VERSATI LI TY-EDECTR®MNCROSCOPY AS A STRUCTURAL TI

| NFORMS | RON MI NERAL NUCLEATI ONF ARBDI TGIRDOWTH |

by

Colin Charles Gauvin

A dissertation submitted in partial
of rtehgeui rements for the degree

of
Doctor of Philosophy
in

Bi ochemistry

MONTANA STATE UNI VERSITY
Bozeman, Mont ana

May 2024



ECOPYRI GHT
by
Coldhna rGlaausy i n
2024

AIRi ght s Reserved



DEDI CATI ON

This thesis is dedicatedThereyi shndodgeaat €
t han wanting to be the person your children t



i
ACKNOWLEDGEMENTS
Il woul d |nmyk ea ctkon covel geydngt ehnaennkti sn g mmh os thawss é,e eM

everything | have not been for the past six vy

her unconpgartti oinaleaswiply the single greatest as

|l would also |Iike to thank my father, Char
doing a good job first and foremost, for your
doing righto. 16d also |Iike toithharek myt mat lea
age, a gener al curiosity that penrfsiinsittse tqou etshtii

had grupwodbihgaught me to answer them mysel f.

|l would | ike tiMathankLmwradees oddopigtaer emyne
noinraditional background, and quickly identif]
niche in which | could make real contribution

|l woul d al smoy luinkdee rtgor atdhuaantke chemi stry profe

taught me many thiagadabdobuni the mb st rtyha@anmdost i

being that hard work alone is sufficient to a
I would |ike to thawhoDaneaebeBohl|l sehwesl ar
proving that it could be done. Thank you for

your foowntuépsahaonkl|l Jkerat banutBouwat tSemarwhSa o p €
spent many homptemehpi ng mée MSU. Additionally
hel ped to foster a great EM community and eng

mi croscopy.



Y,

TABLE OF CONTENTS

M@d NTRODUCTI ON AND RESEARCH..QBJ.ECTIL.MES..1
Establi shm&Mt Fati ai €Cyybdbor...St.r.uc.t.ur.all Bi ol o
Maj or-E®r Wet hodao.l.0.g.i.€.S e 3
Single Part.i.cl.e..Av.er.a.g.i.ng.........3
Cryed ectron Toma.g.l.ap.hy.... 7
Supporting .l.nfr.as.tUCl Ul . 10
Single Particle AnalPyysriosc oocfc WBp-sof niirn eorsalsi z a't
I T T = = o T S = 0 A« PRSP PPPRPPR 11
Resear ch 0D . .e.Cl il MeB .S 13
Resear ch ..QU.e.S.t i D .S .iiiiiieeeieeeee e 13
HACRYBM CORE FACL LI T Y e 15
Operational..l.nfr.as.t bl UCl Ul . iiiiiiieeeeennn.s 15
Environmenit.al..Caont. .ol .S 16
Mi croscope Cant.r.ol.. . .Saf.t.war.e......... 17
Ser i al.EMa 17
S MA T 1 Sl 0 e 18
Computational..l.nfrast. i UucCL Ul o 20
Net wor king &..Cannec.t. i . V.i.toy .. 22
Data Storage..&..Mana.gement...... 26
Dat @ B.a.Co.Kil DSt 29
CryoSPARC an..lemp.e.S.l e, 29
Usi ng Cr .0 SRARC e 29
Managing Cr.y.0.SPARC . iiiiieeeieee 32
Single Parti.cl.e. .. RProt.oco.l .S .. 38
Ser i Al EM 38
S CI € Ml G 38
Dat a Col.l.eClil0 N, 62
S MaA T T S D P e 8 8
R =Y = T I O o 1 o PRSP UPPPUPORRRP 89
Data Col.l.ectl i 0N s 914
Tomogr aphy. .. .RPr.ot.0.Ccal. S e, 98
Serial EM Ba.t.c.h..Mo.d.e.......ooccrririii s 98
Sel ecti Ng..Jal.g.e.h S i) 98
Recor diSB @ L. RS Ll 106
[ N O i o T o o o PRSP 107
Sel ecting..l.al. 0.l S i, 108
Recor di ng -SRearriaelsl.e.l. .. Ti.l. t................... 112



TABLE OF CONTENTS CONTI NUED

oM HE MECHANI SM OF | RON NUCLEATI ON AND GROWTH

[ G O O O | T 1.13
I o T O G o T o T o T o o TR 113
ST ST U TR S F T 1.16

Structur-efoh apolP86.. . .j..r.es.0.l.ut..olnl6
Di sor deeremdi Ma.l...... A 119
Or derTeedr nO n.a.l....T.ad .l 119
I'r on  Lu0a.d e 120
Nucl eat ed..T.hi.of.er. i i Do, 121
Nucl eat ed. .. .St r UC Ul B 122
ProtMé inrer al | n.t.er.ac.i.i.ons. .. o ... 125
Gl Ut @amal. B 5. 125
Gl Ut @amat. B eeeme e 126
Fer ri Ny e 126
Nucl eat i 0.0 . . . Kil.D et .S 127
l ron Loaded. St lC il € iiiceeeiieeiieeeeieens 131
Rol et feb G mi naa.l....T.al. .l 133
Protein Miner.al...l.nt.e..a.c.t.l.on.s..l.L.133
Mi ner al Gr owt h -tferomm ma.lS.ulbasielts...a.f...13 4
Dynami c Por.e..Si.UCl. Ul .S i 135
The Ferroxi.das.e..Cenl. el iiiieeaennnn. 135
[ T SR o U RN T TR o T o 137
A CfEWO St a.n.d.af. Qe 137
Strategies for Single Part..cl.e. . Aln3a71 ysi s
Tryptophan .ELUO.ILES.CENC.E....ccoovviieeeiieeeaeeaaen, 138
I T I I Y- U A DR o 1 o 139
Bi omi ner.a.l.i.z.al .0 e, 140
Structure of t.he..Mi.ner.al..z.ed..Corled4 1l
I A 0 Vo T o 1R 142
Expression andTfPtum.i.f.i.c.at.l.on..of.. . .PLf42
I'r on  L0.a.d i NG anee 143
AV N T G T O T o0 - 1 P A o 1 143
CrylTEM Dat a .Cal.l.ecit. .o ... 144
Single ParticiPdl fAnnal.y.s.i.s...f.or...Ap.al 44
Single Particle Anal ysi.s..f.or..Nucll4e5t ed
Single ParticlkRTANn®AL.y.s.i.s....L.0r.. . Ho.llo4 6
Fl uorescenc.e..Li.f.et. . me. i, 147



TABLE OF CONTENTS CONTI NUED

AP P END L. CE S ettt mmne e 157
FACILITY MANAGEMENT..SCRLRIS ..o, 158
Linux System.Conf.i.g.ur.at.b.on. . . ... 159

SSSD Conf i gur.at.d.an. . Eill. e, 159
pam_mount Condf..gur.at.i.aon. . Eil.e.....160
CryoSPARC Scri pt.s...&..Conf.i.gu.r.at.i.on..... 161
CryoSPARC Mast er ..Ca.nf.i.g.ur.at.i.on..Fléle
SystemD S.eurwi.ce Fil e 162
Database Backup Sy.s.t.emD..Se.r.v.i.c.e..lFi4
Tempest Lane .Cl.us.t.er...l.nf.o. . Ei.l.e..164
Tempest Lane CIl us.t.e.r...Su.b.umi.s.s.i..o.n..1S6c5
Del ete Reject ed..Ex.pas.ul.es..Sc.r.i.ptl666
Serial EM Scripts..&..Tr.o.uhl.es.ho.ot.i.n.g.l1l638
St ar t U Sl D 168
At ] @S . SCl Pl ———— 169
|l ncorrect AVi ew Mo.d.e.0...Def.o.c.u.s..QF~51 7s0e
Vi eRecord Al..g.nme.n.l ..., 171
Smart Scope Scripit.s..&..r.aubl.e.s.h.o.0.t.i.nlg7 2
AperturAr ¢tiixcd.alrnt.er.f.ace. . 172
Exposure Group.s..by..l.mage..Shi.f.t... 173
Exposure Groups..by. . . MDQOC.........cccooieeeiiinn. 178
Tal os Arcti ca..Conf.l.g.ur.at. i .0 ... 183
Paral l el .l..l.umi.n.af. i .0n. .. .. 183
OURRStore Ta.pe.. Ar.c.hi.v.al ... 184

THI OFERRI TI' N SUPPLEMENTAL..LNFEORMAT.LIONS

D

©
—

~—+



Vi

LI' ST OF TABLES

Tabl e Page

1. Table 1. Recommended starting configurati:
magni fi cati2ZgmD0&,. 5Pt size is the recomme
each magnification to achieve opti mal came
C2 illumination setti.ng.s..av.al.l.ahbl.e..B8 Appe

2. Tabl e 2. Serial EM X/Y coordinate nomencl a
appended to the end of the file name when
T = O o = T o = PSSR 87

3.Table 3. C2 lens intensity for..pa.r.al83el i
4 . Table 4. C2 Il ens intensity four..padr.al83el i
5. Table 5. StructurePfVAai.ndat.i.on..r.ep.0rlt88 or Aj
6. Table 6. Structure-Tvalni.d.at.i.on..f.aor..nludd eat e
7.Table 7. Structure wdltinda.t.i.o.n. . f.or.. fwd9d mi n.

8. Tabl e 8. Structure vali-tfht.n.on... . f..or.... i.In%t2er med



D «Q

c

o~ wa «a «
c —~ o Cc

T~ un 7«

wn cC

— oo ————ao o7 Q
~—+

v cCcD®—Lwnmwo oSt

=}

ey
(@]

T
(o]

S
—

T

O o S —
—~+Q
-~ C

~ ~—~ —

Vi

LI'ST OF FI GURES

Page

Net wor k dfilagw amn dekEM MBSIUNCr gat a

Data are recorded by the K3 camet
amera controller (Megaera). Once t
ydra) to hetaoa&s ainldl & i an Gtl ltodb uMS U G
m
0

X = = C

atically move data to centr al sto
rage system, whetr.e...t...can...2Ben be

ure 2. An example of shared directories
€EMydacility shares are managed throug
cryoem and can be s.har.ed.. wi.t.h..ang27MSU N

ure 3.t iGhebsgneclkkraadbni zat..on..aopti.o®F butt

c
—
(¢}
N

Gl obus...t.i.mer. . . .0pLI.ONS e 28

re 5 Lane selection in the CryoSPARC
arch group wil/l have separate | anes ¢
itions, and each groupods | ane wil/ onl
o PP 30

c
—
D

6 . Custom <cluster submission scr
me_ _hr _min_seco0O describes the format of
plays explicit submission dommands to W
s can be wuseful for eoxrt ewrdapnpgi nCx ytohSePARC
in standard Unix software such as #fAti me
how much to multiply CryoBtPRRIRCOs def aul t
necessary as Crypo&8fABE€Etshmemobcagl fy omnd é
ster ftoypesrtlahe §jeprbesodo option all ows se
our ceo, on Tempest this describes the t
A100 and H100 GPUs are also avail abl e
TSP UPPPPPPTIN 31

ure 7. Admin panel |l ocati an..i.n...t.B6é Cryo

D c
:ﬂ“
 ©
o

P o
o .
Q)
=
m
Do+
o)
=
C o
i O
-
(o]
cC
-
Do
R
P 0
S
S
P
w —~

9. User | ane access management i n
ce. Marking a |l ane as fiAvailableo t
| ane. The fARestrictedo status wil/|
R = = PP 37

a
t

OO~ o



i X

LI'ST OF FI GURES CONTI NUED

Figure Page
10Fi gure 10. Storage space o.n..Gat.an..K39dat a

11Fi gure <dbadérut and temperature control p
temperatures wil|l be displayed- in red when
operation .t e mp. el d .l .l B 40

12Fi gur e -ll”adéArmutionvent ory mechani sm, which w
of each sl ot i n t.he..mi.cr.as.co.pe..casséfite.

13Figure 13. Serial EM current working direct
select their base di.r.ect.or.y..when.us#sfdg Ser

14Fi gure 14. Seri al-mdhtnagde gsadlog.c.tmeqm.. . 81 |

15Fi gure 15. Serial EM full mont age setting,
pi eces -doasned snieobdeec..t..i...0.0.....ooeveeeeiiiiiiiiiiiiiiiieeeeeeeeenn 4 4

16Fi gure 16. SersaVEMgmeat ageagési |l MRC is recoa
for grid .atl.as.. (.0l mal o —— 4 6

17Fi gure 17. Talos Arctica aperture control |
Lo o N S O o T - ST TRTTTPPON 47

18Fi gur&erli8al EM navigator dialog window. Do
desired..g.ril.d  mMa Do 49

19Fi gure 19. ThobadeArtbobadangutoal og. Gray nun
empty cassette slots, bl ue numbers repres:
presence of a green checkmark denotes that
been | oaded ®omd osttdgege maic.rosme....p.0...n.t..50

20Fi gure 20. ThloasieAr ¢tuirba anwtl @ cul ar pump <co
note the yellow cassette slow (#3), denoti
O N 1 N i Sl g e ——————————— 51

21Fi gure 21. Serial EM navigator dialog windo

[ o T T P O o 1 = TP 53

22Fi gure 22. Low magni fication i mage of an E
points | ocatdeopni.c tRepdl accreods specsi nt s, the yell
t he urrently sel ect.ed..po.i.nt..i.n..t.hhe58aviga



Figur
2 3F.i
2 4F. |
2 5F.i

2 6F. i
p o

2 TF.i

" «Q « «Q «

DO - O Q@

c

—_ -

nw=-9o —c
oD~ >S5 -
= > oo

* @

ﬂ
(0]

re
rec
(0]

re
er i
mi ¢

re
rop

re

re
cur

S.C.

LI ST OF FI GURES CONTI NUED
Page

23. Serial EM ALow..Dos.e.Cont.r.bV7F 0 pan
24. Serial EM " Camer.a..&.S.cr.i.pb8 cont
25. Serial EM "Tasks" .me.nu..s.ha&a®i ng "
26 Serial EM "Low Dose Control "™ pan
(0 N o T PN = o I o308 F = SO - U o = X - U UURR 60
27. Medi um magni fication i mage demc
the "Focus" area for data coll ecti
n of the focus position relative to

ARecor do weoesn ttitoen .t W ep @il tt iaorbsetwi
€. 0L LB S ki 61
28. SeCadmtl rEdM .s.'Maoma.male.........cccccvvinnnnnee 63
29. Serial EM "I .ma.g.i.ng..St.at.esb4di al o
30. Serial EM-meMaon.t.a.g.i.ng..&.Grbo8a8s" su
31. Serial EM "Hol e FEi.nder.'..dbé&l og w
32. L eMaud-$t hi 0 n Bar a'medter s di al og [
i ng -de Mau..i.d.s. ... Ub. 67
33. SéaptalpBEMameters dialog window

ords in multi pl-sehohtolfewmc twion oefn atbh e
(0 o T = PP 69

34. Medi um magni fication micrograph
ng for multishot setup. The red cro
I 0.S.C.0. .. S0 B 71

3maghedi cmti on

mi crograph depicting

for t.empl.at.e..gener.at.i.an......72
36. Serial EM templ at.e...,al.i.gnméf@t set
37. Grid square map magni fication i

rently sel.ect.ed..nav.i.g.at.or..paovat.



LI'ST OF FI GURES CONTI NUED

Figure Page
38FRigur e 38. Al igning the gri d sqguar e magn
coordinates. The green cross represents th
align to, while the yellow cross represent
feature shoul d dwes!| yvapleac.adh.. g.dien.tp.r.e Vb

39 i gure 39. Serial EM "Shift to.Marke?Z® | oca

4 0Fi gu 40 . Serial EM "Acquire at I tems" dia
for grid square .ma.p.s..a.nd. . hol.e..f.i.ndi.fAg.

_1
0]

41Fi gure 41. Low magni fication i mage of an E
with a hole suffic.i.ent..f.or..daos.e..cal.B8I atio

42Fi gure 42. Location of the "Calibrate EI ec

T A S K S M N Ui 83
43Fi gure 43. Camera parameters for the "Reco
I N Serdaal E Mo 8 4

44F.i gur e 44, Rsaommagn ded i foinlse..f.or...dat.a8& ol | ec

45Fi gure 45. Serial EM "Acquire at ' tems"” di
settings df#tdr ofuigmaplut WKiagdgbk..c.ol.l.ec.t.i.on838

46Fi gure 46. SmartScope recommended..s.80eenin
47Fi gure 47. Smart Scope..g.r.i.d..and..aut.abbader

48i gure 48. SmartScope annotated grid atl as
in green, good grid squares i.n..bl.ue92and c

49Fi gure 49. Smar tsSjcuoapree amanpo tdeetpe dc tgirnigd col | ec

in green, and i dent.i.f..ed.. hal.es..in..bbBe.
50ri gure 50. Smart Scope user interface over\
at lamsn,ot ated grid square map, annotated mec

and assoamiagmnedikwiaghon reco.r.ds..and. .. CTF esti
51Fi gure 51. Smart Sc.a.p.e..g.tl.i.d..r.estart..pbotoco

52Fi gure 52. SmartScope sett..ngs..t.0..ef88ble d



X0

LI'ST OF FI GURES CONTI NUED

Figure Page
53FRigure 53. SmartScope collection statistic:
and ice thickness estimations from CTFFind

100 microgr.aphs . (o) 97

54Fi gur e 54. Serial EM " Navigator" dialog bo
creati ngmag mefdi ewant i on ..p.o.l.y.g.a.n..mo.nt.a®e.

55Fri gure 55. A grid atlas depicting the bou
MO NT @Q e hdl Gl B Bl e e eeere e 100

56Fi gure 56. Serial EM "Montage Settings" dia
setti mpesdi-lmengnafi cation pol ygo.n..ma.n.tladgle f or
57Fri gur e 57. Serial EM " Tilt Series Setup"”
recommended starting-symmdt rgivarad teiso nt for (
= o o O T T O St I o T o USSP 103

58Fi gur e 58. Serial EM " Camer a Parameters”

recommended smddgninfgises@&toir @ i tgibhlg.tu.i..s.i..t.1i005n .

59Fi gure 59. Serial EM " Navigator™"™ dialog win
forseéeinilé¢s acquisition. Note the "TSP" opti
indicates that the posetiens wilh &especioi
focus posi.t..an..def.i.ned. ... 106

60Fi gure 60. Serial EMwi"Mdgwi depiactilngemshedi RAIll
Data" recommendsdr iseed td.onqusi. sfiotri.a.n.l..t1 07

61Fi gure 61 -mafgnmedcami on i mage of the sele

PACETomo acquisition (blue box) as well as
oval). The exposed area is | arger than the
size and shape,..as...wel.l..as..s.t.ag.e..t..1l0t9.

62Fi gure 62. PACETomo !ITaur.g.et.s. .. .di.al.ogl @i ndo\

63Fi gur e 6 3. Serial EM " Navigator" di al og v
PACETomo t ar ge.t.s...s.el.e.Clii.ONiiinnn, 111



X1 i

LI'ST OF FI GURES CONTI NUED

Figure Page

64Fi gure 64 A) Stereo i mage of representati v
Cartoon representation <dfetbm3l emodel . C)
DPSL with | abeled helices. Bl ack arrow dep
90A rotation ahheolimddieadepi ofi hgunewly mod e
terminal extension in dashed box. E) Cut ¢
depicting hodtlowmi nateeandn<i on (circled re
ST O o T T o U P PRSP PPPPPPPPPP 1.17

65Fi gure 65 Stick -TEpnebaotiaikicofaedfiivteheas i R fe,
and conserved cysteine pair...Sol.v.enltl8& hann
66F.i gure 66 Il ron miner al mo d el and associ at
structure A) Vi ew fodl dmiaxeirsal r wremisng yv emittih
along the scr aem.unkl).Y90A. . rot.at.i.on..122

6 7Fi gur e -Bf7ft n Ajo®écamer showing the | ocation
at the four aci di ccoplooreesd, lamd aaxyogresn aateo m:
colored red. A single subunit is highlight
regi on-G({ uéd) 7di sd astka dger e e n. B) A view of th
|l ooking from the exterior of the protein c
are shaded purpl e, pi nk, and green. I nt er ¢
groups are displayed. C) S$thernéde vaicewiaf i r
pore, rotated 90A about X and displaying a
The miner al I's positioned so that the exte
top of the mineral, and the interior of the
............................................................................................................................. 123

68.i gure 68 A) Location of Trpl54 relative t
a single subunit. B)-TfTrpl55depieatsing &l oer i
|l ocations A and B. Gl obal map resolution 1
nucl ealtfegdn . PfGl oluali omapg . 9ds gl. Note the more
form and hole in the indole ring. D) Tr pl5:¢
Tftn. The tryptophan remains in just a si
S =T ST o I T A TR o T e S S S 128

6 9F. e 69 Tryptophan fluorescence emissio

i gur
absorption spectra, demonstrating overl ap |
that could resul t..i.n...an..inne.r...f.il.t.elr29eff ec



Xi v
LI ST OF FI GURES CONTI NUED

Figure Page

70FRi gure 70 Fluorescencelfltinf eniitrhe F(eRLT) Agn &I10

Fe/ Tftn in th presenceplbs ©B5%bbfie) hes H?2
ma x i mum, regardless of substrate. B) 500

oxygen (blue) vs xpemuptdisdea c(hd revregde )a | mvas t

instantaneously in the presence of H202, w
to have |itpvbeef ft@ecpaoedO?2o the 50 Fe2+,
that the reaction may be | imited by avail a
conceinonasa. C) Ef fect o f i repWb,; protein st
demonstrating that even at ~25 iron atom
composed of the nucleated waveform. Again,
appear to be I imiting..f.or..hi.gher..Fel22+9 st oi
71Fi gur e 1 Iron mindddin.-t®)e Plodmatamen i n |
demonstrating density of | arge iron minera
pore of | arge miner al Tftn. Gl u50 and GI ut
por e. C) -hSelnigx eb unmdreataendd uanssshar pened mi ne
density depmétmiahgi @t eraction with | arge ir
fobeli x bundle and associatedapl arge iron
sharpened, demonstrating specificity of i
single ckhatlddbes Lyd@ 71 is buried deep withi
resi dule/s6 Invaly be for ming l ectrostatic inte
carbonyl groups. F) View down acidic pore
map, demonstrating nGl udbednsiinttye rmaecari o@lsu 500 ,t |
small er iron mi.neur.al...ar.e..pr.es.e.ur.v.ed.l33

72Fi gure 72. El ectron density occupying acti-
near conserved cysteine pair. Density is n
representation, although no experi ment al

LTV R = (PP PPT PPN 136

73Fi gur e 7T3f.t nApsoi nPgfl e par t.i.cl.e...,.anal.y.sl86wor kf

74Fi gure 74. Representative micrographs from
mineralized (C) datasets. All mi crographs ¢
~552e/agnd flecdorOdredl ef ocus....Sc.al.e..barls860 nm.

75Fi gure 75.-TNucl eianhgdePpart..cl.e..anally&m s wo

76FRi gure 76. -MMitreraqllea zpeadr tPifc l..e...,.anal.y.s188 wor kf



XV

NOMENCLATURE

EMEI ectron Microscopy
CryeaMiCryo El ectron Microscopy
SPASingle Par/Aved &@giAm@al ysi s
STASubomogram Averaging
BliSBealmmage Shi ft

AFligdber rRrtee nl mage Shi ft
FOCFerroxidase Center

k DaKi Dal t on

PAMPl uggabl e authentication modul

ADiActive Directory

DPBSDNA protstcanwerd imel | protein

TFEFTINThi of erritin

DPSIlDP$i ke protein

es



X Vi

ABSTRACT

l ron Iis an enigmatic el ement. Whil e neces
generation of reactive oxygen species via the
evolved the ferritin family md pmdtRracter i mfce:
the 12 subudiier rDP$Sbhsfomi niEach of these catalyz
sequestration of iron as a hydrous ferric oxy
there is a wealthoafosttbhetunal nenfbrmed ferr
structures of the biomineralized forms, and t
gr owt h. Here we report structur-al keangrbtechefm
Pyrcoccus furiosus. This fdhkef éerroxndasgei ki
adopt s -ftehrer imiinmni guaternary structure, and is t
boundary bendef&Bxmi hi ns. Il nnadal itze®d d$tor ot hteu u
the 1.91 | structure of P.-okyhiydswxitdki dfi et il
ferroxidase site. I n this very |l ow iron form
unsaturated daorlemgesvattoheetmpl ate initial n
structures of higher i1 ron forms Wwietrimi aalbi omi n
resi dule’rss 1Mt eract directly with the initial n
par tciealter These studies provide i mportant ne
controlled nucleation, growth and storage of
and the ferritin superfamily as a whol e.



1

CHAPTERE

I NTRODUCTI ON AND RESEARCH OBJECTI VES

Establ i sGrmyedvE a oif loiat VSt ructur al Bi ol ogy

The stfrwrcdtuireen rel ati onmdd@r nmnwdred @ sntsa maiam g
Fundamental |l y, t hdeetsetrrmuicrteusr ei tosf aab iplriottyeitno bi n
mol ecupesfiamamicessary biol daincdli ommrs. mddhleareif oale
ot her biol ogi calr umd drrodrgodmaocod] airnt e rHe sstt otro crae sl e
t hdhraw e abeaofi ewgys to det er mi nehanamao tmod emmd rar
whi c h aiys cxr yst alX-@dgy aprhyst all ographyitgliastae
crystmdaaoafls sa gnal odmpglhief isd atuicdrumalk r iomb¢3ematl ieo
This typical-bghapergqadtieriens oar weaddr o mo If @aunlyasrt ad esmy
with di menssome oHoweawearen.certain samples are
crysthkesause they are too | ar ge,t ttohoe dyomaneinct,r
needed for (c3r.ysWhnmill egrtorwmdarhs mi ssi on el ectron mic
technology, findingentescegmpiotisarn dwahe a@mn | yo 20\
t he fdrey dg eodins il exitarm n (mirEykbp 8 ¢ © p mardees dli wythi o n
determination of many stmeocbbiestobhatr adéet e oot
techni aquesnear adH)ynihe sr esolimtilamge part due to
sampfloers anal ysi s winialt ¢ viey daoadd eadm pdim sfnyeasni ¢ i &

macr omalnecsuldd cevre ltghrariger vy st apt od e 66, 8)



2

The fundamoddasitruct ur e d-EMeir eamdn meatgii onng boyf car
bi ol ongaice almol ecul e,s oo fass utfd ihcaveentvissiizielded f eat ut
k Da,+)thralsé¢ en deposi tmed adntga ia,s meolalt Bdnws tt pp e b g
typieiatt hgr carbon or gold, and pl urgm efrrad zue re si
| owehrdlBAC. These | ow teqpier ad utree s g @mreil @Llelrw i tr
transpaBen®Byieas of the frozen gridelceatmaoms$ ng
accelteod ad erdange -BeOWBY hle2 G akeipH ee edceacd titkah h e
l ens system of rteHermiscndiecopnagtehemagni fies it
det ewWhiolre TEM has been ammootbdsem vhQ 0 oye d rex,h nmiga
have historically not been able to generate 3
a varietydgf 9Measomscroscopes traditaddnal ly u
crystals or tungsten fwiamesusfithaettodepatbi af
preserve high resolution details present in t
emi ssi(omEtGgwcrhnol ogy have | aft §.6)Ad d&iotl ivoEnibsitihya s ep
hi storecarndegd t he final ontaagtne r€,C Podrctaemmayie s aarmnd ot d
sl ow to sckatlesdawsyehlecanrayreu | t i pl i er | aydesethat ar
guantum efficiencyr d DQIEYt jpaon pHeateadiyloe cbi.gbi den
The emermenaledokede el ectron detectors with hi
at extremely high frame r(all,sF ih&yskldllya rqagiehty sodl
higpler f orconanpaasnedr shi gh dbasi epabtedagegnasl | ampl |
via data avetaagitngietr edcipfnfiegcuvelsts Ityp oet hiecihnembley

particles oft e natnoeneidce dr(etlsi3h Il beeavcohn smag aorr t ec hni qu
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enabl edEMyarce yoi aglé(yPBRaAs)t iaenlde cctrryoon t o-BBd Pyr aphy
These technt ywagsvhmave sl edmmonly referred to a

with signifi-EMngtlryuaatouree < rlyei(nlgé)publ i shed eact

Ma ] @rryEdMMet hodol ogi es

Single PartSicigel Aapailkogtecsiguei t apt edseaepl s gh

resolution 3D maps of el ecgmrmiomardielnysidry a ncd rmkei
mass data colblyw@tamd,3D odlliogverdent famd saweradgi r
ampl i fiinc as{iblpinc7o, 19n a 7t)y pi c &li g& P A oenxpseartmmpraden to,n s
arferozen i retltecvwirtomaceagdryiemtpi eeumably random o
Thous atnedrss toof of hau $ & md £ nsta mpnheeg babreecof et heeach c
hundreds to thousands of copies of the macrom
observations from all possible angles. The in
extracted fanodm ttyhpei ciamalgye ,ref erred to as partic
i nt osgfr ossipmi | aantdhsa gingavhdari®gmed i ded t hat the par
grouped and aligned correctly, signal from th
construcei rmseyhsyt,e nwhnioli se wi | lalaldodw sd etshtehiuicbirinvaetliy

resol ut i oema cihnaasgse sofoefpaes ent esg a e(ndi,.fpwe) proj ec

initialtB®n mapbestoubkbéed at | owerasolguddon o &
mapy individually adjusting their resatubdbnoan
map, the sum of which i s Tdfet egro arle fiesr rud d itnoataed

particles with as greatt ofmaxismpiaze ad ometsrod attii\

addition when averagin®ntctlkeettbegpakbeaat bgsfatl
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particl e, t heavpearragecd etso cgaenn ebreaetsee |au t(nitgwn, 8noaf pt e n
14) As t he si §nadllh gginnmteimetasdésfparticles are of su
resolution of the map typically increases, al
and fiumprhewement t@O0l4helmap pigoass, known as
typically iterative and willatpreomWmdtkmnanel ¥V, f &
i ndividual extract ¢ d e ppiomestsiticbllee wpiolsle bteh aats sdi egsncer

t heext rpatedcl e i mage r elDautei vteo ttole et éhfirea dftd etahla t 3, D

conditions, signal i s proportionalhitso ptrhoec essgsu
can takeofthhondgaendds to millions of mfardsiodlue i iom:
or gretaymircally with diminishing returns as m
(1.8)

Even mwidmesmamplee, ot her chall enges remain i

extremely destructive to biol ogbeginsampgl €9,

destroy high spatial frequency f e@fitwr €00i n th
li2causing visible sublimatil®dUahdr desatreky, odu
relatively weak interactions bet waeexi dinigfhi earet
dose, typicalT Vi sgrreeactdeerd tthoang edrlereat e suf fici en
them to be(2.0)ti@oepk @ f eethhids probl em is to first

introduce phase ccoonnttrraasstt .c awih iolfet epnh apsreovi de eno
part,idltes rtt oecdadcesatdon of the signal in the f
being delocalized furthest. This delocalizat:i

descriitbsi neghfemptase, or contrast transiftey dfufnedti



i Fouriepregaces oscill ati omd itrh etstsgaggfiiagnnc toifo nt
spatial. fIrfeqluefmtcyuntreated, these oscillation:
specific spatial frequenciesiassaghahctiaoceodf

particl es Howe vav er a dceadn. dsec imoldatl iean apirdoivciod e dk c t

sufficieprtessengtnailn (tghlle) miecf @gmapthi s correcti orl

spatial frequencies that are necessary to gen
def mdusach particle must be known. Due to i mp
topology, or even sample positioning in the i

indepeasenmyédtti ng the beccal atl ahz2sl ) )ohet dhef .
Typi defbgus estimates are first calculated co
section of a micrograpipplICiHasdoatsiesmmataecs ealr e
particles, at | east to a repol Ohtehasmppblteen

resol uti ondeifsocguesn eersattientda,t e s-p &ratni d{leledr,.E &Sine d on

nature of the CTF oscillations also results i
cancelled, rather than just inverted, at spec
of these nodes is alsohasfuerasbon dhatabet defvd
coll ected over ig owipdaamweaotrgee soffatdiedlocf requency
devoid of infoawertsitgpoend citnurteh.e f i nal

Anot her proilMe dawalt &orceywl t of the destruct
el ectr onb esaomm d aneoetdiiosn ( Bl M) . BI'M arises when th
to the electron beam( 224BI1bve gisn st ytpa csah il fyt mons tt

the beginninwheteaprespmabt g, the particles ar
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state ,i ndudet o ctethe rapid nat Hoeveofert, hd hplsunge
exacerbated thbya tcdhes d/axcdt & Reafsfelabosned s1 al abl cont a
t he -rhesgohl uti on i nfor malt9)dms b hw d& i @& M édisrean ochgerra pthh a
write out a single microgrdpgex gdssitha@rst etrhe sum
mi crograph termed a Aframeo /par,eipirsdwiadle d et wat
detector is capabl e (0F24r)eTchoa dti mmtga laitt y haaft ff rr saame
exposure is ref,erarnedd at @ yagps ca |l A mowiied wi | | be s
framesl | the frames in a movie cathonaek tbhlee al i
beam i nducedcrmedatiena asnidn-gboer ecbaed, mmot ognaph.
CTF correction, those frame alignments are ty
more accurate(i.ba®dnae gd odbd I maomeof swmbtiohent ¢
c asno me thiemecsor r e ¢ &rdt ioanl ees ugpatsiinsg i n a raelsbodiutt i on
at significant( 2dgdmputati onal <cost

Once poses relati ve atvee tbheee nc amd eerud tlas e3ID t ma
often possible to classify the indiviidual par
process referred to as @BDsvaZhmedelti eghmwmirqB®ds ci
both composntoomatandnal di fferenmgearst,tddaees may |
averiagetdhe r eaxrmd sttiraircd fi @me n o tT hveissei btleec hinni gtuhees
often wused itno 3dDe ntohnes tvraartieet y of canfor mati onal
macr omo(l2e6c,uldehese tools are unparalleled in pr

function on a structur al | evel
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Whil e the vemaatiivilei tynaiM iaoees rnanftoeovrayl d h y ,
samples are amenable to SPA techniques. This

nowmni form, renderingOmne e xoqfmptishei ksl ec otud da vweer aag ec.

envel oped virus, that is not always of consi s
Furthermore, some samples adopt a preferred o
projections wielalr bied einetennctaihiciasgotobcropy i n the fin
reconstructi on. I f this anisotrampyg ulst ismateeley
useful structural i nf orFmantaildny ,avidai li ablod tiem tdle
bi ol ogi cal macromol ecules in their true natiyv
case, 3D information of a single particle, no

particle aveguagi aget @oh opti mal

Cryd ectron Tomoeogpgmepkiasarse not, acedyemh Ir® nt o

t omogr ap hpyr ocdaunc es tiindhleg me dil at e on st rRiactthuerra It hiannf
average together many observations of many di
possible angles to gEhermgteedBd3D ti ak ®s maamnyYnNng b ¢
same s atmptllree shampl e i s tilted db etdwestgee so besfe rtvhaa

sample from a wide N62088,ToROshen gil masg e &,y pd cclall d oyt

cal |l ederaOmdel tr ecorded, the tilt series i mages
dense fiducial markers emblGdrerdb gand st.h eT hsiasmp | e
alignment accounts for microscope stage dri ft
frequently on t he aoodebtedowse eant il neasgeersi & snv et haec etni

tilt series iar alrtelpaardd ecttleed i ma@gds t oedr eate a
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ar,eacal |l ed (8.0thamodgroanmngram describes in 3D the
beam, with tdenmogirtaym irreptrleesent i ng eEbwetveon deas
some technical-ETi mheaacbnswvfabd egiymegilo® udtouwaniglr ya i
i n t e nloomeatnegre

Thei ngrlecat est | ¢ mmub laehli doonteriosn tdhoese t h&Rs sampl
previouslgl eetscomn dedpgouwrnte vies t oF dri p3PAY I sal ssa
i sndbi makdmaguse after a sample is imaged once,
area of sample that has no,¢t dreent lpeg eviipruasll yi ®
| at ar si IHowe verrfgEdagwilt hof sit pealf i mast come from th
observation, i ma@éd ambir pewisletr € §hi s means the n
dose must be dividendgkey,thesul mbh-meirmdg daxind fta v~e r
3e/ % and a final sample expdpBhanedesful ¢n odntthhe
doper 1image is thaweackodt faatureseareemektyvery
given tilt. Additionall mepanbethagh wot ak dasé
preserwves dli gthi on details, | ater i mages- in the
resol uti onT hienfsorteussatciedony aitsh d flacw d dsd ttyhei cal |
requsiarmepsl es t o be i maged at greater defocus to
high defocus in each i mage causes greater del
modeling the CTHMoared dd ddfu e autba gwead hdm reci proc
Additionally, the tilt of the i mage irMdtoroduce:
OA itmagteer e wi | | be a def ocuFsi ngarlaldyi,e ntti |atc raonsgsl

knownseltecias t Heidmn tmaey sbteage eand/ or sampl e, S
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defocus as a gradient mayofn oeta chhea mpnmiaegceiasce uu ralt e
esti madneéed

There are otbe¥dl ami wwationisstsahf yd ,aadelee t i
thickness of i cd rtameshmititngeh elasetsr,om emwdtt i ng i n
being scatteremdewer hin @dc Rimgd etf ree vdbaotgeeatsocront r a
at highs tFil hakbhgel mduedt oange ofstmeodg(atotm ilaafal rmiyc |
N6 0 ANFtOAAhe sample is not actually imaged from
pr obtleerrmed fithe missing wedgeo, describing a v
i nf ormatt bteo ma grad imsiismiilsar t o the preferred ori
alt hofutgdean as , daachat @BcD rdexnwlitt gi |mppe@on migonat e
stretched al drBddAka as pecsiufliteg axies resol ution of
typically onnarmemeoaamrnofWwhéones near atomic res

To mitigate s psmeev esodfé ktvheersee tiescshureisques have b
extract repeating features that might exist i
i ncreasing rtehcecanstilgywiale@g tfaondl c resol uti on of tho
caslelsi.s met hod-t bmo gaavbkehneadg i finsguabn @iSitWsA i sli mi | ar t o ¢
due ht gher | evels of noise inherent to tomogr af
in i3tD,introducesllieac@odowwnIBAnl 4edebpite these |
devel opme-BT svhsaene nc rsyoome | arger , more el eetron d

atomic resol ut(i3obn. whée)n aver aged
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Suppolrnfimagstructur e

l e thei menautstis bepeof necessary quality to
tion data, the resolution dependence of
uare root of .Rrhaec tniuaneblelry ,oft loibss emevaant s otnise
tion can require millions of direct obs
ty of data that is generated by the mic
truct dreentofi mpeo&rt @athqcteihe aeomit hraoscope hardw
onal |l y,sawer amrtiegtaanty onny otfems i nvol ved i
he data fl ow and processing pipelines m
Ility construction to ensure that the <c
hp

ailed in this thesis are t heEMpfeaaitliiotnya,
I as details specific-EtMoftakeli mpl ame Mo a

sity. Additionally, tHh¥e) tawoe mhijoaudseaed ni

rd operating procedures (SOPs) and meth
ing microscope operation, data coll ecti
exempl i fi ecdt iann alhyez ifnogr nb ioof mian eprraolj enucl e

c c DB 9 fi krei giod e igne. n erdijdddtait an alollyy,ect i on me

ed
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Single Particle AnalPyysriosc oocfc uBsi omi ner al
fur iDpsiike Protein

l ron and oxygen are both essenti al el ement
combination. F@hlke)moga®a& uil acmr evalxtyegse na danger ous hy
( OHA), capable of causing significaBtcttamages
(37,As389d result, dddlolcsh phmeovcek ledseevset!| idgparigeeCh h e &
among t haeon iiwe tsheequ éed(lwhitclni 8falf seedfet en coup
controll edFédxi)datol arheofmé&dé¢ Palod mii mas!l Ifyori saurcth i
oxidation amepsegeandgterdatiinorml | domaBHA&LYhoet | i fe
ferritin family consi sfter pift itdveranadg omiscil 36 e8em
ferritins, which incl ude btahcet eerpioonbyemeorucsol hyp rniasmeec
corehébux bundle that axmembiweshi atbobhhowctah
t he fmearrii tins, comprised primarily of ¢ he ADN/
utilize ahesiini lbaurndfloeu,r but i nstead assemble in
guaternaryaadrarpement an -@exbmyiowrtdi amsemertrl!l ef
All of these protei nigd lyepbdoyahti craid d ypos ame&l anema
ferroxi darsCGéa efeolaiirrx t hwanuwdceahnt & reductkFéehl pot en
to transfer el ectrons 2dro0#whpisivemu F ubrxe alu sgh mtg,
t wo atheemsd ak@klrtoonst keFiéndrot)Howe v er t her di fferen
bet ween-armd -inmearxiii t i ns aboundr wargemegami af ngheh
maxierritins, the FOC is-hkebcatbdnidhet hewhcéret eémn
presentfodtd timet e f hheeé¢ i ke DvBOEK efsoaaswn t welnl as pro

guaternary athaongkbmend wkeeaeyllyetdwda memadhrei bou
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ferritins untidiklee (®DPSdSlvwahyatsapill dlanis.b) c us
While initially predidteedifinom sequenage atl o sh al
whil e tshpnsi liammr its dodecameric tetrahedral quat
|l ocamed he | d sahtleebri xofbundl e, afseinl fidt6iNmMHibs teldac es
DPSL at the intkeoestdanyg be&bpaved rihoentaieiytmanxsi, and
easy 1 oheoiwnaegi t her c@lvaodfareadn utl de hatvlkeer by transi
DPSiLnt er mde ddidadt.e 4 7))

While the ferritin family proteins have ha
activity thoroughlgss hwawelalct emlidtzieslad to@vdfadttsd tstfe t
gener at adhi B e( lall II-) at ninmet yfbderargiet ibreen shown t o mi ne
Féelll) product in their hollow cores, specifi
preci semgchaati emséhntupcaleeat i on and growth of thi
uncl(&gmBaWhi | e gener altd eophe dotfeimmisneirsalpossi bl e, th
complications with existing analysis technigqgqu
have been prerrayo rcnreyds twdilitlhogreapmy gue has not bece
structures ,ofbofthl Ibegamntsieclods the necessity for
particles, as well as heterogeneityg popthaeti ol
averaddditional |-gM whubeededéef eryioti ns have b
studies have encounteelreecdt riosns udeesn swittyh atnhde aisnstoec
contrast contriby4eldE®MM9t hegmahiegamecobral gor i
whil e consiindearmmpnégi tsuwudceh contr ast , and as such t

domi nate alignments at | ow resolution, preven
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details of the surrowmaldd migatpedtmpamt i cTlhe spo sl
| owesol ution mini ma, -rresallutiinagnpirsd vaud itowgeens Inli m

bi ol ogi cal i nsight.

Research Objectives

CrydM Iis a nascent f i eivd iabcéc esstsriubcitliuirtayl ibsi oilt
high coempl ardnature of w0hiatmrosocapgygsopgeraguone
knowl edge base to make efficieaxi siteiengfi qtufees t
and methododt®osgmatsurae eas those in other struct.
need to integrate complexappéoedtioala adydampmia
towards the biol sgeMhall equenset inbanfsorb epirmg eact s pr
are not related biologically, they are united
the tworyslj met hodol ogi es at the nasecMnt Mont a
FaciTlhiet y.esearch presented herber cmad eanppplsi cteot il ca
both magMrmetrtymdol ogi es, as well proviEMe a st ¢

facilcay ttdarmrwggd oavn d-BEWI rcagtyiot uti onalniknwews etdy.e

Research Questions

ThEY es equecsttd dbrnesses how htieghlirad liitaylh iEgyM cdoalt lae ¢
bi ol ogi c&@bnandéeyat Bonesnsiunrcel uwdhee hqouva Itioc' y of t he
high resolution analysi s, how to stordoand ef

to ensure al/|l necepsrsogpregisyupgpoetd aynpsdt amseasebl
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ThéY2sear c hHogw edsot ffeemirliyt nparcd teenit res aonxdi dger o w i
mi ner al s 2 nTot haenisrwecroreeemips ogeesmaidoemncwe singl e
techniques that provided highi kespid &t eiom fsit om
furjosnsitmi maeuaxfl eamed form, and fully | oaded
el uci date t hnmei rmpereacli sien tperroacetiinons t hat enabl e t
i r-oni de mi ner-lail k eiopsed &@ mo DPptsr at i ng vtihaa tp rneuccil seea t
i nteracmatoimawhnt ©ar b o ngyllu tnsomaktd ei, ceésa taimich e gg 1 emwt h

of a f elrirkidnyedrailt e n t he core.
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CHAPTER TWO

CRY&MCORE FACILITY

Operati onal |l nfrastructure

Il n March of 2020, Mo d & & noafe Bay aTtael olsn i Avrecrtsiictay
transmi ssmionr @ed ecpe oaand Gat an K3 Tdhier-geic2td el ect 1
aut olaonaddl @ mnced comput eof stchrei pniiicnrgo sicnotpeer,f accoemb i
extremel yr @at ghof rameutdesecticsa,cayseldioad ktoffiani n g
ne-at omi c resol utfi dn o3 gstcradctmarcesonol|l ecul es an
compl exes. Aprdeédii ®in@ad | ¢yf dthaege moviemént and se
capabil itthiee gni alrdoosgaud ree tbhoot h t omogrdagHhHiracdan d nmi
( mi cr o ElDQ wal\vadeaa,.t al tsheen shiitgihviley nat ure of the el e
present in advanced ha gnhu nrtbeesro |ouft ieonnviiTr EoMhinseynstt ael
mi cr oscompyreefqauciirleidt yt o attain the Addihteigdhneplolsys,i
pairing of the Talos Arctica microscope, made
Gatpmevents the usage of Thermo Scientificbs ¢
necessipatey moPprosmcope software to be instal
Gatan K3i sdex6ecmeodnempireelical |y capab-pesreodfomrdecor ¢
(FPS), -wit hpiaxeedwelpttihng i n a 1lmMax gti lgeadrydteisc g IG
second of dat argaecntercaatli ounrs.agvhirleesul ts i n an at
t he t~y5p0i0c adBf hdat asgehér predents significant [

computational resources. Cair ref mausttthrraliastt \gribee e h n't
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place to both transfer and store theg &arge qu

bottl eneck at any point can severely reduce t

Environment al Control s

The el ectromagnet irce slod nuste so np rTeEsMe nsty sitne ntsi gahr
number of i nstuecrhf earse neel eescutaralinch, g nien tbenrafler enc e .

Addi t itohnealcloynducti vity of TEM tempesatanechang

El ectromagnetic |l enses in TEMs are typically
thataekhkeghly tuned and calibratkelesmagnetic fi
el ectromagmet kceoptstbaatimg e r aad ualémsodpdy chi | I ed | i qui
system. tthawe weoro,l i ng system may not accommodat
small amounts of time, which can allow | enses

el ectromagnet i ¢hecoellesct rtohnuasg naelttiecr ifnigel ds emi tt
frequentl y maniofresutn sitma ba emies alcit g tobnd bneaaxm.mulm
temperature change in t-heumipeosbBbhehoobd bee
Additionally, chiller flow should be routinel
mont hl y.

Il n addition to,tembamdt ehhe&ktaoomagieed i ¢ i nt
result in degradation of <dvaitbar agta &oenraflgr ehclkeet vy
mani fests baamhdgriifidtemdieefas | y apparent in the F
t he mi c.r ofghrea pshosl uitrieano vies asniymgdloaud or vi brating
mi croscope room. For this reason, the microsc

beehaced in an adj &tectr meagaeical i nbemferenc
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to assess and mitigate. The mi crSoCs2c40 pre erlado m h
Cancell ation System, which detects electromag

and applies an of fosuet any tdlee ecoem t oteadeelenc

|l eft operational when the microscope is colle
guality.
Mi croscope Control Software

While the Talos Arctica mi Eredeiopien,cftihmeanuf ac:
prina3c gmenoaul e i s manu,f alcntcu.r eAds bay srGasgubl Bt ,p arhtei
data coll eichstoal Isod t ovEE Poies nuingarbabseceatdoey ¢ o mmu n i
with the H®Bwevaemre,rsat.Wér eefatrwar e packages capabl
install ed omctame rmi ®PrCo s daage can communi cate wi
the system for highfdrhrboatgh paitn gllag afarotkibaglee i ar

available include 82 ab&M and Smart Scope

Seri &SleEM.al EM s ufrrceee micpeomscope control sof
nearly all existing TBMhaendnadameSrea icad ntEbM nuasteiro
installed on t he K&8ticalmEdMar egpmpue ®ra server r|

mi croscopehaompoterfaces with the advanced sci
is capable of fully &iitwi hegatlbeaedirsquicahradawmm| a &
grids, manadiamgiwmagc waypmr,rtures, controlling the
many different al iWintne n3esr iaanldEM au s ebrrsatd am sc.r e &8
grid ¢ qduaatraescol |l ections, fi mdadholiesv ibrotdir imd cga

and tomograms, apdopgesfSomm IBashc apostr ame alig
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estimate data quality. Additionally, many of 1
to allow for bulk data collection of both mic
Because of the many <calibrations, settings

Serial EMpf mawhi ch are specific to specific sam
managing the Serial EM configuration can becom
can save their own settings Angsaphiratnét fobeées
manage the | oading and saving of these config

Serial EM is highly extensible, supporatsi mg bot

Python | ibramgst hderitalabBM| @aammands i nto Pythor
|l i brary can be called internally by running P
additionally, it can be run externally by hav

480.00When placed in external mode(,5.4d)i rect user

Smart Samapd.Saopepmgkte cl e grid screening and
a heavy emphasis on fdadat omatwiron tamd sa ansga D fla ynugso
and is installed on an auxiliar yK3Z oapmaetrert.h al
runs as an externalarktwesness othnhd oSereirdlaBNEMPY t h ¢
with the microscope and camer a.welbh eb ruoswesre ri notne
same network, on por tca4s8l0ed ndIdma rft Src opien gl e p e
collection, as wel |l as setting uptdaetahi esl bec
combination of simpl e atvgiosiiommh md i an & ud dwman ¢ @ a

To use Smart Scope, users can tell Smart Sco

they are in, and howpmesaqwarge itdo sgalalrest .anSImarot
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Serial EM Pyohaqgtnhganielwrsa f yor tsocorl egeencitin gnagprsd  Once &
map iIis obegraédoni wintehtma ge P épobpgenhyitnikonal | ows i

detect and cl agesody gradkeduasmal las ©OF5)ut of

Once grid squares have been identified and sel
automatically create grid squar e omarpesl,atanodn itno
center the grid squares, attenuwatiicmgnliysesate saw

gradient of monwamewmrntatiea ot ddhee center of the gr

(7]

grid guare maps that -ofipwtiféeoddge of the ca
Once a grid squarmammnpoaagebesnowneatedntr
routine that i s faster than thiederfiafull ¢s eamraen

categorizes hwmd ®eesd onin tthkea shlgrutaetres|i t whoth 1 s cor

(@)

thickness. Then it organizes -itnhaegleh dlte  Bil i5t)o o

coll eaantdi ecm| | ect s Td eamolalsedthsdatua,t elfimart Scope
magni fication i mage at tée uveeseei oheeathadi S
correlation with a hole template I magealirgmde

the microscope to the center of that hole for
centering frequlwnlte ycertsaurditrsg ifnomedhalrl engi ng
ice, or add so much elesothoagdsdmibidtdyrdts,tulpd si
correlation/templ.ate matching algorithms

|l n addadliloenmcttiong dat a, Smart Scope al so asyr
calculates CTF fits, and presents data for di

session and see al/l the grids in thawi tshesaslilon
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the identified squares. They cTame tihseenr ss edanc ti r
Smart Scopceo dteo tchoel onrol es by i ntensity, BI'S grou
and probeysean -abdedbbycg€mlé&rfit as a rough in
data quality.
Smart Scope al so makes ittdatry ealslyeit me ona K ie
Users can manually add grid squares or even i

thmggl ter data coll ection amar amextghlfeldyi, d unchlo haes

data collection is undeewagat bdseobkl eanhi erl pco:
own, for granular control ofSmaer8cepepi ofal &
extensi bl e. Uswnsi magei nsetabhithehr model s, as
and integrate them natively into SmartScope.
Smart Scope is capable of ext rceorellec tfiassn. glrt
comprehensk2egyi ds in I ess than a single work
500+ i mages/ hour whelnniaddiatiaom otl d etchii ®n tmhoea e:
computer vision mean that very Ilittle staff t
collection methods such as Serial EM.
Computational I nfrastructure

Dueuse@emandhanex penshivgeh nraetsueclawptaibd re cIrEyms , |
i nfupnt cost and seravintiec rcoosnctorpayc tfsa c iolpittiymitzoi ni
i e8ssefndr atl-her mohgal th and suWhiali @eadpi ¢at yeoff ot
into both mechanical automation and reliabild]i

protocols and scripts, similar thought and ef
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infrastructure, or datbat lcemabiilect yonowmbVvVehbesbo
mai ntain the resultant dat a.
At the forefront of this problem is networ
computers involved ,i matnhye omi owhd sccho pryw nf gdielcietsy

these computers must be kept obfuscated to ex

the network entirely. Others must be connecte
facil i tuamt ed araax itnt ansffieme spemtbe adddcee®ah to net
construction, hi ghdeftreacneorrast es udcihr eacst tehl ee cGartoann

amount sAodi mMaltea,, 12, 000 micrograph, 24 hour d:
i mage compression, w3 |TB gefneirmittei alp pd atxa .ma$ eb s
oftgerowdahbeethe sikp atldibromBto just the she
needs to be accessible to high pealrlfow mamee co
proangsdgio inform data collectionmalto wtaétolpe . qu a
data collection, data still need to be access
can take months or evdnry dabragoarves, ¢ hf ecent ali ng rde
agencies require data bacdkautpa annede dasr ctho vbae af voari
backed up. However, traditional met hods of ba

drives may not be efficEMndat auetUS,B dmdnslaew e

n

peeds. adflmaesrnefrgrenore robust backup method gea

Al | of these points have been considered i

nfrastructBMef &oirl iDlayy actmaS W.e wri tten and mo

storage at high speeds, where it is also made
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compute resourcesxtandaktabpckoupnsbeuttons. Fi

secure maemsneerrvedshauserr access controls and perr

Net wonrg€o& necti vity

Net woorknedtsi wint y mport arbtotdondsiedgreatfioad mafnare
of aEWKTrtyacility. The crux of the problem is ¢t
able to communicate with each other over the
net wor k, all hatapsetecésmaseer permi ssions an
vectobsgt without sa&dr itfhiecicrog eperff drhmanmde.r osco

the microscope networkwotkel hot Thbosnest ad ext

net wor k. It connects the microscope PC to the
mi croscope parts that need to be controlled b
apertures and aperture controls, the stage, |

contrtohhe efrlsy screen, -Macmadmerhae a md ecga naeread cCoerttar o

I n addition to the micndhecdmeidnd ymiad rsms dmo
K3 and associated computer (megaertahrea@a contr
net woarknected temperature sensors, and a remot
to remotely acceQ@fs tthes ani ctrioes crogpmotPeC. PC, hydr @
able to interface direct! yt we trhe ntohtee npicc,r oassc owe
mudte accessible from tbheaM8&bdnehwot Empewhat ar m
not have a dir 60U cehweckj obutoi nhbBeead proxy
as the majdro aheedacpdiinty from both on and of

able to transfer data coll ected with the K3 t
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storage (blackmore), whhehcamptistbent bal azeeées

as weldampusfbackup solutions.

Talos Arctica

RCI NemrkISMB

Globus
D ————
SMB

Lucal 10 GbE
VNC Campus netwark

I Dlrect fiber-optic link 10 GbE
Local

Gatan K3 Camera

FiguNet wor k di agr afm ave sicrr i tbiEaVIgNFER WA t Gri Wt oy . Dat a
recorded by the K3 camera and transferred by

Once there, data must pass through aapdoxiya(h
Gl obus. Gl obus can automatically move data to
storage system, where it can then be operated

Active directory (AD) on facility systems
Daemon (SSSD) and Pluggable Authentication Mo
somewhat complex but an attempt to sctuimmari ze
directory for managing users. There are sever
both SMB/winbind and LDAP. Active directory i:
Netl Ds. Additionally, the uriateroni tof AD wsiem
in addition to AD. Kerberos functions as #fAtic
actually provide NetlI D and password to a seryv

l nstead, the AD &8lgest ®magheoks wowgache of dire
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to see if it has any tickets on file for your
requests a new ticket through Kerberos. The p
a more secure entity taynbd hesiimglianduadl! Iseatvi
Rat her-i mphemeat an AD/ Kerberos system for eve
systems such as Linux and BSD have the eponym
Aut henticati on Moduwlfdswa.r ePAM inotd uolne sanareex isst i n
with an AD/ Kerberos soluti on. -fTahceisneg npordoug reassmse
secure AD authentication system, meaning that

credenti alys.t eOrs,LiSryisXx esm Secur ity Services Dae

responsible for centralized management of all
When | ogging into a system running AD, eit
wi ndow manager | istens for requests to | og in

forwards that request to the PAM ssyest eS'5.SDPAM |
SSSD handles authentication by |l ooking up the
and requesting a Kerberos ticket f oewi deneom. SS
sysweme settings to PAM. iTkhe svéh eg et ttion g piyn d lhwe
from if none exists, what shell to default to
authentication modules, which, in the case of
Bl ackmore storagbeuvsosisngichetsamMAMKases Kerber
called Apam_mounto to |l og into and meunt netw
l ogging into the workstations. PAM t hen forwa

approves the | ogin and places the user in the
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openSUSE Linux ships with management softw
for enrolling a computer to t hefiydhsans mhidairsti ng
Run YaST as an adiMehwet kaBeitUgeamd 8gobrtrcd " Chan:
Settings". Check off "All ow Domain User Logon
bottom, select "Add Domain". Domain name shou
Whisé@rvice provides i dentsiotfyt dAaxttd veh dDulrde che rsy

service handles user auth should be Ageneric

checked and click AOK. oi.enA emrew hdei aKleorgb ebrooxs wielal
Amsu. mont ana. eduo andsttrhaemel Do fh otsh en acmemmwst @ rh eb €
ending in A.msu.montana.eduo. The AD server h
and the credenti al cache should be set to Aio

packaglkes dawnl oaded

A dialog box wildl appear, <called fAActive D
a NetlI D ending in @msu. montana.edu that i' s au
Ent er tphaes sunsoatid® samlde A Update ADOGs DNS records
succecsorffuilrnmatli canppear.

Finally, once enrolled, attempted | ogin wi
configure a default shell, navigate to AExten
extended options for fAdefault s IBeDl Intayamdedett o
restarted beforeiamhandgme san g eirntca ne fdfoedthi s wi t

restart sssdo command. The SHRIDE/comnsfd/gursalt.icoom

(AppeA)di x
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Data Storage & Management

Data col ISeecrtiead EuVs iwni g | be | ocat ¢ dei dirXt:he An
on the Gatsaenl ecootngpadutbeyr t he user. Whseawv ads ithag tShmes
AXSmMmartBWoopEesessi owmgnathenrame*d dhoec¢tdobyey. not ed
saved here are not secure.diFsB&isltd,y,i tt hwisl Id ali &
Additional Isp,eetdhisg oirsaglei qplteeded by the camer a,

mi croscope mayvamnaedhaypbeeramadvvetdotud wmakei sgac

Therefore it is advi s aoblder itvoe raesmoqvuei cdkaltya afsr opnmo
easily mbewdXofifveeah heame using the Globus so

Log in to Globus wusing an institutional 1o
Net|I D. The facility staff cano cdreiavtee uas isnhga rtehde

Netl D so that they can see t hedan dbae ama we dGltodd
arbitrary computer by installing AGlIl obus Conn
Connect Personal on that account, and | ogin.

https:/ / wwand|llodbgiisn.orlgn t he rmenwe WNeAnSdagae reedche | ¢

Wit h sYbawd'l d beco@e W hislseb slboeiré d, see your shared

the microscope computer.


https://www.globus.org/
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cently Used |.| n Use hareable By You hared With You ministered By You

FigaAr example of shared directdohee€Myo t he Gl
Facility shares ar e ma nnasguecdr gtohdrnocuaghh bteh es h@lr cebdu
MSU Net | D

Select that share, and then navigate to th
files that are to be moved off of the microsc
On the right hand side, selcadtonsSearScehde cand hre

that Gl obus Connean @®red spmeds itshe nfs3tadritedd butt
transfer, and the webWhem wscewi ntcga nd ébtea stad eB lya cck

Connect Personal kmereohaseaddddiramamtsBtba GIinooldes

To move dtaithas,e 6t beas Ti mers feature. This i
use | ive processing tools such as c¢cryoSPARC L
tiM®. use Gl obus Timers, simply setup everythi
Il nstead, select "Trangéd9tearrtand Ti mer Options"™

Transfer & Timer Options

Fi g3ir Gl obtusmer esaylnchr obutz@madonon options
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There are a numbeiSyrdnc®pdptoinen, Senecdwittheh
to AFile Size iIs Differentod as calculating a
considerably. Additionally, to prevent the tr:
errorso. aFinhakel pottom, select the timing that
campus connection, every 15 minutes works wel

tranSfars.t he tnroaamsafleri Swiatrht ot hbeut t o n, and a re

minutes

minutes

Fi gaar &l obus ti mer options.

To automatically mount network drives upon
l ogin screen ShM ars iln gthhtednc aosre of ter mi nal I

configur ef amo mamoadtu lhee upon us efipalmognintnste Inf addi

needs specific configuration so that it knows
mount it. PAM is conficgnféedousiThgrehargeot wwea
modul es, gl obal mo d u |l epsa mv hdi /ccht agamben |ienss ewhtiecdh ianr

included by single service #ffiaceisnng As esriwigd ee sswec
SSHD or SDDM or some other |l ogin service. Dir

softwar e updantge st,hceo niiffpbagndo r s aht war e, therefore |
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configuration changes through t he-sseafvtiwaer e, a
modul es, which are options that can only be a
making a change globally, they imnuwst sbea smadye PfA
This inclmhmodeds ot oeptimon, which is used to mount

for Apam_mounto is found in A/etd) security/ pa

Data Backups

Mont ana State Universitytihe dwWrUr &n tRleyg i aappmrl
Research Stored (OURRstore) ISgprace scaal & et gpue c
through Research Cyberinfrastructumaesf{RClred &

Gl obus -tfeerrmlarmaghi val . An exampl e o0fA)(t5h6i)s pr oce

CryoSPARC on Tempest

Te mpiestap éari fgdor mance compuREIl camdstt &irn o paeraitreg! &
instalCpa$SPARO®ft hat can be used by any member
Tempest (re®oyoSIRASRC on Tempest is feature comp
ne-apt est rglo&SRA0odx3 D nt e garnadt i cornYnQ LE@(p5=aZ)i o n

Using Cr BeSRARE@. of per mi ssi o@rsy oiSsSPSALRECs r eg a

executes jobs, a servic&Madaacunti tryumulsyt RE@I ga
everryoup's data on Bl ackmore, and ability to r
neverCrys&S8®PARC on Tempest,-emavvaecit het P@moonhanat
appropriate permissions arranged. Once access
on @hyeo SPARC web server. To -erme_gfiasctielriataye@noounnttasn,

with a | ist of first and | ast names, and asso
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t @& yoSPARC. That will i niEdah wu & édhreb e-egii se¢maadi 4

character tokE©e€mnyoNRARCBgRERACT-EDa tca e/to

em_facilityfaononadedodsmelesict " New Account ". Fill o
email that you submitted, and the token recei
is created, the user can | ogin and begin to s

To sWLCbmbBPARC jobs to Tempest, the user <cart
|l i ke nor mal . Each user wil!| Be agmiesén anee g  att
jobs to the Tempest GPU Priority partition, u:
submits it to the Tempest GPU Unsafe partiti o
the cluster, beatj wbtmayhbercakcehatd tba make r
should the need arise. There is also a fiLiveo

the Arctica.

Queue to Lane Run on specific GPU

Show all lanes

lawrence_gpupriority cluster

lawrence gpupriority

| . . . .
| v Cluster submission script variables: |

lawrence_gpuunsafe cluster

lawrence_gpuunsafe

Fighrdane selection inntrr&Eb@hyos 8RARC cwWwe lgrwuer
separate | anes created for al/l of their Tempe:
visible to members of that group.


mailto:cryo-em_facility@montana.edu
mailto:cryo-em_facility@montana.edu
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Occasianmddry ,tmayalnteeerd t he time that the |job
system memory that iIis savail akblte” CTawwsdclkranga bpna

vari abl es:

~ Cluster submission script variables:

time_hr_min_sec
Instance default:
Target default:

This job:

command

Instance default:
Target default:

This job:
ram_gb_multiplier
Instance default:
Target default:

This job:

gres

Instance default: a40
Target default:

This job:

FigoireCustom cl uster s WNbmie étsiimeen hsrcorchi gnic_rsvesice is a b |h

format of the time entry. Command displays ex
CryoSPARCt hiod daan be useful for extending Cryc
job in standard Unix softwaee epltdwamu d@&h itmeo.

mul tiply CryoSPARCOGs dietfhaiud ti smemnreocreys sad rl yo caast i Mri
chroni calelguwessndermemory from t hekecfigseed dptri @
all ows selection of a fAgeneric resourceo, on
to A40, but A100 and H100 GPUs are also avail

The variable fAtime_hr_min_seco is in the form
variable ram_gb_multiplier @iylolSPAWRICt irelsye rtvlee
by that val ué€ry d*dDdRAROM srteasnecrev,esi f40GB by default
reserve 80GB. Most nodes on Agpupriorityo hav

shared between two GPUs, al t hoTuhgeh Ttewrop ensatd e s h
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schedul i ng sowitiwareut(dmatRiMal | y deter mi ne whi c
resources requested.

Topaz is avalrlyalBIPARICor asseelh as throughou
version of Topaz to run, when setting up the
Topaz executable". By default, this should pl
typEIOME into the path and pressl|HErmrctkea rngOn nd oa g

topaz directory, select the desired version,

Managing CEyoSPARC.running on a virtual ma c
The aceawmtrCr g g SPIARCt he active dificrexd®parhGd e8r vi (

user' s hcooomet aionsdetrhe foll owing directories:
/| home/ cryosparc
Dbb cryosparc_cluster
Dbb cryosparc_master
Dbb cryosparc_worker
Dbb s-Exampl dannt / s heaxraentp/l selsu/r m
Dbb test project
Cbb topaz
CryoSPARC Master is installed under cryospa
Master process iATHethi tedséenkAppesadrggi ster e
em_facility@mon$RARC eWaur.ker is installed under

directory. The configuration AThe Wwomrkdemep wma e

not installed Iin a traditional manner , due to
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"Standal one”, where the master and worker are
However, no SSH access between the master and
configuration. One potential Hdradvc a che d hii rst & ett |
configuration. This is unavoidable at the mom

check i1is i f thlae patth cdnlbe wioogksd in the Cryc
cryoSPARC can be managed via systemd. Curr.

ffhome/ cryospar c/ . con tsiugp/esryvsitseommd tsuesrevri kbeet w0 $ pdr

It is important to note that this is a user p
l' i kes to kil us i@ rogp rnaaldismaaess bdefet aelyr | d do gfoaurt ,t he
user. This sometimes still fails for unknown

check 1 f systefmderi gliokgioduhteé ngf ¢ hemeat.i ode dndtogi |
usfer yos p acamfd rsytoasrptaot om ma@ngm S PARC. l nstead, uUsE¢
(example-usgstemabsluperyosparskee vicreyosparcd uUs
CryoSPARC can b#a rwpdkgptaedonv ipa othbreatmhi s, f i r st
the systemd servicesdbdy suopupgydisygatimcThen, |
CryoSPARC by running fAcryosparcntryp®®PARGC. t Dht &
| atest versi fcr.y oopnae bcdrommeugmdtaited akes a very | ong
downl oad. | fAc rtyhoi ssp acracdne ywnpfaloadield iOr ¢ o SPARC 1 s runi
and GtyoBBPARC after the dofenmlyomasd air csnic-iuppdlad tee ,
downbotad perform the actual i nstall ation.
CryoSPARC considers patches different than

check for patchesichrewcrk "Acrlyosap gradm hpatschH ound,
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manual ly with ifdomwyndosm@ayr"c.m Goaptyc ht he downl oaded

ficryosparc_worok @rompatcmhy d apamgaed c rGoo & pa rtch awo rdk &

and fbium/ cryosppalfbewnpatehoad the interface and
Acryosparcm cl i "reload()"0 and Acryosparcm c
cryoSPARC uses MongoDB to manage user s, pr

(@]
c
—

rent !l yi/kengy/os ppoabbadred i s odraveeviamtaw &1lh e

3
o
o

hvMe Backups are enabl ed usifinmgy cymsdreand kb a ank
functionality, and the syst &nid etsiemesre rfviilceess caa
instal Wedmehdeyosparc/ oaxmdcd fh ggv es ylmehedmddireasstelbesd
manually enabl ed eveviya tti me dbhlyes t\eMmialtsd nraensaet>a rcto
CryoSPARC can integrate with SLURM. To add
needédal udsAt erofiinfeo.cjosnami ning the cluster detai
ficl ust ero_ sficioligps e sdas t he templ at Ap g eN).didxhjecle sub
two fibesihmustame directodry,0SPARCt @asadd ntelwe namtn
ficryosparcm oilmusttleat cdinrnecttory. A di fferent di |

Currentl y, ilhtohmee / ccirryeocstpaarryc baa rytosipras cdicrl aicstt eerri/ e s

Tempest group. |l nside that directory are furt
To add a group, simply duplicate one of 't h.
fil es. fAcTrhyeons praurnc m oil u se¢ @eah croeww efcal der . Exampl e

avail abl eA.i nT hAipnpgesn dtiox modi fy when adding new |
the | ane wiCtr iy oBPAREGmMe @u fignreonut p nsaynmet _atxeompse st par t i

Additionally, "cache_ _path" should point to th
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ryosparc userewid landesevditbeth@sendsseohnhery. Fi
cache_reserve_mb" Ciyvyo®&8PARG@uwihl If relewasysacleeave
ustomi zed as required.

When addi ngarcewulnameshofml d be changed to t

-

oup;parntdi thi ono may need to be changed to be

c

bmit jobs to. Additionally, tbemedmbhgrbe Fo0l
nstance, should Tempest ever acquire > 2 GPU
evidx increased to O 3 or whatever the numbe
hat script is even reqaeverythiomgiift Se&lURM ws t
hi ngs | i ke aRAMndiragthktrsoldee sabl é uro hlee opti mi zed

RCI must add the cryosparc user (uid=200214

sing Tempest. ThemudbthenobnBIB&E¢ k more share

mnt/ bl ackmore/ <group_name>. However, CryoSPA|
s fully restarted. To perf or m-saupfeurlvli sroers.tsaerrtv
nd then |l og out of al lhusirnctraymcseosarwi.t M hleomgi d®

he systemd service should aiung@nmaddeaesad |Ityo stt e

roup's folder, check that the cryoSPARC supel

unning fAgrep NGroups /| proc/ <csparc_procid>
umber of the runni ng sGroyud SIPARQ uprrno cae slsi.s tT hoi f
o the group | Ds the process i s Nourenitrhgatwi t h.

estarting CryoSPARC wi | | kil |l al | running | o



36

I n both the cluster _info.json and cluster _
used by double curly bracketing them: {{ wvar.i
to a variable. These v-afr dabdty sadminhnibset rsaetto rt o,
individual users can then modify them at subm
defaults, |l og into cryoSPARC wharhd a:i caed ma fnitsh e
select the key icon.

& CryoSPARC | Projects v

-
P2 PfDPSL
4 ® |31 s¢e @)19 F
i
»
@ Create Apr 7, 2023
® )23 Patch CTF | @22 Potd
Z Pyrococcus furiosis DPS-like protein
Figor Admin panel | ocation in the CryoSPARC we
Il n tmenuopnavigate to ACluster Configurati
variables reside. Il nstance wide defaults can
i nstance. Howewe d,e idrediawildsalc alnameu sseets bsaulbonw t

jobs, theyesckaf aowletrgalbdrebashpser This i s helpful,
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pending shutdown of Tempest and the job ti mer

t he meanti me. See "Submitting Jobs to Tempes:

Instance Settings =~ User Management  Lane Restrictions [Cluster Conﬁguratlonl Instance Logs

Instance Name

Enter a short name to display with the CryoSPARC logo

Structura Bio

Default Instance Job Priority
Ipdate the c ""'| It |OD ‘ ority for a sers in this instance.

;

Fi g&re€luster configuration settings in the Cr

Specific | anes can be restricted to specif

users have access restrictedThios omdrny hehedanerk

in with an administrator account, and navigat
navigate to "Lane Restrictions". Select a use
available and ressrngtedel aheskb&eéstaedearr o
Available Lanes (2 of 4) Select all Restricted Lanes (2 of 4) Select all

lawrence_gpupriority Cluster wiedenheft_gpupriority Cluster

lawrence_gpuunsafe Cluster wiedenheft_gpuunsafe Cluster
Figardser | ane access managementMairkitnilge aCrl yamS
AAvail ableo to a user wild/l l et them submit | o
the | ane from being visible to that wuser.

Users must be added by anCrydBiPARLt wat dr anT

administrator account, -aAaddsseidetot heh&egcriee



38

menu, select "User Management". At the top ri
the details. The email entered here must be t
registration process. Once kdeom et,o at hteo kuesne rwi |wh

create a user account with the provided emai/l

Single Particle Protocol s

This section will detail current best practic

Smart Scope.

Serial EM
Scr eebneifnogr.e starting anything, first ensure

properly, and that Ser iTanliBMiiss i anprofritg@urte d oa g h

overwrite anyone el sebds settings, and al so be
starting that wil/l place the micOns Magea eirm, a
i .e., the GQaotsaen a®@mpouptledarM, i st a ntcheesd.XiTvhee nf,ore x a

avail able space.
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¢
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4

Autoloader (User) 4] IM_
— Caspelte - I —Vaciaem ]
.W- Ureack © Tusbeo Auko O [deloud]
— Catiigm @ Tk Mways On

— Contiol

[ eEnhory

= Caiveite Uindock

T Leave catridge on CompuSisge
R |
[ 5Il".'.". I
%
‘el fior rretechusm vacunsm i e
aufoloade . Hanolab can be iemoved
Temperature Control A I Siata Filling g
= Chmbuy
Al Hirogen Tempesstues Suppress AutoFl for H @w
= Deser levels
Fud odoudiel G2%  Gh08en ||| Auofl stats n 4h 56 e
Coburnn 73X 10k D4 min

Fimenirwder b g stats: 2] B09]
= Tempesturss
Crocker 180K [-652T
Heolde TA0K 12T
Caspette 1564 T
Catickos grpper
Pusolosder Dewer 7hK  [WmTT Fil How
Cishurrn Doererat TRIE  AMAT

Fi gl eAludo@ader

and

tempd&modteuntdadcdontempler ma ueles

in red when aboveopke atéeéoommempedatuye.

Dock a NanoCab containing the cassette wit
the Autl oader brackets inside the TEM encl osu
TEM digital display.

Before working with the grids, they must b
corresponding Cartesian coordinate system tha
and griOgpemoltde. Autl oader tab on the Microscop
for the cassette to allow the microscope to p
which are unoccupied. Optionally, wvwoutmay ent
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inventory, select theéUBSEapobuotaemmé paej)sns tthhee T EMW

button.

T
Sep  Autckosdes | Ture | Seach| 4 ]| [0 Mot HeB
|+ ~00 Mo [@x »

I options |
— Castatin - — Vacaum |
Diock | Lndocs: T Turbo Aubo O [defau)
— Catridge % Tusbo dbeays On
12 — Camirol

n [ |ritilze I [ '.-'.ﬁ'--'.,'.'-l [v ciaam On

1]
* =3
— oEtle  ——

[T Leave catndgs on CompuStags

Figu2 eAludoader invent omhyi cheowidni scrmeck the stat
mi croscope cassette.

After inventory, each occupied cassette sl
sl ot willStraemtai Detrgiite@lyBEM"visdhortcut on the W nd:
Gatan computer (the computer with the | arge m

you do not have an accouSnetr,i apllEeMa swei |uls ea stkh ey oGiu
working director¥yevehi si s le\otrlodvyeb eorfa tytoapr X :n a me ,

name. | f you do not have one, please make one
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Look in: I CaptureData (£) j ¢= & B
(=) Marne “ Date modified Typ
e | Alex 7/7/20221236PM File
Recertplaces | cojpert 8/15/2022 951 AM  File
1 Colin 2/10/2023 2:59 PM File
1. Luke 11,/30/2022 %59 AM File
Desltop )
. RAIDTest T/15/2022 210 PM File
Ug Lowillh 1/18/2023 3:.02 PM File
]
Libraries
LY
This PC
Metwarlk
< m | >
Falder name: [, | ak. I
Cancel

Figlb3eSerial EM currentawlbows nghei nueet org seélaé.d
directory when wusing Serial EM.

Once set, the | og willlmprSerti aluBEM,y oaupge rc utrhre

window, and then openlfhehémbmaggnt &teseswi wi|]

automatically open with the Navigator window,
| magi ngSeSteacttest.he Gri d Map i maging state from
clickSentgupi ta new montage by selecting the Navi

& Gridso and finally ASetup Full Montage.
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Navigatdr Window Help
Open
Read & Open...
Merge File...

SAVE
Ve

Close

Montaging & Grids Setup Corner Montage

"lx-fllln i-'nij,'l_u:u Montage

Options >
fransform ltems Set Grid Limits
AL
Undo Transformation N
X ] setup Super Montage
Change Registration 3 § R
P Poiyaon Super Montage
Shift to Marker
Undo Last Shilt Add Grid of Points
Allgn with Rotation... Add Grid Like Last One
TR Divide Points into Groups
New Map lrom Image
4 Set Group Radius
Import Map...
Rofate Map Set Multi-shot Parameters...
Adjust for Backlash Show Shots when Show Acquire
Backlash Settings... Show Whole Area for All Points
Open Imaging States Add Circle Polygon
Set ]'v'—:;n AL quwe State I‘I_IE'/((I_III from Corners

Figu4eSerial EM namogtaa e snelnectfiudmn.

A new window wi Imo nptoapg eupeeasstkkirireiggd d oget Use
parameters in LoweDbsét WeadwemSeead shofpar ameters
be magnification of 46x, the | o-w&sewmadhi 6i ca

Sshould nor malTThymomd vagre alremge.houl d be 5x7.

N
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T Ceta

Camera
{ = K3

FITTING TO NAVIGATOR AREA: Change mag
to adjust number of pieces. Changing mag,
binning. overlap. or "Move stage" will refitto area

Magnification: 4Ei| Binning: 2 il

Pixel size: 166 nm

MNumber of pieces in X: IE—i‘ Y: ’?—il

Piece size in X I:ZFE'f":I ¥ |1542

Dhverlap in #; |233 e |23,3 Rasect
Minimum owverlap: 10% ::I and IU'-E* micron

Total Area: 12848 x 12720 pxels
Update
2128 x 2107 microns LI

¥ Move stage instead of shifting image
™ Image shiftinblocks, ISupto |25  ricions

™ Skip pieces outside Mavigator item IEI

I Do full rectangle; ignore list of pieces to skip

¥ Make map from each montage if Mavigator open
¥ Close file when montage is done

I© Usze Montage Mapping. not Record parameters

[ Use View parameters in Low Dose mode

W Use Search parameters in Low Dose mode

T Acquire with Multiple Fecord rautine

™ Use continuous mode with setling factor IF
F Turn off Drift Correction for stage montage

IJse setings for high-guality stage montage

oK Cancel ll

FiglubseSerial EM f u,l Idemoincttaigneg stehtet ipnrgo pkeosemumber
mode selection.
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Serial EM will then prompt the user to setu
recommendation is to use the MRC file format
occasionally causes!|l aad®iemg atl EeeM fcirlas.h Twhe nuger

met adfat dsSaaivreed he file t\dryower fThhlidemwion tshe eX

wheilyou wi |l Juslei, ksloy pue¢ it somewhere workabl e a
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- File type
Save images to

& MRC stack file
" HDF stack file
" TIFF file (one image pet file)

(" Senes of TIFF files listed in an Autodoc file

€ JPEG file (one imaage perfile)

= T-.,‘;,v\f" ol con

pression in TIFF or HOF file ———
C None € ZIF G LZW C JPEG
~Image data treatment
Save non-float data as —\When savina 16 bit data
" Bytes & Truncate above 32767
@ Integers € Divide by 2

€ Subtract 32768

—Percant of pixels to truncate converting to yies ——

Ac black () I01 As white (255 |02

s Metadata

Save in extended header
v Tiltangle

W Intensity

V¥ Stage position
¥ Magnification
v Exposure dose

Maximum number of montages: i360
(Be generous)

v Save extra information in a 'mdoc' metadata file

™ Skip this dialog in future (re-enable in File menu)

0K Cancel | l’

FigluBeSerial EMsamonhgdgWRe( tiilsegse.commended for gr

Next, ensure that the apemagui éscateoswei mapg

means that the Condensefm,2 ampekrtthue eOsjheowtl idv é e:
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be remtbhbvedcan be accomplished by using the Mi

Aut ol oader or Tune tabs and changing the aper

Apertures 0

FigureTal os Arcti cal adepitatrieng oant aioll alplasmeapert

Now, the grid mapFsorc amulbte prleec osradepd es, use
(Appendix). Navigate toAtRe ol Sardi fitAd | tacp Gme s
Two windows wil | pop up, the first window wil
window will ask which grid number -4 ocarsd op wit
occupied, the amderd weblpecgatveeptylwi | | subseque

requested grids. ThimaopéyatliOomi wiultlest plee app
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Once grid atl gseesaaredeneatf edohnmthopad dt irelceos
sevemalges osfevheorlaels grnid squares of Thamrsei ngnaige e
wipdovide tihref ursmat iwon habbetcet hedgsaimpt ¢, ofand
approxi matcabhexyetcdt cohl ect dat a ofTwt dtoo tihn se a cf
|l oad a @Qhedk malpe recorded grid maps in the Na\

doubl-cel ileefitng on the navigator entry
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Label: |27 [ Registration point 1 él [~ Comer point (C) ﬂ
Color |Blue v| ¥ Draw | Rotatewhenload [ Foranchor state
#2 Note: |Grid 3

[~ Acquire (A) [ Tiltseries [~ Newfile atitem [~ New file at group
Set: File Props| Imaging Statel TS Paramsl Filenamel Focus Pos|

Add Stage Pos | Registration 3 i’ Draw: [ Allreg. [ None [+ Labels
Add Points [v Collapse [ ShowAcquire [ Editmode [ EditFocus
Add Polygon Label Color X Y Z Type Reg. Acqg. Note

Add Marker

-20.9 -131.9 Map

Blu 0.0 0.0 -137.6 Map 2 Grid 2

Move ltem
Update Z
Go To XY
Go To XYZ
Go To Marker
Load Map
New Map
Anchor Map
Delete ltem
Realign to Item

o~ & U B w8 —

Kl

Blu
Blu
Blu
Blu
Blu
Blu

0.0 -143.9 Map 4
0.0 -1123 Map 5
0.0 -152.7 Map 6
0.0 -152.8 Map 7
0.0 -138.5 Map 8
0.0 -129.4 Map 9

Grid 4
Grid 5
Grid 6
Grid 7
Grid 8
Grid 9

I

v

[

Fi gu8Seeri al EM

t

he

Ensur e

ast

t hat

gri

d

[Select current item: use arraw kevs to scrall: draa and dran to reorder——_|

navi gabDoourb Idett &cllbdigcekdi ndhewdesired ¢

t

W i

he

I St

be

respective grid is | oaded.

| otaadretd . wiTthhe rteH e r lec
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ensure that the correct grid is | oaded, check
|l oaded hgavied awiyid!l | ow hi ghlight next to its nan

|l oad the coxcteckiogethe Qgeftd number and sel ec

Getup  Autcloader | Tune I Searchl 1 I "I

Autoloader (User) A

— Cazzette
— Cartridge
L1z
L
I '
[ 5 |
v 5 |
(v 7|
v 6|
(v 5 |
I
Edit Slot State

Inload

EI

Figu9eTal os Amatdieca | awtd@apgndmhkeong. represent e
bl ue numbefrusl Ir ecparsesseetntte sl ot s, and the presenc
cartridge in tlhaadeaodcanti ®mnt heasmibermscope stag:e

Once the grid dssabbhdetdhebausaolreadlelri &« ur bo

pump is useful when performing many sequenti a



atl ases, but vibredausesmdbtoomnt he
noticeable drift at high
aberrations in the Fourier
AfAut ol oader o tab on the

Aut o Offo.

.Setup Autoloadsr | Tune I Searchl 1 I ’I
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File Mode Help

R+~ 00 []a [@]

Ins

Autoloader (User) ]

Options

Edit Slat State

Load

— Status

Irload

— Cazzette

— Cartridge

- — Control

- | [mitialize | |L|:ua|:|er-|:_l,lcle| | Wacuum On
Lo

FEEl | [Feerbary |

- — Caszette Undock,

- [T Leave cartidge on CompuStage
v E |

Edm

[+ 4 ]

[ 3 |

v 2|

I

FigabDeTal os

cassette sl ow

denoting

t he

phbempmwct bsco

act

transf or m.

To

vV €

magesobfutabhnhoheatueses

di sa

-HMocsr-oBcap€Eh &@Q,r bdelde sk

Amatdieca tawtb@ mo |l Aelcsud anro tpeu niph ec oynetlrl
(#3),

cartr
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At this point, the column valves can be op
Serial EM PC. Once the cdlheemmuswal Mes flreewe tloe enm
i nterest on tphoei nasp,orbyt hpd ageriindg square map. To
Serial EM Navigator into AAdd Pointso mode, by

wi ndow.
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i [a] k.

Label: |8 [~ Registration point 1 il [~ Comer point (C}) ﬂ
Color |Blue ~| ¥ Draw [ Rotatewhenload [ For anchor state
#8 Note: Grid 9

[~ Acquire (A) [ Tiltseries [ MNewfile at iterm [~ New file at group

Set: | File Props| Imaging State| TS Params| Filename| Focus Pos|

Add Stage Pos | Registration 3 é’ Draw: [ Allreg. [~ None [ Labels

Add Points \l [~ Collapse [ Show Acquire [ Editmode [ EditFocus
Add Polygon % lahel Caolor X Y Z Type Reg. Acq. Note

Add one or more points by clicking in image\

Add Marker 1 Blu 0.0 0.0 -137.6 Map 2 Grid 2

2 Blu -11.9 -195 -131.9 Map3 Grid 3
Move Item 3 Blu 00 00 -1439 Map 4 Grid 4
4 Blu 00 0.0 -1123 Map5 Grid 5
é;;iggiézzL 5 Blu 00 0.0 -152.7 Map 6 Grid 6
Go To XY 6 Blu 00 0.0 -1528 Map 7 Grid 7
7 Blu 00 0.0 -138.5 Map 8 Grid 8

Go To XYZ 8

Go To Marker
Load Map
New Map

Ancher Map

Delete ltem

Realign to Item

|»

-

Kl [
FigateSerial EM navigator dialog
Once the Navigator is in AAdd
map will place an X and Y coordi

wi ndow demons:

Poi

nat e

nt so

n

t

mo d e

he

n l
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points added together, in the sameTofisddpPoi nt

adding points, select fADone Adding Pointso in
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B -W:0-253 mean: 20§

Fig&a2elLow magni fication image of an RMdgrid di
crosses depict placed points, the yellow cros
navigator



56
Once points are added, the grid squares ca
each square, recording and saving a eucentric
contents D©Bd néawi gqhaotleest.to a freshly placed point
window, and @Goa os XY&ottoh eXrfY Zoof, fas no Z height is
buttons should be functionally ideetiGnahe 60c
Condenser Theapeensguereo ¢ diap edtatsse modeowy sel ect

Dose Modedo in the ALow Dose Control Panel o i f



_ F Low Dose Control il
[~ Low Dose Node I

=

[ Continuou|Toggle low dose mode with sef
(Deﬁne position of area

& None € Focus € Trial

Position on tilt axis: | um

Goto: i

Foc. Sed,

. | Fec

[ Set Reset |

— Offsets for: ® View ( Search
Defocus: -100 = Shift: Set | Zero—l‘

Blanked
;| Options Unblank

[ BLANK BEAM when screen down

[ Normalize beam through View

[ Keep Focus and Trial identical
Copy current area mag & beam to

( v] E| 11 [R] 8 ﬂ

{Additional beam shift (and DF tilt}T

Figa3eSerial EM ALow

Teensure that t he

record a bW elwecimiamge

57

Dose Control o

stage is centered

AnVi ewd under t

take an intermediate magni fication

panel

toggl

qver t h

he Camera &

i mage

(~12
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;l F | Camera & Script K2 Summit il

Setup Focus Trial Record

r L | =t | [l ol | |
Acquire image with View param

Freview

F Y F S

=ntric_by f — :b(_deft}c:u:iT indMap_eu

F

w

Figa4eSerial EM "Camera & Script" control pane|

|l f the image | ooks good, that is, there is

(7]

howi ng, then eucentric height should be reco
top ATasksd menu, then AEucemgwpdri dhtgowahd BB
AViewdo mode to take a series of ithmageas whHiflset:

necessary to bring the square to eucentric he

Tasks | Tilk Series  Process MNawigator Windew Help

Eucentricity " Rough Eucentricity
Set intensity Shift+ Fine Eucentncrty
Cet Dose Rate Both Rough and Fine
Calibrate Electron Dose Refine & Realign
Purge Old Dose Calibs Set Tilt Axis Offset
e bean ShifteM | ¥ | Use Trialin LD Refine
Center Beam ChiftsC Rough Use Search if in LM
Autocenter Beam Shift=E Eucentricity by Focus
Setup Autocenter... Calibrate Focus Targets...
FigaseSerial EM "Tasks" menu showing "Eucentri
The eucentricity routine will take some ti

update the coordinates with the proper Z posi
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vigatoProwpedowucentricity is required to en.
xt step. Typically, focusing is done on the

cusing area should be sufficienttlhe fhearl ef rwhre

cusing, so that esxampd &d itho tthlee heoll ect ror heod!
ere must be enough contrast in the area for
sition oft akhe newu¥i eaweiamage, as the i mage ¢

e to tHédedlhmaihehiPef i ne Posi ti gn amfd eAfrlhecat |>i cFk
a suitable positi onSeolndNdthag avii re,w kL afagree i o Bt

st this step.



g il Low Dose Control Ll
[v Low Dose Mode

View: 2600x Sp5 C254.06%
[~ Continuous update (see tooltip)

Define posjtion.of areac
((‘ None | @ Forys " Trial

Position on tihﬁrf@‘-m um
Maximum area separation: 0.83 um

Goto: Vi Foc. | Tn. | Rec.

Sea. |

Additional beam shift (and DF tilt)
(I_ Set Reset | Uncalibrated—‘

— Offsets for: ® View ( Search —

Defocus: -100i| shift:_ Set | Zero |

Blanked
- |Options Unblank

[~ BLANK BEAM when screen down

[~ Normalize beam through View

[~ Keep Focus and Trial identical
Copy current area mag & beam to

( v| F|] 1] R| s ﬂ

Figa6 eSerial EM "Low Dose

ar ea.

60

Control

panel

showi
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Fi g2aT eMediagmi fii mage octhemonstrating how to prop:¢
for dataTkelyelctlownbox denotes the | ocation of
box, which denotes the current ARecordo posit

preserved once set.

Once the focus posititcdre raalteatfiowa st a otuhd nheo
set the t artgheet fFooccuuss,/ Tsuenneeoctmenu, and then ASe
entead Omce the defocus tar greutn itsh es efitA uttoo fsoocnue
routine by selecting AAutofocuso in the fAl mag

the keyboard shorwicdutti fCtt rtl h e+ abbegeen® etaar egbdteM adn ca t
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of f

bea

SCrTr

con

6 2
ies of images with different beam tilts, a

set needed to reach the target ared ochiisf.t Ittt

m back to where it started. mOoregthaphaoanf
orded by selecting ARecordo in the ACamer a
rently |l oadeddosne opndeetiReciomage |iosv recor d:e
navigating to the fAiFiled top menu and sele
ded to screen al/l desired | ocations.

Data CoThiextti wnori al covers setting up an :
ticle analysis, using Serial EM. Follow fro
l ysi s.

Before working with a grid droeesseddo bhmmvanaau
umaapt eof Whiategrhdre may exgirstd amampr &€ wioaru & lhye
eeni ng twarsk frleccnrmaneetned ead nmeow map before sett
n thel gadaeldo st,re tstnaagye r ot ate slightly, whi
r diinnaactceulroa ccireesat e a new grid map, first ens.i
cking the fLoWwAdDoistleiygGoanin rtoh @& Miacmmiredscope PC
t ol oadero or fATuneodo tab, ensurGn,thad thatC
ective apeAltsuor,e e nss ureemotvheadt. tThhee nc,o liunmn hvea Itv
igator menu, select AMontaging & Ghatdsbheéo
tage and file setltbAtngtshimatxdi rfrthhosrdaaltidnemtoinghee
i pt, simply run single atfiMesntod godl s@o rtthhrer e n

trol panel . I'f it is not visible, coll apse
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Additional beam shift (and DF ilf)

[ Set  |Resst

Dffsets for: ™ View © Search
Defocus: -55-3] Shitt |
o Blanked  jnpjank |
=l [E] Mortage Controls 7]

Start Prescan ‘ | []:‘

+ | Options Current Z

Figa8eSerial EM "Montage Controls" panel

You will coll ect t hey ofairdessrtghgiti, d wywap svhbtit B ctob
i magMonfgti shot greatly speeds up automated dat
ar oundertnreal grid squar e nhasglled BticBnslt ¢ dack no fuss nhag
movement to col |l ecGomnhoen snuulrtoiusnhda tn gc chnofliegsur at i
matrices, depending on the $ozeeohpEimel gl ENoO th.
needs to be made aware of both the regular ho
grid relati Betpph@ectelse o¢amerdf @ar mati on can be cal
| omagni fication i magenpfsal gctdtbBgquaGeli dT&qhart
and ensur @ tG2atCarhkeerbsler aperture is inserted,

removed.
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Imaging States E|

Add Mont-Map State | |
Go to Selected State |

il
Prior R 2 36K 6uP 442 — 299 1 5.8x4.1
LD CamMagSp Int Def Exp Bin Frame MName

R24 HuP 1002 — 140 1 58xdd Grid Atlas (Search

R2 280 5uP 655 Grid Square Map

R2 16K 5uP 730 — 300 1 5841 View

R2 36K 5P 417 — 499 1 581  Record (36kX)
Figa9eSerial EM "I maging States" dialog window.
This wil lmalgmad iaaltawn i magi ng st atNeaviingtaot et hteo
a gridOmaoa atrtreat i s | oaded, take a Record i mage
be mostly visible within the i malgfe tflrea mema gen dl
good, in the fANavigatoro top -mMmemw, a&ampeénse¢lhecth

Hol es in Regular Grido.
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Mavigator | Window Help

Open
Read & Open...
Save
Save As...
Close
Maontaging & Grids J Setup Full Montage
Transform Items Find Holes in Regular Grid...
Undeo Transformation Add Grid of Points
Change Registration Add Grid Like Last One
Align with Rotaticn... Set Group Radius
Shift to Marker... Set Multi-shot Parameters...
Apply Saved Shift Cormbine Points for Multi-shots...
Undo Last Shift Show Shots when Show Acquire
Open Imaging States ... ﬂ
Acquire at ltemns...

o ne
End Acquire Grid Atlas (Search
Realign to ltem Gnid Sguare Map

View

Setup Align/Realign...

Rerord (36kX

Fi g®deSerial EM " Montmaqiung & Grids" sub

A new dialog window wi |l appear that offers a
grid. I f using holey carbon grids, typically

spacing. The hol e size sghroudl.d Tbhee speetr itood itch et yh

to the sum of the hole size, and the spacing.
For 1.2/1.3 fr2dsantospascsinzg is 2.5. I n s ome
cannot matchgtwbesptrying to detect hol es. It
of the holes on the grid in a View image, as

periodicity are entered, select AFind Hol eso.



6 6

Hole size |1.4 Periodicity IE.E um {1.4/1.2)

Maximum error (005 microns

¥ Exclude holes outside polygon
Filters to try
Gaussian sigmas |1.52. 3.

Median filter iterations |3
Edge threshold percentiles |2.43.E4_8

¥ Bracket lastfilterthreshold wvalues

FindHoles || SeiSize/Period | ClearData |

| 180

Lower mean cutoff
| Js0
I

Black pixel % cutoff
Show: ¥ Included [ Excluded Taoggle Paints
"Laynumfpuints

Upper mean cutoff

SD cutoff

 Zigzag  Awayfrom Focus 0 Ingroups

bdake Mawvigator Paoints |

oK Cancel | il

Fig8dteSerial EM "Hole Finder" dialog window an:t

Serial EM6s user interface will hang for a min
hol es arspieda@ntsiofmeed, me adjusting the sliders
would Ii ke to collect. These settings wild.l ca

buffer spacé&hteom tthei shtetdi, ngel ect H GKpe mntdhecl o
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p ANavigatoro menu, sedmeaotu tlgai MMomnhagitmg s&

fSet -BMhbti Par ameter so

Mavigator | Window  Help

Fi
me

Th

Open
Read & Open...
Save
Save As...
Close
Montaging & Grids > Setup Full Montage
Transform ltermns Find Heles in Regular Grid...
Undao Transformation Add Grid of Points
Change Registration Add Grid Like Last One
Align with Rotation... Set Group Radius
Shift to Marker... | Set Multi-shot Parameters...
Apply Saved Shift Combine Points for Multi-shots...
Undo Last Shift Show Shots when Show Acquire
Open Imaging States ... ﬂ
Acquire at ltems...

i ) mne
End Acquire Grid Atlas (Search
Realign to lterm Grid Sguare Map

WView

Setup Align/Realign...

Record (36kX)

g2 elLocat iMun-sthibt " Bat ameters"” dialog- in the
nu.

is will open the AMulTthieprlee aReec oar dn uSwebteurp 0o fd io
ndow that are of critical i mportance for da
|l tiple holeso is selected, and not @ADo mult

rial EM t o caoglel efcrto maT ésaionhg |ksee tiemt he A Regul ar pa

sired array. -i meglnhdait muomebAdamti ca i s capabl
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Om. For 1.2/ 1.3 grids, that corresponds to 5 L

about 3xI3t pnmaatyt eboren.desirabl e to omit the corner

Once those options are configured, select fAUs
warniingis safe to ignore i tcalTchuilsatweid If rpount It hie
sqguare map/find holes sequence. Thieinns teenasdu,r e
frames wil | b e Bsra vwwe dRe tRiirnnasl Ifyo,r ske2t/ K30 t o AEar

on first shoto. Typically, Serial EM wbOIl take

frames for each hole. Then it wil/l add the fr
moving on to recording the next image. This s
return, except for full sum aomlfciurlsatt es t chtedo awie

i mage for the fi-glat .i mhAlgiesdoalti delaccahlplemdttiugon, whi

providing some feedback on the quality of the
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[ Do multiple Records within each hole

v Do Records in multiple holes

Viultiplier ot usual delay atter shitting

Angle to stage A- 31.4 deg
™ Ornit corners of 3 by 3 array (cross pattern)

™ Use customn pattern (NORNE DEFIMNED)
—Save image shift values at holes

For Comers of Regular Pattern | For Custom Pattern |

Use Last Hole Yectors I Step To and Adjust 15 |

IS to Maw Pt | oave lmage Shiﬂl End Pattern | Abclrtl

Image shift should be measured nearfocus

[~ Save Record image

Early Returns for K2/K3
& Full sum returned on all shots
arly return only on last shot

i~ Early return on all shots
" Early return, except for full sum on first shot

Mumber of frames in return (-1 for all): I{]'

Exira delay afterimage shift |0
v Adjustbeam tilt & astig to compensate forimage shift

Coma versus image shiftwas calibrated with:
41.2% C2, spot 5. nanoprobe

um
Cancel | ll

Fi gB3eSeri aksBbMt mpahtiameters dia
hol eso will -sehmoab Ifeuntchte ommu lotfi t

Finally, there is an

option

the -bmaglei ft datWhemo lulsd cntgi a rh.e

|l og window and

he

t

Bl

mi croscope.

0O adjust

S dat a

col

beam

ec
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shift intrpdbeeauberiaimhepbeam point calibrati ol
beam tilt introduces coma at the various i mag
adjust for that coma at each i magets Bzt eposi
the -beatm i nduced coma can bana@lryydil g matthes & ofr a
typically be compensated for in software, usi

CryoSPARCOGs gl obal c0TFercefiingmemwenth, thri s compen
strictly necessary. However, if desired, the
even with thdrmalclopgndretnisalte omol i s hiimg/n@&leadbeadl CTI
regardl ess for highest resolution structures.
be i mpacted by whether the user chooses to en
Once t ke omulptair amelt®ea d tahwaeg nEiddgihc ate on Record i n
are intendciemg twd tshisethewimudlotw st i | | open, | eft
open grid sqguare-simap smagengShenhowlreg bdadi ¢$ ple
match the hole configuration of the grid.
Whil e Serial EM wil |l have estimated stage ¢c
sguare mamei magesi nates are not sufficiently
each hol e. Tihterreefcoorres, B obtehfpoarteu &€t h, Seri al EM wi |
i mage, and center the hole using i magédouhidft .
| ook THiiskehol e i mage can be generated directly

a carbon hol e. eThitg vhedlye cd lreawnt o bbked eargr i s and u
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Fi g34 eMediagmi fmicatogmaph demonstrating proper
setTuhpe red cross displays the current center

Then, crop out the surrounding area by hol din
create a box around the desired hol e. Once th

menu, sel maog.e iMMGraadp wi Il Il crop the image to the
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Fi g3b5 eMedgnagmi fi cati on migareegx eagp hhadlegitcd i ago @
generati on.

Then, open the fANavigator o t o.p Tneinsu wvainldl soefd eerc
ANavigator Align Setupo dialog box. Give the
|l mage in Ao, andhfeolmacxw muhme apn gmpntesat shi ft ma
adjustments dependi ng lofn stoh e tghrei dd,attao cwd rl ke cptri

this value adjusted at any ti me.

1
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MNavigator Align Setup -

Aligning to Template

Label of Navigator map with template TemplatEI

Mo item exists with that label

Make Map from Image in A |

Bufferto load and keep template in. S i‘

Maximum alignment shift |15 MIcrons

Handling Image Shift after Alignment

These settings apply to both Align to Template and
Realign to ltem when run from Acquire at ltems
If both are run from there, image shiftis reset only once

[~ Resetimage shiftand realignif> |0.2 microns

oK Cancel | ﬂ

FigdeSerial EM templ ate alignment settings di.:

The next step is to select @&Flilrstth e ediessuirree d
dose mode is enabled by selecting the ALow Do
panfHen, |l oad the AGrid Square -MeNpov,i mahgei me wst
i maging state must be aligned to the grid at/|
bet ween the atlas magnification, and the grid

compensanetdheogrid atiwash &nndbai gusdfsquar e,
contamination, and place a marketiocki dygsmpot iy

t hat marker into a point (orange cross) by se
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e PAO1WT 70S Log - Grid 2 =|[m]3]

Fi g3rTeGrid squareimagemadmief yedat ioavnh cr oss deno
navigator point.

Navigate to the MewTpowiNiZh btyh es epd ceicrtti nsgel ect
Navigatofaké n@aokecord .Pmage at mbhaterpégneen c|

feature in the i mage by |l eft clicking the fea
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0.84 e/physpix/s at camera

B-W:-8-1091 mean: 108.8

Fi g88 eAl i g
represents
Serial EM b

re malgaei gi ean i omo 4
i on of the featur
e should be, base

Shift the point (orange cross) to the marker

sel efiSthiiid ©o Mar ker
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Navigator Tools Window F
Open .
Read & Open...
Merge File...
Save
Save As...
Close

Montaging & Grids »

Options ’

Transform Items
Undo Transformation
Change Registration

Undo Last Shift
Align with Rotation...

FigBd9eSerial EM "Shift to Marker"™ | ocation in 1

This |l ets Serial EM know that the spot on t

cross) that was placed in the highwheimmagtnhief i c
atlas, it should go to the correct spot on th
navigator, i f desired.

Once the grid squategmapgd pmagengyswate it b&e
step Iis to select the desired squares for dat
and group all the holes for WFiudgsgt shoel edthitshe
squarebobdg Rkbe grid map in thelNawiighagt biet wi nd

Navigator, sanefctt Aldidc Poomttshe cent eldn coef dtohnee c
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addiagk mdded points forwiarcdpayw €ihteic&m nigntthkee AT
and the AAcquire (A)O boxes. Then, check the
the two falpl owwingwgogthe default settings are
grid_square_maps. mrshowhf mhétNavVeggroupsesphare
desel ected before point adding. I n this case,
for each individual group. File names wil/ be

Next qutaeeicent ri ¢ g.Oipe nsdqlhaer Namamgsator top n
MAcquireoAtA Inteevmswi ndow shoul d édaMappBpbeAdt t he
APri mary Action: Acqui neoptddmavE&bhabmadeoptri ono
'"Rel ax stage afUrd@Gefniemrall, mspetldeoetrst ™ Cl ose col umi
I n the column on the right, Tasks before or a
not hi rEgy saulreef@ehmdar dlorcont Roughf Bhac éad&t et miyne
eucentrievieelyglgtEnisousrgeu aarheat t he fAHol e Finder &
APri mary Act i®eldoe catn dii Sentalbdedand ensure that th
properly setup. The hole finder wild]l use the

them according to the specified multishot par
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Parameters for: I Ma“)ing Final Data | Tasks before or after Pnmary (Push button to show controls)

= [~ Manage DewarsNal:uum| Every itarm selup
Primary Action
& Acquire and save image or montage " Update Dark Reference | Fver 360 mir
 Make Navigator map ™ _Run Sciiptbefore Action | Fuer iam
IC Skip saving tofile Scriptio mn |#3 j
" Acquire multiple Records ~ Sefup | Autocenter Beam
C Acguire filt senes Autofocus

" Run script |#4 j

Every item

Every tem

|

]
Eucentricity by Focus | 1t maved » 15.0 um

|

Align to Template
|  Rough Eucentricity Every item
Realign to ltem | moved > 10.0 um

Eveny item

Primary Action-related

F Cycle defocus terget in autofocus, drittwait & TS
From I-ﬂ_S o |-2_5 um in 8 i‘:te!::
™ Adjustbeam tilt & astig for image shift
[ Do early return with sum of IU frames

IC Use map hole wectors for shifts (no adjustment)

Coma-free Alignment |  Fuery iem

Correct Astigmatism | Every iterm
Condition Phase Plate | Fuer e

Cook Specimen ] Every item
Fine Eucentncity ] Eveny item
| Wait for Drift ] Eveny item Setup
Mo outputfile is open for first acquire item! Primary Action (Acquire Image) occurs here
Open a file or Postpone to set one up to open Run Script after Action ] Eveny item, after
Task-related options Scriptto un: | Startup =]
I Do hybrid Realign to kem{Align to Template ¥ Hole Finder & Combiner | Every item, afier Setup
v Relax stage after final movement

im0t o e s e .+ I e i B |

& Record T View " Search

£ lEEEE

‘ Acquire non-montage images in Low Dose with

.

i

) N ) General controls for task: Rough Eucentricity
[T Skip £ moves in initial move and Realign _ How often to run task  Position in sequence -

™ Skip stage mowve to itam if possible & Every I‘I—ilitems Move Up |

General oplions  Only at start of group [T 3 |
[ Do subset from index |I to 1 " Only at end of group

[” No message boxwhen erors occur " Every [15 minutes
W Close column valves atend  When moved > |2[]— um ™ Run after Primary Action
™ Retract cameras at end

I™ Send email at end

I™ Hide unselected options I Hide unused tasks Restore Default Order |

™ Run atnearestitemwith & [abel © note  staring with

Save ParameterstoFile | ReadinParameters | GO Postpone Cancel | 2]

Fi ga0eSerial EM "Acquire at I tems"” dialog wind:q
and hole finding.

Oneeverything is sewtithpyi gatectofi€aoh Thigses

determine and save eucentric height, and then
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Once trmeaeg liomage is recorded, it wild/l i-sdheontt 1 f vy
pattern, addi npyoitfthhesrs apsr oncaevsisg actaonr t ake sever al

number of grid squares selected.

Once all the grid Bguaert mapsesparge tecoodeid
exposur €l hsee tGaitnagns .K3 camera is a complex instr
di fficult to ascertain. This section wil!/ pr o

requiredTygpt et iyonsor SPA, the camera should

wi || pmioyhelre det ect on h@uwa rotpem ad fi fnigt meno ¢ w mteiam g
mode, the optimal doseohatget sadbclebeetavnpgod !
rate at any gorv emo rhdaegnnsiefri claetnisonmi cr oscope, the
Do not adjust C2 intensity, as that must be s
parall el lind |lgemeearaali,oni.t i s better to have a dc
than above, to avoid coincidence | oss. Theref
but | ower value.

First, decide which magnification to selec
this step. Il n general, DQE incwhkiacksmaana tf uaf

individual particles recorded.atHolwieg-ef£rr magihid
view (FoV) decreases aswhi €thnfmewean pdaratmaglne § i«
avail able to be averaged together. While | owe
a threshold of spectoané signal it &dtnomgsmteeaindd m
pi xel Si z¢ abhdtiwes®dra (O .em sicerxaalcltd yt awhgecth magni f i c

depend on the samplTdhheandsecke giarted i me po Ixwetlison.s



80

peak DQE. Howevegtwi |tlh ec hdaonsgee rdaetpee nidn ng on t he
hi gher magnifications require | ower spot size
will transtase tata hngherwmhs cohf wdlldc ttrroamss/l at e
exposure times, andealssom asbH cer tseararftri annge ptoii me ss.
(Tab.l e
Tabll e Recometeardteidng confi guration for SPA dat a
92, 09Pxt. size is the recommended spot size forl
camera dose at 2Arial ll emi mad uonm naet oinngs avail
Mag Flux at Frame | Exposure
: _ _ _ c: Ti T
P|xe/£ Size | SR Pl'g(‘el Size SpotSizd  C2Mera ime ime (s) | ~, wm) | Notes
(nominal) ) )
(elpls) (s) (~50)
170
8500 4.934 2.467 9 14.87 0.5 85 150 | frames-
use with
caution!
170
11000 3.840 1.920 9 9.9 0.5 85 150 | frames-
use with
caution!
120
13500 | 3.033 1.517 8 16.02 0.25 30 70 |frames
use with
caution!
17500 2.397 1.199 7 18.62 0.25 15 70
22000 1.852 0.926 7 11.24 0.25 15 50
28000 1.454 0.727 6 13.37 0.1 10 50
36000 1.104 0.552 5 13.69 0.1 6 50 | 1ypical
SPA
45000 0.9061 0.453 4 15.11 0.08 3 50 T‘épF',CAa'
57000 0.687 0.343 3 14.54 0.08 2 50 | TYpical
SPA
73000 0.5637 0.282 2 14.76 0.08 1.5 50
92000 0.4483 0.225 2 9.46 0.1 1.5 50
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Ormaddi tional consideration with the camer a
super resolutioat enowohie nperehcai ssreiobeace b € chbyn ouns i n g
nei ghboritnrgi pntghaell st @ ant whfertghret pa xyelel ectron i
occurred. This effectafvetlhye gsueandsraurp.l eHso wiehvee rt,o ts
works better at | ower magni fjipdateiloms .z eAt ina g ns

generatbmmended to use super resolution mode

data coll ection.
To set the camera settings, i1t is recommen:
magni fication. Then, navigate to an empty are

measure the dose.
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Fi g4t eLow magni fication i mage of an EM grid di
for dose calculati on.

The Record i mage should not contain any fe
the dosage, selectsehectopfpCaTadbhkaodem&hect amwad

prompt s.
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Tasks | Process Mavigator Window Help

Eucentricity ]

Set Dose Rate

| Calibrate Electron Daose

Center Bearmn Shift+C
Autocenter Beam Shift+E
Setup Autoccenter...

Setup Scope Management...

Fi g#a2elLocation of the "Calibrate El ectron Dos:

Serial EM will then report the total dose a
the camera to be slightl Vol make ftihme adjeusdome!
menu, select A Camietrhaios awidCldirReapr eanmetd lhedr isrbgs men u .

have sel ected tared fitRreecro rmdadk esegsuriengtshat bot h A S

o

Fractionati on are enabled. Set the total exp
el ect)® oas/ the sampl e atnidons etti neh es od otshea tf reaaccthi of

approximately 0.8 electrons/ pi xel
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Camera Parameters - K3

Camera = Selects aclive camera

" Cets * K3
[ ™
Parameter set
" Search ¢ View  Focus  Tnal * Record  Preview  Montmap
Parametersfor Record Copyfrom: | Ceta Positioning
Acquisition Binning Top |0
" Continuous "“
{# Single Image 1 Left |0
FProcessing 2
3 Bottom (4092
- : 4
# Unnormalized g Right (5760
= Gain Normalized -6
Sum will be gain-normalized | g ﬂ ﬂﬂ

Recentar
Binned size: 5760 x 4092
: SwapX&Y
Exposure ime |2.956 sac 052 x037 um @ 0.091 nm P

Drift setting [0.0000 sec Area size

Minimum 0.0007 if not 0.0 Quarter | Half | —

Shutter mode
v Beam blanking only

Wide Quarter | Wide Half

10% Less | 10% More | Square

Dose: 55.39 e/A2 atspot 4, C2 42.12%
150 eﬁlrﬁ.ﬂ - ffgme Update 15.39 g/phys pixelfs at specimen

Epﬁraﬁng mode W Dose Fractionation mode ¥ Save frames
inear .
& Gounting Frame time [0.08 zec 37 raw to TIF-LZW. binned
[ Align fames SetFile Options
i SetFolder
" Use comelated double sampling (CDS) Anti-aliasing
W Bin counting frames by 2 [ Save variable frame sums
0K | Acquire Cancel ﬂ
FigeaBeCamera parameters for the "Record" sett.]
At this point, the file saving swhehtd be s

setting up the file options. Firmst,Typgi dal Irye,c
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counting frame3 ibmatgse sofc onntfacirnrmaz2z i on per pi xel

compr ebs/s8toms, of each pi xel i's easily compressi
i mage is rescaled to use all 8 bits of inform
compressed. Therefore, it is reediemgndbdnt o a

writing out each motion correctkuWr tmhermnagrrea,p ht,

format is an | mportlaat gRCh altoase taddoit os upport na
compression, so it iIs instead recommended to
compr eFsisnaolnl.y, considerabwaws nge cridhsEc KiBthicanmmpraa
but will bin the Iimagés® bynnwogwbenhni 9sal eBtyi de
handl e t he -sbppancnei.n gT hiins rceaann result in aliasing
|l ow resolution information, and is also sl ow.
count i ng20of roapmeisonby whi ch wi | | bin the frames d

them in Fourier space, whikihnalllsyo, wsieltl tnhiet ifgial
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File type
 MRC file T Use extension .mrcs Current settings will save
& TIFF (LZW compression) norm to TIF-LZW stack

i TIFF (ZIP compression)

[~ Save one frame perfile

[T Save mdoc file for each frame stack

[~ Sawve unnormalized frames even if Gain Normalized is selected

[7 Reduce normalized super-resolution frames by 2 with antialiasing

[T Pack unnaormalized data as 4-hit
I Pack unnormalized binned by 2 data as 4-bit, not 8-hit
[T Use non-standard maode 101 far 4-bit MR files

[T Sawe frames without rotationyflip to standard arientation

Components for Folder and File Names

Use componentin name of
Folder File
[ | Basename: |mysample|

[T [ File name of current open file (minus extension)

T [ Label ofNavigatoritem [ Onlywhen Acquiting at ltems

¥ Sequential number starting from: |1 Digits: 5 il

[~ Tiltangle

[ Manth and day

™ Hour, minute, second

™ Numeric date (including year) and time at start of name

¥ Multiple Record hole number and position in hole

Format Base ##### Hole-pos

QK Cancel |

2|

t i's reciommemndlee dt e A Mul

f

or dat a

tiple

file name, so that Serial EM wi

col |l ect

Record hol

-append

(0]

e

e
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pattern. This will allow | ater separation and
polishing by grouping all expBsluocwsi ata etaathl &
exposure group X/ Y coordinate positions. (Tab|
Tab2l eSerial EM X/ Y codbhdsnabmenomanuotlatuseappe
the file name when saving multishot positions
X-2, Y+2IX-1, Y+2IX+0, Y+2IX+1, Y+2|X+2, Y+2
X-2, Y+1X-1, Y+1X+0, Y+1|X+1, Y+1|X+2, Y+1
X-2, Y+0IX-1, Y+0|X+0, Y+0|X+1, Y+0|X+2, Y+0
X-2, Y-1[X-1, Y-1 [X+0, Y-1 |X+1, Y-1 |X+2, Y-1
X-2, Y+2IX-1, Y-2 [X+0, Y-2 |X+1, Y-2 [X+2, Y-2

First, take a View image and ensuwrpent htahte t

toifMavi gamenu aAdqgquesiedl ecatEnkbkuemst hat AFiI nal Dat

notfMappmThgofiPri mary AAtcigund esmaudltd phbe Recor ds ¢

Actrehatedo should indicate ANO SAVI NGO. Thi s
of stuhmemed mi dhogr aphal so a good time to make ¢
Record do NOT have the "Align Frames" option

The exact sequence of events pricohrectko t he
vacuum mabhmBemenshouwleatlkee educte@®rt ®ag ealyt d he bean
be a«wtnda ered on the carbon. Then, focus shoul d
Doing this out of order ecdani nCegeeas .t hoser opawamn
configured, ensure that defocus is set to cyc
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Acquire at ltems -
Parameters for: Mapping Final Data Tasks before or after Pnmary (Push button to show controls)
v Manage Dewars/Vacuum| Every item Setup
Primary Action | ¥ . 4
* Acquire multiple Records  Setup 4| Updae Dark Refarence | ErEnL amE
= = v Align to Template | Every item Setup
Primary Action-related _
¥ Cycle defocus target in autofocus, drftwait & TS = ALEEE TR | e M
From |-0.5 to |-2.5 umin & i‘ steps 2 Autofocus | Every item M

Primary Action inserts
NO SAVING: "Save Record"” not on in multishot

W Hide unused tasks Restore Default Order ‘
Taskrelated options
General options
¥ Close column valves atend
¥ Hide unselected options
Save Parameters to File | Read in Parameters ‘ GO Postpone ‘ Cancel ﬂ
Fi g4 eSeri al EM t"eArcsq'uidriealaotg box showing the pr
throughput data coll ection.

To run the acquitsiitsi oan,g osoedl e cdte ai Goodo .moni t or
beginning of CChecdathhadolltedctsi ahi gning to the
align to templates, and make sure it's not cr
proper hole closeBMake¢éostthe nhei gat ofoposinhg i
the targeakearsaeirrei dthte. mul tiple record is find
instead of Makieppsi fg leedsgeasr.e being saved proper
| f there are issues with any of these things,

restart it

Smart Scope
Before running SmartScope, Serial EM requir

To begose any open instances of Seri al5B83BM and
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e AWor ki A"gmabDritr SS8amtipaerayecs tithee di Xmagni f i cati on

magni fications in the Al malgow gd oSsteat es 0O

set Oprgp. t he ACamer aoPampmenteaaus @andCaory etclhe iexp

frame

time from the fARecordodo setting to the @

Smart Scope uses the APreviewo setting for acgq

Seri al
t hose
advanc
Record

change

EM Nomiitlaei asi.ng setitmgst Seepetwi be Ioi

Scr

Smart s

t he na

and ca

At |

atl as

squar e

autFoimaatlilcya |l liyn. t he fiLow Dose Control 0o pa
ed options. Load the ARecordo area sett
settings into Focus, whichmaighl fspaédo
S .

e efoi Mbge.gi n screening, | ogin to the Smart
copeo frGomet hdhet sppsmarom. a uni que name,

me is too |l ong it may crash. Select the
mer a.

as magni fication in SmartScope i s 62x,

wi ISle twaoirSkg uvaerlels. numo to the number of sgq

0O to the number of multi sisett d¢gmBospsnatxo

di st aBeam | mage &htsd a@dmd® f(oorn 51x.52/ 1. 3 grids, or

number

hol es

can S a

Seri al

for smaller multishot groupings. Set i
that Smart Scopevehadwl dber epuisn el etrreel guroo u
ve time whenEnaobIng (MAaklgE®me e b hedtpe st ft

EM6s Al mage shift vs comad calibration,
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cali bration to be done in Serial EM. Set the 0
maxi mum desired defocus, and@dDrhétsceptdi aadt d
should be |l eft at default, unless Bmghoteée is d
AForce process from averageo. I f particle | oc

AOffset targetingo, and.séelthtiisngvitlHhe cdadddsfes eéStmad

ncrement alOm-9hdkf tthee dhnagh dlmaxgdsh,e event that pa

—

hi cker i ce or the carbon hole edge. l gnore i
somet hi ngitlhiikse i4s otrhe6 hours between new dark r

Del ayo and AMultishot per hol eo.

er Run Smartscope Report issue ) Admin

GENERAL "

Session Name | Example_Ses: v | Group  cryoem User colin Microscope  Montana State Unive

Detector  Montana State Universil

COLLECTION PARAMETERS

Atlasx 5 Atlasy 8 Squares num 3 Holes per square 2

Bis max distance = 7.5 Min bis group size 5 AFIS Target defocus min -1
Target defocus max -2 Step defocus 0.2 Drift crit -1 Titangle 0

Save frames @ Force process from average Offset targeting @ Offset distance -1

Zeroloss delay -1 Hardware Dark Delay 4 ColdFEG Flash Delay = -1 Multishot per hole E‘

Multishot per hole ID

Fi gaadeSmart Scope recommended screening confi gl

Once setup, enter the griiveeni rnufnd rgmaaatdincarime sGr
parameters such as their | ocation in the auto
entered 8&maut 8cepg. has a number of protocol s

each grid. There are two major differences: S
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templ ate malppldendt droirng. They al sDhes uBPtpomlrde my ol

protocols use the Ptolemy i mage r-E®odati ai oo |
center holes. The fipreciseo varfioantr oafg he e&al ewn
estimationsprevdiisde vhori amihs use the faster, bl
eucentric height estimations. I f thepuser seel
for screening¢i saadf &t ol @atmyg ol | ecti on mode. Al
protocolOrmsced etchhd ognr.i ds are setup, select ASubr
AUTOLOADER

" Grid_1 v ‘ ) | Grid_2 v | O

L ) X L ) X

Position 1 Position 2

Hole Type R1.2/1.3 Hole Type R1.211.3 _|_

Mesh Size 200 Mesh Size 200

Mesh Material Carbon Mesh Material Carbon

Protocol auto Protocol auto

Fi gaaT eSmart Scope grid and autol oader options.

Upon clicking ASubmito fikesssen Wiohtribé soe
Selecting AStarto will begin the session. 1In
Cont Emhot Scompet wgélthe grid, select grid squal
magni fication i mages, and move on to the next
required. Along the way, SmartScope coll ects

cont andi ngas dwe |l | as estimatissmg CTF fits and ic



Fi gaa8eSmart Scope annotadlelde gtra d artil da ss cdwegried il
squares in blue, and cracked grid squares in

Il n the atlas, users can select squares tha
bordert.heOngcree d square i s sel esqtuead,e Smar ta3do d e e
and i magRldudoilesdi.cates avail abl e hohoelsest ot hbaet |

have been i mapgreodc easnsdi nhga dc opmpel et e d.
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ation i mage

eSmart Scopes @aunarod amepd depdgidct i ng
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Atlas [®]<J=-]2] | Areass [@]=[=-[2] || Target 142 (==

Pirel size: 091 A Pixel size: 091 A Pixel size: 0.91A

Defocus: 6339A Defocus 7724 A Defocus: 8728 A

CTFIt35A CTFIt 494 CTFR 56A

Astig 2124 Astig 303 A Astig: 130 A

Astig Angle: 58 ° Astig Angle: 77 * Astig Angie 45 *

Ice thickness Ice thickness: 82 nm Ice t 6
Targeting offset: 0.2 ym: Targ 05pm

FigbOeSmart Scope user interface overview, depi
square map, annotated medi um magqnniffiicaati iomn i rme
and CTF estimations.

Data CoExttendecd data coll ectiormcirreedmarngt Sc

with just a few i mportant differences. Once S

grid status to ACompletedd. The grid must be



Sets the status from
Last “pdﬂte: 25‘24'&3-25 1423 ‘completed’ back to
Status: complete ‘started’. Useful to resume
a finished grid and add
new targets to the queue.

Qualit

Show preprocessing | | Show stats | Show §

FigbteSmart Scope grid restart protocol

Once the grsiedl ecst rgersitdarstgeudar es i n tihe iat Inawg an
recommended to add holes to squares that have
may mi smatch wheadeéete kgnsdead, riet i s recommen
s quafrheesn., edit the grid details. l gnore the S
squareo to 0. That will enaplandatal cett ealti o
hol es inltherosqtihsdets itraerdg e tbiengsuirse to uncheck
target is desired,sdteatvlee tdhfef veotx tcdrege&kte dd i dtuar

Sel ect iSaveo when finished.

Hardware DarkDelzy -1 CoIdFEG Flash Delay -1

Figbhb2eSmart Scope seddlilngest itoon emadd .e dat a

Once properly configured, {dtnh ipsepeocrmmasn e
will generate quite a bit of redundant dat a.
Therid wibbhdbd & it is not already on the st :

all the grid square maps, identifying hol es,
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coll ection mode, Smart Scope fbierfotr ec dolelga mmtns nal
i magbatga col |l ection statistics and rates can |

button for the grid:
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Collection statistics ®
Holes in queue: 0

Total exposures in queue: 0

Holes acquired: 148

Holes per hour: 236.0

Holes in the last hour: 148

Total time spent: 0:37:37

Estimated time remaining: 0:00:00

CTF fit distribution

| Al

W Latest 100
20

15
lD .

CTF fit resolution (Angstrom)

Mumber of exposures

N
10

Ice thickness distribution

ilIIIiillIllliL.--

Estimated ice thickness (nm)

20 | Al

W Latest 100

15

Mumber of exposures
[
(=]

4}

o]

Figbh3eSmart Scope collection statistics displ a?
estimations from CTFFind 5, total (blue) and
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By default, Smart ScdSnea rwithd o pseassd@ d maveeart a
in directories by btsissostilahdr gconmmemadied t o |

si mi Bari al EM SPA data collection.

Tomography Protocol s

This section will detail current best prac
bui bt ttickhletri es functionality, ohathéesmpbhueteadwmal
t tsletr i es .fol telkcteoin just a single tomogram, it

Targetso section and j-Siempi s ad.ai ght to ARecord

Seri 8 EMh Mode

Sel ecti nfcheTarigestts.st epnUdmibdrsehegeémigéar | ar b

coll ection is to create an intermediate (View
by drawing a polygon on the gri c®petnl aas ,grdrdo wan

and select AAdd Polygono in the Navigator win
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" Navigator —

LabEI: I_ Ee [t g=hiluly [ 11 ﬂ r Iy FIEr [oir ||: ﬂ
Color |Red "I I Draw [ Fotate whenload [~ Foranchor stete

Nmn:l
I Acquire (&) [ Tiltsenes [T Newfile atitem [ Mewfile at group
Set ‘|rI'-"'.J e ing r.-1-| [ I'-'-|*-1"| ; I'~-1'||"|'~| Focus Fos

Add Stage Pos | Registration 1i‘ Draw: [~ Allreg. [~ None [ Labels

AddPoints | ~ Collapse [~ ShowAcguire [~ Editmode [~ EditFocus

Add Polygon Label Color X Y Z Type Reg Acq Noie

Jew WMap
Anchor Map

Delete e

FEalgn 1o Hem

Figb4eSerial EM " Navigator" dialog box depicti |
magni fication polygon montage.

Then, draw the polygon onto the grid atl as

by clicking the | eft mouse button to draw | in
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FigbhbeA grid atlas depicting momd algeun dargires nf. ¢

Once the polygons are drawn, setup a new p
ANavigati ono menu, t hefinS efitMopn tPaogliynggo n& Mr ni tdasgoe, 0 .
View parameters in Low Dose modeo and Serial E
size. When done, select AOKO and follsawartthe p
the polygon atlas via the AMontage Control o p

ot her control panel s may neiesdi. btloe be col | apsed



101

+ K3

Camera
’7 " Cetn

FITTING TO NAVIGATOR AREA: Change mag
to adjust number of pieces. Changing mag.
binning. overlap. or "Move stage" will refitto area

Magnification: 160ﬂi| Binning: 2 ii
Pixel size: 517 nm

Mumber of pieces in X |2 i‘ v 14 il

Piace size in X: |2352 ¥ |'|935

Cwerlap in |233 ' IEE"8 Reset
Minimum overap: 10% i’ and |ﬂ'-5 micron

Total Area: 23364 x 23360 pixels
P Update |

121 x 121 microns

¥ Move stage instead of shifing image
[~ Image shiftin blocks, IS upto |/ rhicrons

[ Skip pieces outside Navigator item IU—
™ Do full rectangle; ignore list of pieces to skip

¥ Make map from each montage if Mavigator open
¥ Close file when montage is done

[T Use Montage Mapping, not Record parameters
I Use View parameters in Low Dose mode
[T Use Search parameters in Low Dose mode

[T Acguire with Multiple Record routine

[T Use continuous mode with seffling factor |[].5
¥ Tumn off Ciift Correction for stage montage

[T Use settings for high-guality stage montage

0K | Cancel | ll

Figbh6eSerial EM "Montage Settings" dial og wind:
magni fication polygon montage for tomography.

Once the polygon atlas is created, | oad th
wi ndFoiwr. st |l oad the desired magni fication i mac
area. Then, in the fARecordo camera par-8@meters

el ectrons/
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Load the desired magnification i maging

area. Then, in the fARecordod camera par a

as32el eiditmonshle Navigator window, select fAAdd

desir

seri e

| t i s

ed collection | ocations. Coll apse the gr
S O. Foll ow the prompts to greunmlreart,e Se rniean
aut omati cal | y aicrhc rneeme ntt etmthe Onwmb @rh ef dri | e
opsertbe setup page. First, set the desi

recommended to | eawymmeéter icod | lerclte o9 tstcer

reasosneta di fferent scheme. Then, check the b

ensur

stop
numo,
enabl
posit
magni

trans

ol 6. Enable variable exposure time if de
otal dose is too high, ercoduWde exiptolsaurr et h e
ow, increase the number of tilts or HfARec:
e that the fADefocus targeto i s reasonabl
ction byoidgommeat hiod@nrlaibbeth.amigame for ACh
i f measured < X actual def ocuso. | mporta
as this wild@ prevent scenarios where rurt
e ARefine eucentricityo. This wild!@ use t
ion to refine the euceaermtrtiypilail dht reaetquhir
fication tomography, as any smal |l i naccu
| ate outside of the detector area at hig

rcent asgemoorfe ftihed ndo laotstsamet hi ng reasonabl



~| Tilt Angle Specifications
Tittto |60 End at|-60

M Base increment F_
™ Increr Total # oftilts: 31
¥ Run series in two directions from |0 I~ Retum with Walk U}
‘.‘.'n'ﬂil 11 ur ¥ Use View for ancho
W Use dose-symmetric scheme  Set Up|

Delay time after tilting by basic increment [T seconds

[~ Change some setlings as a function of angle Set Changes
-1 Size. Image Shift. and Recentering Specifications
36000 :‘ Binning: lii Pixel size: 0.110 nm
™ Atstartand when -
Limitimage shift to |-3_ um at start

M Recenter beam from Low Dose tracking images

ent propotional to cosine of engle

Meagnificatian for ancha

Maanificatior

eeded track at maagnificaticn 5300

[~ Autocenter beamevery |10 m
I Autocenter beam in secand hall of senes at |50 degrees

'15 minutes
_~-| Beam Intensity or Exposure Control
W Change Record exposure time instead of beam intensity

I Refine the zerodoss peak even

" Keep exposure time constant
@ Vary exposure to be 26 i’x higher at60 deg (1/cos to 1/0.73 power)

(" Setexposure to keep mean counts of Record images at ISOOO
The image in buffer A implies a Record zero-tilt mean of 0

I~ Tapercounts down to IE»O_ degree
I” Keep exposura balo e already setup
I Do notincrease exposure above value for first saved image

™ Use cirrent exposure at zero tilt{increase fo start senes)

Dose 192 e/A2 at0 deg: 498 /A2 at60 deg; Total 859 e/A2
W Change other exposures proportional to Record change

W Change drift settling proportional to exposure change
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_-| Camera and Acquisition Parameters

C Ceta @ K3

r Average Record dark refarences

[ Iftaking frames. getinitial partial sum of l_—:_iw Ames

_~| Autofocus Control
Defocus target: -5 um Beamtilt | 16

Autofocus offset 0 um Iteration threshold: (8 um

Do autofocus at least every IT degrees [~ Skip Autofocusing
I~ Focus every time above IS_O degrees

v Repeat autofocus if focus differs from prediction by > ’T um
Do autofocus when error in focus prediction exceeds [T um

¥ Check autofocus. stop if measured < 05 X actual defocus
[~ Stop if autofocus exceeds absolute focus limits

milliradians

v Stop if autofocus change exceeds [5_ um

-] Initial and Final Actions

 Align to image now in Butier A

™ Refine eucentricity

W Leave midHilt enchor ne ) minusg IT jeqreess
ru anch have leftin bufer T ii

F Close column valves at end of series

| Tracking Control Parameters
[~ Waitfor driftto settle =t L
v Repeat Record if percentage of field lostis more than [T
[~ Stop and ask before repeating Record in Low Dose mode
I~ Stop if Autoalign shifts more than [T % ofimage size
Gettracking image when error in X/Y prediction is > lT % offield
Track (" Before ( After (= Before & after Autofocusing
I~ Stop atter aligning fracking image to allow manus! adjustment
[ Align only with tracking images. not Record images
[~ Align with Preview before geting new track reference
Getnew track reference if Record alignment differs by > [—2— %

Fit Haf |  Second Haf | |

OK I Cancel | l]

Previous | Ned |
Set Up Exira Output I
FigbreSerial EM " Ti l

t Series Setup" di

configuratsiyonmeftesecdese acqui sition

By default,

series. I f speci al

ANavi gattoor ¢e deintt riyt .

i mportant

vertical, whi ch

means

t he -seertiteasngwi Iflorbd hienHarristted itlc

changes are requi

Next , the focus

considera¢i oms whieeacaws ¢ eccheé nigi tt | &xi

that at any

parameters

Qirwe n
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di fferent focal distances. That means only th
focus estimations. Serial EM can crop out the
automatically. Select the fACameread ot dpp emdrFw,c u

tab and ensure that fADose Fractionation modeo
section should become avail able. Select AW de
half the height, but #WTbeningetbhet!| 66gaph &f &t N
detect dir Rireal 199, sel ect fARecentero to center
area. This wild/l ' imit the AFocuso camera mode

parallel to the tilt axis.
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Camera Parameters -- K3

Camera — Selecls aclive camas
™ Cetl " K3
I [

Parameatar sat

™ Search  View & Focus 1 Trna " Recard " Preview © Montrmap
Parameters fior Focus Copy from: | Ceta F‘usuhm.mg
Acquisiticn Binming Top [0
" Conlinuous 05
# Single Image 1 Laft |1857
. = 2 -
Processing r Eatiom 14092
- . 4 —
* Unnomalized - Right [3903
= Gain Mormakaed -
cs 4
Recenler |
Banned size: 1024 x 2046
I Swap X LY
Exposurs ima (2003 sec 023045 um @ 0221 nm |
Diiftsstling lwsac Area sies
Winimum 00007 if not 0.0 L= | il | Full |
ekl Wids Quartsr | Wids Half |
* Baam blankmg anby
Whless| 10%Moe|  Sause |
Dose: 19.00 elAZ st spot 5. C2 41.60% Update 11.75 efphys pxelfs at specimen

Operating mode
T Linear
* Counting

[ Dose Frachonation moda [

o Setlp | g
™ Us=e comelaled double samphng (CDS) Anti-aliasing Q
= r

QK Acquire | Cancel | 7 |

Figbh8eSerial EM "Camera Parameters"™ dialog wini
higlgni fi sa&trii@rs taiclqtui si ti on.

Once camera focus paramet er s aroe usse tp,osiitt iio
when receosedieg tefguires speci al constTherati on
focus position showlxd sal weomwseevbeerhalsbogat hent bf
each hol e trheey deeHaarudd, f ocus position often tinm
appropriate for the sustsairned . ddvag®rwhaeanm ouend

focus position mamwdl layp sfeont hea gh opei matnd sel ec
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fFocu®. Pdbe focus posinownbd odi g phlaadyed.emEsdhwrud
appropriate area, before selecting the next p
arper operSley iaégteM will display a AP0 in the #fAAcc

custom focus position is set

. Navigator [=]a] x |
Label |3— ™ Registration point 1 ﬂ [~ Comer point (C) __7_J

Color |Red v| ¥ Draw [~ o

#3 Note: [

r W Titseries 7 r

Set File onpsl Imaging Slatel TS Patams[ Fnlename] Focus Pos! (test2.mrc)

Add Stage Pos | Registration 1i‘ Draw: [~ Allreg. [~ None W Labels
Add Points [” Collapse [~ ShowAcquire [~ Editmode M EditFocus
Add Polygon Label Color X Y Z Type Reg. Acq. Note
Add At Marker 1 Gm 6131 -367 -248 Poly1
T 2 Red 6116 -487 -248 Pt 1 TSP
Move liem 3 Red 6099 454 248 Pt 1 TSP
Update Z
Go To XY
Go To XYZ
Go To Marker
Delete item
Realign to ltem

Figbh9eSerial EM " Navigator" dial oeg ewiiredsow depi ¢
acquisition. Note the "TSP" options under " Ac
recordescrasstilwtith a special focus position d

Recor diSeg Obiccleotn f i,gpe®dt he ANaviSgeatot OAAO0pPUM
at Iltemso and choose fAFinal Datao mode. Set t
mont ageo and ensure that AMake Navigator mapo
and gentent he tasks before primary tenfirst HMnORee

aut ocheerafmar smowv é |t he microscope to the stage |
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the polygon montage. Then it will ausecéeeter

saving it to the specified file.

Parameters for: Mapping | Final Data Tasks before or after Primary (Push button to show controls)

e v ManageDewarsNacuumI Every item

Primary Action

@ Acquire tilt series
Primary Action-related

™ Cycle defocus target in autofocus, drftwait& TS

ram |-4— to [—6— Imins ::jrh—yi%
Acquire nan-montage images

in Low Dose with
‘ @ Racord C View € Search

W | Update Dark Reference  Every item
Realign to ltem |
Align to Template I
Eucentricity by Focus l At start of grouy
|
|
|

<l

Every item

Autocenter Beam
Rough Eucentricity
Autofocus
Run Script before Action |

e

[ RELE b

DI TR CTEIE IR T

Task-related options Scriptio run. - |Startup k|
- Coma-free Alignment | Cuzry e
General options

¥ Close column valves atend Correct Astigmatism _| £z e
Condition Phase Plate | ©very e
Cook Specimen |
Fine Eucentricity | Cuery tem
Waitfor Drift | Everyitem Setup
= Primary Action (Tilt Series) occurs here -~
Run Script afterAction |  Eumry iem ety
Scripttomun I#S j

I~ Hole Finder & Combiner | Euery iem e

™ Hide unselected options

ClECIRCIRECTCIED ]

~

General controls for task: Update Dark Reference
~Howoftentoruntask———————— -Position in sequence -

& Every '1 i’uems Move Up I
" Only at start of group Move Down I

" Only atend of group
C Every |360 minutes

" When moved > |40 um | [~ Run after Primary Action

I” Run atnearestitemwith € label € note starting with |

" Hide unused tasks Restore Default Order |

Save Parameters to File | Read in Parameters | GO I Postpone l Cancel I l‘

FigeedeSeri al EM "Acquire at Iltems" dialog wind:i
settingerfies ticlqui si ti on.

PACETomo

PACETomo is a series of Python scwsiept £ sfor

simultaneoushgt wigihmimudantito that wused for singq
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t o nmsuhlotti features, vVEACBTemal @logo thans t o compen
stage dr ktfitl,t ;sxaasmdeodpfr eet .

Sel ect i nrPACEalrogreot has two ways to record dat

array of holes. The other is t8tamanuag! wi phaa
i mage, or polygon map as detai hagigateheoinsae
AScriptso top menu, select ARunNo, and run APA
scripting intefMhaeaone fiomr t RAACETaomag.e Al i gnment &
expand the options and ensurtes ot h ast Budiniiohvaecnkset da g

scripts menu, run the @ PAGETsocmoi:ptSewielclt plTraa mpett

directory, and then will ask you Iltto wirlolvitdlee a
you to center your target by draggi n@ndé e i ma
centered, it will ask you if you want to take

take aYpuewiagwt hen refine the posi tniaotne layt, hyiog
can just accept the positi,omndPACboTw nohewitlot atll

to the beam in a yellow circle.



FigeteA memdgumfication i mage of the selected 1
(blue box) as well as the total exposed area
acquisition area due to the beam size and sha
PACETomo will then ask you to place more pf¢
press fibdo and select ANoo for a preview i mage
target. Select ANoo. At this polihrts, ttuhe rmailn w
cover all of the features for PACETomo, but t|
specific targtehtes ofrodrert rianc kwhnigc,h otro col l ect, th
Al ternately, moredtfargmttshicanwiahdow.beOrmndaesat:

fiSaved and then close the window.
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Settings (optional)

| Open Tqtfile| open Tstile
Skip Make Track | Tilt angles [deg]
Load Map Add Targets
Save Views
Reorder Copy to Acg

Pretilt [deg]

Rotation [deg]

Save |  Resst | Measure Geometry| Reset Geo Pts
— vading
— acoure
sip

008 gea point

1S

[

000

om

-002

003

006 004 on2 000 ooz Y X
A &3 Q =B r0sy=—ooms Toggle beam Swap XY Invert X| Invert ¥

Start Min Maz Step

Fi g2z ePACEToO mo

I n the navi

and t

he

"Targets" di

gator, there

ot her entry

al og window.

williomewebértywendmn

ebgi hgegfinchiomkcag.
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. Navigator [=[al x ||
Labet !—ﬂ(‘l'x— ™ Regstrabon point 1 ﬂ r 2

Coler |Blue v] ¥ Draw [~ Rotstewhenload [ Foranchor state

"2 Note ftestigts o

v Acquire (A) T [ New file attem I

Set | | | Focus Pos

A_C:{ES_PC_SJ Regiswaton 1*%41 Draw: I~ Allreg T None [v Labels
MJ [" Collapse [ ShowAcquire [ Editmode [v EditFocus
Add Polygon | Label Color X Y Z Type Reg. Acq. Note
Add At Marker
— et

Movellem | 3 Bl 6166 358 268 Map ! tost_igt 001 _view.mrc
Update Z
Go To XYZ
Go To Marker
Load Map
| Newhbon |
ithisp |
_ Deleteftem |

Reahgn to llem I

1 Gm 6131 367 -248 Poly1

Fig&te3eSerial EM " Navigator"™ dialog window depi

PACETomo can al go clod | eacnfiiogourodd af a egul ar a

or 5S5x5Bhmpuabhd target sel &@ot dofnitrosatR etbaekred uat mang & e

using the AGrid Square Mapo0 i maging state. Us
the hHbkeas. open the AScriptsd menu, and select
AReportlLast Hol eVectors 00 and run it. This wil

~

vectors in the fASelecteda$gtettismgsarfion , AweadAhd

Above that, set f@Atarget PatSteer mds itzoe 0T rtuoe ,1 ainfd u

Ao i f Tkemg Hake a View image of a hol e. Usi |
hol et handopen the top AProcessoOo menu. Select
just the hole and some surrounding support. G

ACopy active image to bufferodo and copy the ac
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Now, open t hRl ggcé domae | @si nt on tohne whedbncthe r «
centeroldrmredt a mulatnids hscett piNtdetne rrnm na ¢ dqpei Me&S.el ect
script and f dnlcew tthltee mmr oompgtag.get sel ection wi
Acqguireo to set madkeden hAayuigrag of A)p®@itnd si nheri

Recor di ng -SkearOeelslee It aTriglett sdiar et set ®aPACE: Col |l ec

Ensure that the parameters make sense for you
At gt Patterno. Set this toofatseefboo pobkl ecbna

holWhsen satisfied, run the script and it wildl
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CHAPTERREE

THE MECHANI SM OF | RON NUCLEATI ON AND GR

I N A -MERRI TI N

Il ntroducti on

l ron i s a necessary element for | ife and p
cesses across all knownt sl iffeer rfooursmsf.o rHho weRvee(
ceptible to oxidation via hydrogen peroxid
i cal (OHL), a highly tex3.&hemhmefmorca, @arde ft l
ulation of free Fe(l1l) -iadiidael( 8B&d maBPBad s nec
Ferritin family proteins, nearly ubiquitou
cifically tobaidFeessti hssoprdbkzemFe (Il 1l ) to
ritin nanocage as hydrated ferric oxide. T

three major classes; i) ferritin,rved baca

[(14s96 Q) 7The eponymously named -f2rmnmtim disamet

mposed of 24 subunits that assembl ehalitx oc

dl e t hat -nauacd redairn a@treosn a emit er . nah e di rboyn bin
tamate and histidine residues that are bur
site of yf(edrlrroxXi2dadsd , ddtkievidter ro60®) n, bacter
unit assembly and the ferroxidase center (
d symmetry axi shel ilXP S uanldsloe sfhoa rde s ébtuhte tidnn @ o

t eaad dmalmser |, dodecameric 9 nm nanocage wit
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rather than a ferroxi daeslei xilkuwen dleg,uetsherk@C wiis
the inside ofotdessbehitaintkeeface.

Ferritin, bacterioferritin and DPS are eac
coupled redadOili et LOHO However, ferritin and
ferritinswhi ébeeDPS g®OneMhlel pyxprde zetDOiHH om spr od
extremely insoluble. While typi-daM,i Fefl tbhce
insoluble at co-bh8Mi9r)Beronsi abovacéOagain con
probl em. I n addition to safe oxidation of Fe(
mi ner al 3fO0rHMm i mfsi Flee of (GBei BVhihdkkadthaeomposi ti o
the mineral varies, it is typi(6da)Tlye tlhaomugdn fte
can store -HD@Q@WeiemorR 50&#t0oms frerrotalins whkblPde tled:
iron at oms.

An additional member of the ferritin famil
identified in hyperther nmsoubhuniitc (adocdheaceaame rD PcS)L
preferentix@lalsy au qidlbis z edsbt,ld 2r G Bese reasons, [
perceivetdli &aefamaireRs i n. However, structural stu
DPSL | acks the DPS ferroxidasel iskd ef ernrdo x indsa e
in the mi-dexl b ugnlédedh@er 4t hese reasons, DPSL is
evolutionary i nt eanfda chea kbréiditGienesd 7t hBnpmoird@&ant | vy,
further differentiates itself from both the (
strictly conserved cysteine residues that are

surface of the partwviedl eystEoqet lndrd,k ethitee baacrbxzd
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rve as hall mar ks of

as the thioferrit:.

n

t he

mo t

ar ch

i f, a

uperf{dam) l ADKSE O i s thus a misnomer fo

n

e

x

=)

(0]

d for t
tter di
tenti al

hat reaspPwynr oweo ¢ @ ubsP SfiLw mitsd sauw b ft

fferentiate it from DPS

prot

l'y redox active, whether the

te isdeostypyed. u Finally,

idati ve

ol at ed

n additio

strebscrbapbeskeai hi ReeBact e

bacteria (farfrgmThhateobiti nsfa

teregqtdbas 4wWegl |

Crystallographic studies have prov
rms of (bacterio)ferritin and DPS.
have proven more chall enging,
with mineralized cores. Thus, the de

nucl eati o

signific

(

1

86 )

early min

uni que in

di stinct

depositio

f

uoresce

aeal DPS
nd diffe
rrthis m
@i of @er r i
ei ns. W
y play a
n to arc
roi des f

cei bhags

ided a w

However,

andi hhéami hyepf

tailed m

n and growdéh, aWe) cyupoteme diyzeadcd eahlm st

ntly mBMe almedadd.e

heor € r wree 3 celpwtrito m ot

apo struPvuoeoot¢ | #hfi torf)e,o sk wti nt e ot r L

eralization intermediate, and a f ul
sight into the mechanisms of ferrit.i
st ®egad ifattiloen Ilpirmmierss; T ogn mamereadr Ify

n of i ron oxi de, and

nce | i fetime assay

t hat

iii) th

repo

e transi

rts on n
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Resul t s

Previous work has demonSaaahaeaerdo It S ¢ sheel fTadt
TftnPyaodoccUusPlifun) owubk|l mi ner adOiozre, GFftedugh us |
peroxi de (i45 . prePyomptded by our earl-Tfeta&y yst al
we first -S<€féaenéM asptouydoi es. However, initial s
maps with only modest resolutierd.tn,Fdrort lwihd crh

was no structur al i nfor mati on.

Structur-éfoh apol P86 resol uti on

The -THft n structure was determined at 1. 86
usi ng-housei 200 kV Talos Arctica and Gatan K3
determination and workfl owpaeedpixegBreaar® i n t

representative dets, tppanesl shown in Figure
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Figee#Ae Stereo image of representative e

|l ectro
representation of DiWPesSthhiumddel of CDPSLmwl RIhd dlab e




































































































































































































































