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Dynamic Structural Biology

Traditional MX: synchrotrons, macro-crystals, 100 K, E,

E-S,, E*P; lacks function & dynamics: >90% structures
PDB/year

Cryo-EM: important, complements / benefits from MX, low
Temp, class averages, limited dynamics, no spectroscopy

Serial MX at XFELs & Diamond to study entire reaction
cycles at room temp & pressure (SFX & SMX)
 XFEL fs pulse = bond vibrations

* DLS/VMXi = s time resolution
» p-crystal slurries = atomic & electronic data
* E°S equil. uys — ms; Enz. turnover ~60 ms

Entering an era of dynamic structural biology... a concept, a set of tools, to collect as much data as possible
from every sample and X-ray pulse, enables atomic resolution “movies” of macromolecules engaged in catalysis
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1 What is the XFEL Hub
XFEL Hub at Diamond?

X-ray Free
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= Central Laser

915 = Facility

2 XFEL / SFX / sample delivery,
on-demand acoustic injectors

Science drivers of
time-resolved
3 structural biology:

PS Il, RNR, IPNS, and/or
Phytochromes, etc




The XFEL Hub team & mission T R —————

S ner TR, Eu.XFEL, i A

LCLSQ 3 E ..3 SwissFEL :0 4 e e 28 B 4’* PAL XFEL
(LCLS-I) « .\ o A, e
SAI-HE) y (SHINE) RSt

\ XFELs (planned)

XFEL Hub helps facilitate

> (time-resolved) serial structural biology New BAG at Diamond
experiments via sample preparation, delivery, _ _ _
data collection, and processing Dynamic Structural Biology at Diamond & XFELs
> the transfer of methods between XFEL, > I24 & VMXi with fixed targef[s,. L.CP / viscous media
synchrotron, and/or cryo-EM sources injector, on-demand acoustic injectors
> access to, and data collection from » Pump-probe and/or mixing strategies for time

complementary facilities (DLS, CLF, eBIC) resolved studies



‘ Relationships between the Hub, sponsors & community

Wellcome,

BBSRC & MRC ~ — _ _ _

(Naismith et al)

= > XFELHub €~~~

— = Diamond Light Source

&
Wellcome

Investigator (Orville)

Research & Development

« RFI, RCaH, Diamond, XFELs

» Time-resolved serial MX

* IPNS & B-lactamases

« Reactivity in microcrystals

« X-ray emission spectroscopy

» Microfluidics for microcrystals

» On-demand acoustic injector(s)

Diamond Light

=

4
Science Community‘

X-ray Free
\ M Electron Lasers

Source
XFEL Hub

= Central Laser

. Facility

Electron Bio-Imaging Centre (eBIC)

. $—
Diamond Light Source

Service & Training
« Travel assistance UK scientists
« Diamond BAG(S)
« Serial MX processing pipelines

Research & Development

e (tr-)cryoEM grid prep methods
« Serial MX at VMXi % tr-XES

« Data processing pipeline(s)

« Diamond/CLF PORTO project
* Micro-spectroscopy = MX

* Novel sample delivery methods



‘ Summary of XFEL beamtime awarded

_ On-demand acoustic droplet ejection methods
AMO moved tO D|am0nd OCt 2015 B) three fiber coupled pump lasers (e.g. 527 nm) A)  eaeon chbe He atmosphere

(or reaction chamber)

L ISACION SR L acoustic (298% He, 2%

; two optical gates (850 nm) |

36 beamt|me awardS W/AMO mttgréercaﬁ/on y ; V ¢ V C':I‘yzgl tra(nAsgllEl;:er air, <0.4% 0,)
poin slurry 1 "
Serial femtosecond crystallography (SFX) data ‘_é = “ = — T bel
at LCLS, SACLA, and European XFEL ‘.
Most experiments used acoustic tape drive at C) hevac, o . vacre /
. /
LCLS/MFX InS'[I‘ument <= [NGI T Y < { cleaning bath and dryer 4
- : \ S
Many time-resolved SFX + time-resolved X-ray e \ free-space optical laser & .

N X-ray interaction reglon

emission spectroscopy

D) U lglétlj;;t)rlgct)elnc ’B‘FEL 4 r 4 Input from
H : : acoustic injector eam. 4 m syringe pum
Pump-probe and mixing strategies for time- two opical telecori0p. =g bl %"
gates (850 nm) At .
resolved work V
: : : AR, A, ) el ()
Currently preparing for five XFEL experiments

(two at LCLS and three at SACLA)

Proposals pending at SACLA, Eu.XFEL, SwissFEL and PAL-XFEL

Many metal-dependent enzymes including: photosystem Il, Fe-dependent
enzymes that cleave O, to create Fe(IV)=0 intermediates

Light sensor systems that modulate activity based upon illumination status
Enzymes that degrade p-lactam antibiotics

NLABCYTE .




| XFEL Hub impact on the UK user community

UK
scientists

UK
scientists
on expt.

2015 3
2016 25
2017 70
2018 * 95

Total

2015 - 2018 U=

XFEL site
visits
3
21
49

59
132

Hub
scientists
site visit
3
19
22
34

78

LCLS, SACLA & Eu.XFEL experiments, XFEL Hub involved

Collaboration PhDs in o
Publications per year

group group

2014 2015 2016 2017 2018~
BioXFEL,
USA > 50 115 148 110 86 43
CFEL,
Germany > 50 85 101 48 210 90
XFEL Hub at
Diamond ~3-10 4 8 12 14 10

Kern et al.,

“Structures of the intermediates of Kok’s photosynthetic
water oxidation clock”

Nature (2018) 563: 421-435

nature :OQ(
COMMUNICATIONS —

nature

International journal of science

Wiedorn et al.,
“Megahertz serial crystallography”
Nature Communications (2018) 9, 4025

Fuller et al.,

“Drop-on-demand sample delivery for
studying biocatalysts in action at X-ray
free-electron lasers”

Nature Methods (2017) 14, 443-449

nature methods

Roedig et al.,

“High-speed fixed-target serial virus
crystallography”

Nature Methods (2017) 14, 805-810

nature :O(\/
COMMUNICATIONS "

Young et al.,

“Structure of photosystem Il and substrate binding
at room temperature”

Nature (2016) 540, 453-457

nature

International journal of science

Roessler et al.,

“Acoustic Injectors for Drop-On-Demand Serial
Femtosecond Crystallography”

Structure (2016) 24, 631-640

Structure



YV VYV Y V V

YV VYV Y VY

Some XFEL Hub interactions with UK scientists

Travel assistance, UK scientists w/ XFEL beamtime
Non-proprietary R&D
Apply online; light-touch review by Prof. Jim Naismith

Typically ~ 4 flight tickets covered, etc.

To date: > 60 UK scientist site-visits (Diamond (124
and 123), Oxford University (3 different groups),

RCaH, Essex University, Imperial College London,
University of East Anglia, University of Bristol and ST
University of Leicester)

To date: > 40 site-visits by XFEL Hub staff
Average 30 travel awards / year for 2-3 facilities
Travel to LCLS, SACLA, and European XFEL

Anticipate increase in demand w/ more facilities

jUniv. St Andrews

;Univ. Cumbria

iUniv. York

/
jUniv. Manchester
/

;Univ. Leicesteg
Univ. East Anglia

Univ. Oxford ;Univ. Cambridge

: . Univ. Essex
;Umv. Bristo Imperial Col.

LonWon

;Univ. Southhamton

A
| 300 km | N
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The first high-resolution protein structure
determination by SFX methods

i 10575 « Lysozyme microcrystals
indexed indexed

T T T T * ~Tumx~1pumx~3 pm
images iimages » Each in random orientation

+ 9.4-keV (1.32 A) X-ray pulses

Puise | __d0fs| __5fs]

Images 1,500,000 2,000,000

Crystal 675,000 40,000
hits (45%) (2%)
Indexed 124,000 10,575

(18.4%)  (26.3%)

Liquid Jet

O
Interaction Point\

(10 um? focus) §
Be lenses

Undulator

CSPAD detector

(z=93 mm) Sébastien Boutet et al. (420 m upstream)
Science (2012) 337: 362-364

Lipidic cubic phase injectors/extruders:
membrane protein serial femtosecond MX

Liu et al (2013) Science 342, 1521-1524; Liu et al (2014) Nature Protocols 9, 2123

* 5-HT,g receptor microcrystals

* 300 pg protein crystallized in LCP
e “5umx ™5 pum x~5 um

¢ ~1.5-um-diameter beam

* 9.4-keV x-ray pulses Lcp

injector
Pulse | 50fs|

Images 4,217,508

Crystal 152,651
hits (3.6%)
Indexed 32,819 r‘l CSPAD detector
0, 5 g;}
i) Kl riirors ; - * Extremely high viscosity
XFEL © %+ 10-50 um diameter capillary
32,819 beam * % ¢ Extrudedat™~2-3mms?!
indexed & Y % * More efficient sample use
——— =0.78% > “ %
4,217,508 yy y 1
images

Weierstall (Phil. Trans. R. Soc. B 2014 369, 20130337)

| Concentric-flow MESH injector

Syringe pump 1 Antisettling device Sliding Teflon plunger
(mother liquor) 2 "_@

Syr‘inge pump 2 Dpses
(sister liquor) Charging electrode % = =7
& <img— J 77.__(0-5,000 V) Sample
holder

o™

KB mirrors

—
—_
— -

Interaction point h

Undulator
(420 m upstream)

CSPAD detector Grounded counter electrode

Microfluidic Electrokinetic Sample Holder
Sierra et al (2016) Nat Methods 13, 59-62 (MESH) operates at low flow rates by
applying voltage rather than pressure

Fixed-target approaches physically move samples
into the X-ray laser pulse stream

Embedded Protein Crystals

Hunter et al (2014) Scientific Reports | 4 : 6026
Sherrell et al (2015) J Synch Rad 22, 1372-1378
Roedig et al (2015) Scientific Reports | 5:10451
Roedig et al (2016) J App! Crytst 49, 968-975
Oghbaey et al (2016) Acta Cryst D72, 944-955
Owen et al (2017) Acta Cryst D73, 373-378

Fixed-target
Samples

LCLS XFEL CSPAD Detector
}f p : Rapid movement of
o KB Mirrors  the stages orthogonally
. to the beam path

» Data acquisition rates are detector driven
at LCLS, SACLA, Diamond...

« Hit rate of ~100%

» Scarce samples, “easy” to load

* Room temp (& cryo too)

* Pump-probe, SFX/SMX + spectroscopy

several chip & well sizes high-precision stages
fast controller & software high-quality viewing
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Potential of drop on demand,
acoustic injector methods at XFELS

Bt e

ADE system
LCLS total X-rays / s European XFEL total X-rays / s
120 Hz x 50x10%> s 27,000 Hz x 50x1015 s
= 6 ps with X-rays = 1.4 ns with X-rays

Some Characteristics of Acoustic Droplet Ejection (ADE)

Transducer  ~ Droplet ~ Droplet ~ Crystal BV, “low volume well
frequency volume diameter size within drop ‘
(MHz) (pL) (Lm) (Um°)
11.5 2500 170 10 - 100

1000 125 10— 75

100 | 60 | 1040

50 10 25 up tols
75 ) 15 upto5




(" illumination region N
A) (or reaction chamber) '19 a:mlgspileore
acoustic (298% He, <2%

. transducer air, <0.4% 0O,)
" @ (ADE)

B) three fiber coupled pump lasers (e g. 527 nm)
two optical gates (850 nm) ;
to x-ray ADE

mtersectlon ¢ crystal
pomt slurry

ao:}o!eoas

belt drive

aaaaaa

optlcal laser platform o
2016 - 2018 1
C) He vac. 0o _vac.He /

cleaning bath and dryer 4
\

: \ . T
2 LI el s .\ free-space optical laser & Y )
\\X-ray interaction region \\
substrate |
D) 2019 Pelynica Ine: XFEL 4 Input from
. acoustic injector (30 pL) Beam ; sample syringe pump
two optical .. reservor

gates (850 nm) $

d [
B ] =
> 8 o 0 o & »~ 8 ~ .;. o 8 o 8 2 o o GG QQQQQQQQ a pump Iaser

free space

Kern et al (2018) Nature 563: 421-435

drop-on-drop platform Fuller and Gul et al (2017) Nature Methods 14: 443-449
Young, Ibrahim, Chatterjee et al (2016) Nature 540, 453-457




X-ray emission spectroscopy (XES) + tr-SFX

Kai KB'/ KB1,3 KB" / KB25 "
2s/2p to 1s 3pto1s valence to 1s posnt!qn
metal oxidation information sensitive
oxidation state & spin state about ligands detector
" Kot <10 x1000 (PSD)
g
‘® Ko,
c
2 sample
sl N/ kNNl =3 0 W\
Efar analyzer
AbS.A gy " incident X-ray Crysta|s
(continuum) ; 5
3d +— ey DOT E &
8 N o p housing ® o
> K__/ = E o.‘%’J
< Pog) . 2s |2 v |1 s
KB” ) 4 &) e
Q 3p ..... = &
= KB'/KB = S
£| |2s/2p NG E S Signal 5
& >
£ Koy 2 inflatable &
= is 11 door XRD Signal ©
Metal Ligand 7

CCD
Encyclopedia of Inorganic and Bioinorganic Chemistry Fuller and Gul et al (2017) Nature Methods 14: 443-449

DeBeer & Bergmann (2016)



. Interaction “
point

To/From
von Hamos
spectrometer

—#Pl e
16 Si (440) crystal analysers

500 mm from the interaction point
. centre of array at 81°
U . ! Mn K region, 6474.6 - 6499.4 eV
X v i > 1 . B13reg

A

Fuller and Gul et al (2017)
Nature Methods 14: 443-449




‘ 30 Hz = real time data processing = decisions

-
&
g E Z EBB i syringe 1, Re-IPNS [DONE] syringe 1, Re-IPNS [DONE] syringe 1, Re-IPNS [DONE]
295 400 | . . |
o5 30| . ' : L. .ol TR T : -
= = = x ¥ " - - 4
i f i TIIIEEER
£57, 1001 ‘titil’iit h;'*i‘ SEREERERE. RERE 1100 E
army - S o ] 180 g
Tm J0f 160 @
= B ]
£ q _ {20 &
- -
S £ : J m '—A—"—’_n_\—f‘_]'_"—‘l 12 8
= c i W . W ——"——" . W — p————— g @
=32 15 L 180 &
=g {60 T
l._.-li.‘.I 1':' — ]
(= &
Bw o {40 <
= i 120 £
DF |:| o
run 178 run 179 run 180
1829 img/1396 hit 1830 img/1371 hit 784 img/459 hit
455 (392) idx 470 (389) idx 181 (154) idx
94_3% solv/76.3% xtal 96.0% solv/74.9% xtal 85.6% solv/58.5% xtal
249 (21.4)% idx 257 (21.3)% idx 23.1(19.6)% idx
0 100 200 300 400 500 600 700
: timestamp (s)
processing 20% of # images shown as all (2.5 Angstroms)
the data with local Are X-rays hitting drops? v greenline Do the crystals index well? v blue & gray dots
LCLS compute v blue line
slfsgitl Do the d tai tals? v blue dot A tals of high lity? v red & yellow dot
. O tne arops contain crystals- ue aots re crystals or nign quaility - re yellow dots
processing at v blue line v yellow line
NERSC Two or more lattices / drop? v pink line




indexed images
hit ratio = 5%
facility

25,000

detector

image rate
Hz

time to collect full SFX dataset

seconds minutes hours

LCLS

LCLS

LCLS

SACLA / PAL-XFEL
SwissFEL
Eu.XFEL
Diamond VMXi
Eu.XFEL
LCLS-II-HE
SHINE

indexed images
hit ratio = 80%
facility

CSPAD
Rayonix
Rayonix

MPCCD
Jungfrau

Jungfrau *
Eiger2
AGPID

ePIX *
tbd *

25,000

detector

120
10
30
60

image rate
Hz

Serial MX data
collection rates
are driven by hit
ratio & detector
speed

4167 69.4 1.2
50000 833.3 13.9
16667 277.8 4.6

8333 138.9 2.3

5000 83.3 1.4

3125 52.1 0.9

1000 16.7 0.3

154 2.6 0.0
50 0.8 0.0
29 0.5

time to collect full SFX dataset

Detector or source Serial MX
speed snap shot

LCLS
LCLS
LCLS
SACLA / PAL-XFEL

SwissFEL
Eu.XFEL
Diamond VMXi
Eu.XFEL
LCLS-II-HE

SHINE

CSPAD
Rayonix
Rayonix

MPCCD
Jungfrau

Jungfrau *
Elger2
AGPID

ePIX *

tbd *

120
10
30
60

seconds mintues
260 4.3 100 Hz (Pilatus) 10 ms
3125 52.1
1042 17.4 500 Hz (Eiger2) 2 ms
521 8.7
313 52 500 Hz + e gated 100 ps
195 3.3 10,000 Hz 100 pis
63 1.0 .
0.2 : XFEL pulse duration 10 - 50 fs
0.1 .
0.0 _ Eu.XFEL train length 600 us
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| Thermosynechococcus elongatus BP-1 Photosystem ||

D2.

2H*  cP47§ PsbH D1 ) eyt bS5
Cytoplas | b o0 NS
---y_--------.;‘--._.‘.--’-':_-.s----'---z-%nﬁw - s e "‘,.. “ v <)\
P680 ?'
J .l 2
SRR i e TN
Lumen opg——=2% 0 o L
C2HO L S0, +aH H4e
PDB codes: s | Wi e a3
6DHE, 6DHF, 6DHG, = = 8 /A = "
6DHH, 6DHO, 6DHP . SRS

Kern et al
Nature (2018) 563: 421-435



Qg

The Kok cycle & the OEC 4" F QAQB—%QAQB Nk

QAQ; e Mn4(III2,IV2) QAQB 1=F

W4
/ Mn4(III IV) Dark
&
A tor
Side Donor Side A G
Mn,(I11,1V,)S, Q.Q;
w1 1)
Q. Qs
A Qg
.8 H,/
PDB: 5tis Mn,(IV,) Q,QgH,

Q.Qg
* Reaction rates w/in S; 2> S, Kok cycle are “fast” (30 ys — 1.1 ms) 3F 7<Q

« e acceptor/quinone exchange reactions slower (~ 100 - 500 ms) QgH, Kern et al
Therefore, we allow equilibration time between illumination flashes. Nature (2018) 563: 421-435

B



‘ A flexible pump-probe illumination scheme

! Pump laser
Si: OF I

| Probe XFEL-pulse

200 ms

S.: 1FJ4 >I
150 us

At: 2F J I.I

(150us) 400 us
At: 2F | 1 |

(400us) 200 ms

Ss: 2F L |-

a

So: 3FJ I

200 ms
b

to

Kern et al Nature (2018) 563: 421-435

three fiber coupled pump lasers (e.g. 527 nm)
two optical gates (850 nm)

to x-ray | ‘ ADE

intersection | Vv crystal

point Y slurry
i | SR, Je | ST e -

. optical laser platform -

illumination region
A) (or reaction chamber) Iie aotmospheore

s - acoustic (_?3 % He, <2%

= ' i transducer air, <0.4% O,)
’ (ADE)

belt drive

cleaning bath and dryer 4

\ free-space optical laser & - \
\ X -ray interaction reglon

XFEL 4 ’ 2 Input from
Beam 4 sample syringe pump
.. reservor
At 1

free space \ 0
pump laser

Fuller and Gul et al (2017) Nature Methods 14: 443-449



| Isomorphous difference maps around plastoquinone QB

Fobs= Fobs (3 0, -2 )
d 246 1F - OF

Kern et al Nature (2018) 563: 421-435



Photosystem Il (PS-II):
time-resolved, pump-probe SFX £+ XES

fiber coupled
a pump optical gate (850 nm) c Mn Kﬁl 3 XES
laser 1 ;
droplet ol | 5 s | . to x-ray —XFEL
ejection v aser aser S intersection —— Synchrotron
| ‘ ' point
N U . . S
e — —
— grid —> =
8
=2
e~ Dark State (OF) UC>
b Mn,(lll,,IV) o, (V) 2
4 o, S1 £
SO @
C
o
£
=)
2H.0 M, (ILIV,) o At =1.0s
(S&Q

Fuller and Gul et al (2017)
Nature Methods 14: 443-449

PS-Il in solution

XFEL: at RT
(~120,000 shots)

Synch: freeze-quench
at8 K

S, Mn(lll, 1V)
- S, Mn(1V,,)

S, Mn(1V,)
- S, Mn(lll, 1V,)

6485

6490 6495

Emission energy eV



| Flash-induced oxidation of Mn atoms in OCE

a Q, b N Pumplaser [ Probe XFEL pulse
athF  QyQy—>QuQpHy( _eF S,: OF i >
~ 1stF 200 ms
Q,Q;" Mn,(II1,,1IV,) Q,Qq S.: 1F >
S 0 > G 150 ps
Mn, (11, 1V) w Dark avzr i | | >
0, U50.1s) 400 ps
Agceptor b fi:(i)gF ) >
side Donor side b ° - ; =00:me ]
H.O 54::2F A X
2
¥ 200 ms
H S,: 3F 4 I >,
S Mn,(11,1V,) A 0
¢ HY o2 U S 0.02
— Mn K, ,
Q, Qg & oL m 1st moments
2nd F s -0.02 }
ke
S3 / ,::_‘, -0.04 } * +
Mn,(IV,) Q,QgH, GEJ ~0.06 k
QxQp 2 _0.08 |
3rd F Qg % 60l i =
Qe = 7 oF 1F 2F  3F

Kern et al Nature (2018) 563: 421-435 Flash number



moment change of XES signal

1ﬁ

X-ray emission spectroscopy

Membrane inlet mass spectroscopy

_ —A— XES data —_
-0.02 — S 08— =
-0.04 — o 06—
2 18
-0.06 — % 0.4 - OH, -
-0.08 — E 024
Z
-0.10 — 0.0 —
| | | | | | | | |
OF 1F oF 3F OF 1F 2F 3F  4F
Flash number Flash number
Sample So S S» S3
XES O, XES O, XES O, XES O,
OF 0 0 100 100 0 0 0 0
1F 0 0 8 22 92 78 0 0
2F 0 0 2 5 30 34 68 61
3F 50 48 2 1 5 11 43 40

Flash-induced
S-state turnover
of PS-Il micro-
crystals

Qg
Q;\-Qé———bQAQBHZ QgH,

Mn, (Il IV,) Q,Qp TstF

So S,
Mn,(IIl, V) Dark  \

‘ﬂ \ e

/ 0, H* \

A eptor \ oo
side / Donor side \ o °
/ H,0 \
oo \
54 Mn“(v[i,le))Sz Q,Q;"
“_ H

H
H,0 57//

e
7 Q,-Q:- 2ndF
e S 3 Am

Mn,(v,) QaQgH;
QxQs
3rd F Qg
QgH,

Q,Qq

Kern et al
Nature (2018) 563: 421-435



‘ The S, — S; transition in photosystem ||
150 and 400 ps time points after 2"

,S ) O
( \ /{ flash, during S, — S, transition
il y/4 = / e tr-XES data show oxidation of Mn in

g

, , é;5i4'§;14 " the S, — S, transition
\ (, * tr-SFX data show Mn4 and Mn1
- ‘ : move away from each other by ~
0.2 A

« 2.5and 2.2 A resolution

* 400 s data clearly show that Ox is
bound to Mn1 and Ca

O, formation in the S; — S, transition
w .. © > Oxand 05 may form O-O bond
Q_/./ A dlffe;t;)nce - 0r -

focus: Mn1, Mn4 » Ox may replace O5 after O, formed

OF model
1F-OF isomorphous difference map

> a (& - — Kern et al Nature (2018) 563: 421-435
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