee
(deglycosylated) —— - _l
5* AR 18 e 31+t T 40 B i
HIV-1 Trimer AT Protein with GDH Protein with g o __,:,_,::x,:f‘i‘
Complex 1 Bound Lipids R FPERP Carbon Over 252
(glycosylated) Holes
6* ey, 19* 32** y 41 ——
HIV-1 Trimer S e Lipo-protein GDH +0.001% g Protein and tons et The s - o
Complex 1 DDM g DNA Strands
(2.5 mg/mL) - with Carbon
S Over Holes
* t:: * N BF S 3o *t v~
7 20 T AR Y Y I 33 i 42 bl LT
HIV-1 Trimer GPCR B e e DNAB Helicase- R T20S
Complex 2 helicase Loader e . Proteasome
10* = —E2a 29t - 34+t T s 43+t - ey T
Stick-like Rabbit Muscle e RN Apoferritin S T20S g 0L
Protein 1 B e Aldolase Proteasome TRt e, _—
(1mg/mL) e
12* 22+t 35+t + 44* A
Stick-like Rabbit Muscle Apoferritin % T20S S
Protein 2 Aldolase Proteasome ey
R (6mg/mL)
13% e 25+ 36+ 45+
Neural B 0 Protein in e Apoferritin Mtb
Receptor - Nanodisc Proteasome
(0.58 mg/mL)
37> = 46 "w\_ e
Apoferritin ¥ 2ok Protein on — R
(1.25 mg/mL) s agpe e 808t Streptavidin e N
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CTF estimation & particle position

Defocus variation e @@ &

Noble et al. (2018)
elife, 7:34257

~Resolution
\ Table 3
\ Resolution Limit imposed by inaccuracy of defocus determination.
\
\ Res. (A) 100 kV 200 kv 300 kv 400 kv
\ 2.0 54 A 80 A 102 A 122A
\ 3.0 122 A 179 A 228 A 274 A
4.0 216 A 319A 406 A 488 A
7.0 662 A 976 A 1244 A 1494 A

40" 39" 38" 37" 36" as

Spatial Frequency (A1)

&2 COLUMBIA UNIVERSITY Zhang & Zhou (2011)
IN THE CITY OF NEW YORK
J. Struc. Bio. 175:253-263



» |ce thickness changes with edge/centre
 Proteins double layer
* 90% at AWI

« Tomography would give us an absolute range for
particle positon

« Could we generalize it and use it to provide
positional information?

 (iIf we had limitless scope time) could we collect
single particle & tomography?

&2 COLUMBIA UNIVERSITY
IN THE CITY OF NEW YORK



Three Interrelated topics

* The specimen support -

— Gold grids - o

— Nanowire grids \ !

S, Bi. 15644

 Thesampleinice PG @

— Description _ 133 Rty YOO @‘W-

— Air-water interface Nople etal @)

d

S | L)
» Electron-specimen interactions =

( ) Sample
~. tilted
2 CoLUMBIA UNIVERSITY Zhengetal. (2017)  Imageplane i o
IN THE CITY OF NEW YORK Nat. Meth. 14(4):331



Exposure to air-water interface (AWI)

Grid bar

o %

Arbitrarily large water droplet

o

Grid bar

&2 COLUMBIA UNIVERSITY
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Preferred
orientation
'I
]
Blotting ! ~500 A
ﬁ i
'
||
\
“ N . .
Denaturation Dissociation
‘\
\ /4
\\\ s / ,/
\

. Grid bar | .-~

\
\
\
\
\
1
1
1
|
|
|
1
I
I
I
I
1
/]
7



Negative stain vs. cryoEM

side view

@2 COLUMBIA UNIVERSITY D’Imprima et al. (2018)
IN THE CITY OF NEW YORK . . .
BioRxiv, doi.org/10.1101/400432



Majority of FAS are damaged

Unsupported Ice

2D Classification

* 90% of particles
damaged... where
have we heard that
before?

&2 COLUMBIA UNIVERSITY
IN THE CITY OF NEW YORK

Initial model
EMD-1623
low pass filtered to 50 A

~ 90% damaged particles

3D Classification

(no symmetry imposed)
Central section (10 pixels)
of the volumes

Refined class 1
no symmetry imposed

9.5 A resolution

280 A

D’Imprima et al. (2018)
BioRxiv, doi.org/10.1101/400432



AWI & damaged particles

& « Most particles are at
the AWI (as Noble
¢ 4—  etal. showed)

 AWI also associated
B with damage of
o FAS

}90“ Volume rendering
(top view)

Volume rendering 150A
(single FAS complex detail) Virified buffer
B —— FAS compiexee adeorbed to the holey carbon
Upper menlscus
E
< i s
’ ) P s, 1
§ v " e e _L 2
\- | gt ‘- el eliSs ’ng
Vitritied butter
—— Crystafiine ice contaminations Lower: menicus
FAS complexss adsorbed to the alr-water Interface

Volume rendering
(central slab detail)

@2 COLUMBIA UNIVERSITY D’Imprima et al. (2018)
IN THE CITY OF NEW YORK . . .
BioRxiv, doi.org/10.1101/400432



Reconstruction of damaged particles

e Reconstruction shows
particle damage
assoclated with AWI

e |s the AWI the cause?
— Next slide

B A

3 - » ‘ )
' -~
Clas; 1 EMD-1623
(no symmetry imposed)
Low pass filtered to 40A Low pass filtered to 40A
&2 COLUMBIA UNIVERSITY D’Imprima et al. (2018)
IN THE CITY OF NEW YORK )

BioRxiv, doi.org/10.1101/400432



The AWI causes denaturation

Standard negative
staining procedure
of FAS sample

=

&2 COLUMBIA UNIVERSITY
IN THE CITY OF NEW YORK

Exposed to the AWI

Sample after gliding over a
glass rod

/

Sample collected at the
surface of the droplet
(upper tweezer)

Specimen in C (lower
tweezer) after blotting the
excess of liquid

_ S

D’Imprima et al. (2018)
BioRxiv, doi.org/10.1101/400432



Solution

« Graphene

— Electron conducting OH
— Stable
— Hydrophobic

1-Pyrenecarboxylic acid

&2 COLUMBIA UNIVERSITY
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Sub-tomogram averaging (+/-) graphene

 Addition of graphene reduces denaturation
hydrophilized graphene + hydrophilized graphene -

2
© 9 C ) A EMD-1623
A - low passfiltered to 40 A
g
Jp LN
- ’ ’ 90
Ter e
90'-6- ¢ ap?
aphic tiit aeleavlewa( 0° S ,&&_&_ "( E /“ -e- »
| P ) >0 )% e ﬁ‘. 90

no symmetry imposed

A 1 $ w ﬂ T _is0A
?‘&»rg AT i A - Subtomogram averaging
b
10!
0 int

&2 COLUMBIA UNIVERSITY D’Imprima et al. (2018)
IN THE CITY OF NEW YORK )

BioRxiv, doi.org/10.1101/400432



Hydrophilized graphene changes spatial distribution

hydrophilized graphene + hydrophilized graphene -

#1 #2 #1 #2

@ COLUMBIA UNIVERSITY D’Imprima et al. (2018)

IN THE CITY OF NEW YORK

BioRxiv, doi.org/10.1101/400432



Increased undamaged particles

hydrophilized graphene +

3D Classification (no symmetry imposed, no
damaged particles)
~48°%: ~21% ~ 30°%:

Class 2

Refined clgss 1 Refined class 1
no symmetry imposed D3 symmetry imposed

4.8 A resolution 4.0 A resolution

&2 COLUMBIA UNIVERSITY

IN THE CITY OF NEW YORK

hydrophilized graphene -

~10% 2 ~ 90% damaged particles

L4 ';:"/

Class 3

Refined class 1
no symmetry imposed

9.5 A resolution

280 A

D’Imprima et al. (2018)
BioRxiv, doi.org/10.1101/400432



Increased noise, but better res.

Unsupported vitrified buffer Functionalized graphene

Refined class 1 Refined class 1 Refined class 1
(8000 particles) (8000 particles) (28000 particles)
no symmetry imposed no symmetry imposed no symmetry imposed
9.5 A resolution 6.4 A resolution 4.8 A resolution
&2 COLUMBIA UNIVERSITY D*Imprima et al. (2018)

IN THE CITY OF NEW YORK

BioRxiv, doi.org/10.1101/400432



Exposure to air-water interface (AWI)

Grid bar

o %

Arbitrarily large water droplet

o

Grid bar

&2 COLUMBIA UNIVERSITY

IN THE CITY OF NEW YORK

Preferred
orientation
'I
]
Blotting ! ~500 A
ﬁ i
\
\
\
“ . . -
Denaturation Dissociation
(90%7?) ,
\\ /
\
\

N

. Grid bar | .-~

\
\
\
\
\
1
1
1
|
|
|
1
I
I
I
I
1
/]
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Exposure to air-water interface (AWI)

‘"

Arbitrarily large water droplet

o

Grid bar

&2 COLUMBIA UNIVERSITY
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Hydrophilized
graphene

-~

Blotting
ﬁ

—
- L.

\
\
\
\
\
1
1
1
|
|
|
1
I
I
I
I
1
/]
7

Denaturation ;

. Grid bar | .-~



Graphene & 1-pyrCA

» Graphene (Graphena):
— $76
— 10 mm x 10 mm
 1-Pyrenecarboxylic acid (Sigma)
— $71.50
— 1 g

« Can we try this?

— Oxidises quickly so need to make
girds just prior to use

— Higher noise

&2 COLUMBIA UNIVERSITY
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Thickness of ice for different grids

Au-Au best grid (or nanowire

grid)
— Does hole spacing have any
effect? ol |

— Can anyone share with me some N~
MC2 log files & grid type oL s

Most proteins (90%) are at the AWI
Majority of proteins damaged by this?
— At least FAS is (90%)

Can we use graphene & 1-pyrCA to improve stability
& get some nice structures?

&2 COLUMBIA UNIVERSITY
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Group meeting

More than 90 days?

Table 1. Next seminar order Paper

Rank Name Days 90days Seminar | discussion
1 Hstau 1
2 Jack 117 2018/9/11 2
3 Suvrajit 117 2018/9/11 2 3
4 Sergey 61 2018/11/6 2
5 Fransisco 47 2018/11/20 2
6 Evan 40 2018/11/27 2
7 Prikshat 33 2018/12/4
8 Zuben 26 2018/12/11 1
9 Clara 19 2018/12/18
10 Sonya 12 2018/12/25 3
11 Hengameh 2019/1/1 3
12 Sandip 3
13 Cristina 3

&2 COLUMBIA UNIVERSITY
IN THE CITY OF NEW YORK



Noble: Fig. 3

A: Average ice and particle properties in centers of holes

e

1

o Spotiton
30£13 nm
(N=11)

B: Average ice and particle properties ~100 nm from the edges of holes

Carbon Spotiton
47 £40 nm
(N=17)

Holey Carbon

56 + 35 nm
(N=10)

Layer tilt WRT e” beam

48+3.1°
(N =89)

e

|

Spotiton
61+ 11 nm
(N=4)

Gi? COLUMBIA UNIVEKDLL X
IN THE CITY OF NEW YORK

Carbon Spotiton
107 £ 54 nm
(N =16)

Holey Carbon
99 + 24 nm
(N=8)

1

Layer tilt WRT e beam
6.9+35°
(N=861)

Poudeuv
84% single layer
34 £ 13 nm (N = 30)

& S
P B

22% double layer
87 +54 nm (N = 8)

LT A et
7% single layer
83x4nm(N=2)

vhg v
&
&
BB [
75% double layer
105 £48 nm (N = 21)

Noble et al. (2018)
elife, 7:e34257



Noble: Fig. 5

F: T20S Proteasome (sample #42)
>.ﬁ‘:'? ‘_-*: M:’_ - . s

I —>» Protein fragment -~ Partial particle I

@2 COLUMBIA UNIVERSITY Noble et al. (2018)

IN THE CITY OF NEW YORK
elife, 7:€34257



Noble: Fig. 6

A: Limits imposed by ice thickness variations

Skere A o

Estimated defocus of
whole projection image

Harsh
limit

Minimum
limit
Resolution limit based on
whole projection image
defocus estimation

@2 COLUMBIA UNIVERSITY Noble et al. (2018)

IN THE CITY OF NEW YORK
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Noble: Fig. 7

[x

e

|2

e BP BB B BB

&2 COLUMBIA UNIVERSITY
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DD FOPDPIFF |

GeebbEae EBa |

Noble et al. (2018)
elife, 7:e34257



Tomography & SPA (fig. 8)

A: Gaussian particle picking

2D classification Incoherent
—— — initial model
building

B: CryoET SPT produces de novo templates for picking and alignment

SPT } ‘

Templaie pickin 20 classiication

l Jopow [eniu|

4.1 A anisotropic

Five tomograms; reconstruction

~1,000 particles

&2 COLUMBIA UNIVERSITY
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Noble et al. (2018)
elife, 7:e34257



FAS production

A B c
& PPN
& QQ\@ % %,bo“ '(@6%0
F & F o 5
20, & S &
250 kDa v !
200 [
§ 150 kDa ww : 1236 kDa
- . 1048 kDa S
‘g‘ 7 100 kDa ww |
= ]
g o) 75kDa W :
2 i 720 kDa
2 1
50- ' 480 KDag
50kDa ',
04 ]
0
D
104 |+ pH=65 LYY
« pH=74 .3 LA
® 4 200mMNaCl,pH=74 : !
2 084 |+ 200mMNaClpH=65 HE
8 + 200 mM NaCl, pH = 8.5 1.
8 t,
§ 0.6 i
= % : 3
E 0.4 T
© DRI IO O O H
% lllllnoul!""
2 0.2
0.0 T T T T T T T T
42 44 46 48 50 52 54 56 58
Temperature [°C]
&2 COLUMBIA UNIVERSITY D’Imprima et al. (2018)
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Tomography slices

#

2 — — - Vitrified butrer
U‘ i I FAS particles
e " Holey: carbon
#4
&2 COLUMBIA UNIVERSITY D’Imprima et al. (2018)
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Fig. 3

>

EMD-1823
low passfiltered to 40 A

& ‘. Y
o L4 »{&gx
Bes © é’{rﬁ ¢ yre

W < 3

Subtomogram averaging
no symmetry imposed

B

&2 COLUMBIA UNIVERSITY D’Imprima et al. (2018)
IN THE CITY OF NEW YORK )

BioRxiv, doi.org/10.1101/400432



Doping with graphene: Fig. 5

Quantifoil R0.6/1
hole
at 8k magnification

Diffraction patterns

— | —
Specimen before Specimen after
doping doping
&2 CoLUMBIA UNIVERSITY D’Imprima et al. (2018)

IN THE CITY OF NEW YORK

BioRxiv, doi.org/10.1101/400432
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— FAS to

$ o

Vitrified buffer

—— Crystalline ice contaminations
—— FAS to wat

150 A

A S S NN -

Graphens contaminations

Subtomogram averaging
no symmetry imposed

D’Imprima et al. (2018)
BioRxiv, doi.org/10.1101/400432



Fig. 6 sup. 2

A Functionalized graphene
multireference alignment

Initial model
STA from unsupportedice (Fig 3A)
low pass filtered to 50

Class 1 Class 2 Class 3

Central section (4 pixels) 3
of the volumes

I
~ 36% r ~T4%

Class 1 EMD-1623
(no symmetry imposed)

&2 COLUMBIA UNIVERSITY

IN THE CITY OF NEW YORK

D’Imprima et al. (2018)
BioRxiv, doi.org/10.1101/400432



Amplitude spectrum
111 CTrifit
~—— Quality of the fit

=
K]
=
2
[
g
£
S
v
w
w
e
e
v
=
e
o
°
=
£
s
£
<

02 03
Resolution (1/A)
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