Thesis fothe Degree of Doctor of Philosophy in the Natural
Sciences

Structural Features of
Bacteriophytochromes

Photoactivated Proteins Studied by Serial
Femtosecond stallography

Petra Edlund

UNIVERSITY OF GOTHENBURG
Department of Chemistry and MoleculaoRigy

Gothenburg 2018



Thesis for the Doctor of Philosophy in the Natural Sciences

Structural Features of Bacteriophytochromes
Photoactivated Proteins Studied by Serial Femtosecond
Crystallography

Petra Edlund

Cover The surface structure of the phythimme chromophore binding
domain (CBD) frorDd.radioduranglaced on photographs of CBD protein
crystals (left macrocrystals and right microcrystals).

Copyrigh© 2018 By Petra Edlund

ISBN: 9781-629-04722 (Print)

ISBN: 9781-629-04739 (PDIF

Available alineat via http://handle.net/2077/55645

Department of Chemistry and Molecular Biology
Division of biochemistry and structural biology
University of Gothenburg

SE405 30 Goteborg, Sweden

Printed by Brandkctory AB

Goteborg Sweden, 2018



Till John, Ivar och Lillebror



Abstract

Thekey to life on earth isunlight, whichreaches the planetas an energy source
Nature has evolvedifferent types of photoreceptoproteins to detect optimal light
conditions for biochemical processes. e of ed light detecting photoreceptor
proteins are called phytochromes and are present in plants, fungi and bacteria
chromophore, converts the light signal into a structural change in the protein that alter
its biochemical properties and thereby cookt developmental processes in the
organism. A structural mechanism for signal transduction within the phytochrome
protein is herein proposed.

The aim ofthe work presented irthis thesis has been to elucidate the structural
changes in bacteriophytochrommeupon photoactivationThis has been donay the

use of Xray crystallographic methods that can provide a nasmic resolution of the
dynamic events. Crystallization strategies were developed to experimentally obtain
novel structural information on baetiophytochromes from both conventional
crystallography and by Serial Femtosecond @Hggyraphy at Xray Freeelectron
lasers The methodenable timeresolved structural studies with an ultrafast time
resolution due tahe Xray lasers shormpulses

Nowel crystallization conditions foa bacteriophytochrome fragmengielded near
atomicresolution structures of both the wild typgnd a muted varianfThe conditions

could be modified for microcrystallization that provided microcrystals suitable for two
different sample delivery systems attibe2 NI RQa (62 YraydadersTiRR YA Yy S
obtained resting statetructures and a preliminary data set of the excited siadwes

the way for future time resolved investigationtnathe early structural events in
photoactivation of phytochromesFurthermore, themicrocrystallization strategies

might be applicable to other proteins andre thereby contributing to method
developmentwithin the emergindfield.

The crystallographic structure of timeutated variant of therotein fragment supports
IRspectroscopy findings on the importance of the hydrogen bonding network around
the chromophore.These results are in agreement with the excited state structural
findings that waters might be of highest importance for the initsteps in the
photoactivation of phytochromes
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CHAPTER 1

1. Introduction
1.1. Lightis cruciator all life

The sunlight is crual for all life on eath. Nature has evolved ways for organisios
harvestthe light energyand store it as chemical energy use it for physiological
vision and to detect the optimal ight conditions for survivalPlotoreceptors are
proteins attachedto one or severaimolecules, so calledchromophores, with the
ability to absorHight photons.A number of different photoreceptors have developed
to detect photons of different energy. Together they coveagraat part of thevisible
light spectrum Theabsaption propertiesof the chromophoreare finetuned by the
protein environmentthat surrounds it Whereas some proteins in photosynthetic
organisms(plants, cyanobacteria) are able tse the absorbed energy for electron
transfer and store it as chemiocahergyin the cel|] other photoreceptors a signaling
proteins that reacto a photon as drigger for further signaling in the cell to coraf
developmental processes. MyhB work during the last years has included
investigationson both types of photoadte proteins but the thesis will focus on the
work on phytochromeswhich are photoreceptorgwvolved in signaling in the cell in
response to the environme light conditionsThey are for examplehe reason that
all the trees in a forest groto the sane height. The lower treesre shaded by higher
trees and this is sensed by the phytochrontbat signal to the plant to grow higher
to reach the sunlight.

1.2. Protein structure and function

Proteins are complexmacromolecules that areesponsible for the majority of the
essentiallybiochemical processes thaiccur in the cels. From DNA replication,
metabolismof nutrients, building up newmolecules to transport of molecules and
signaling. A proteirs function is dependent ofis structure that builds up fronthe
primary amino acid sequence There are 20 natural occurring amino acids with
structurally and chenaally different side chains and the particular amino acid
composition will givethe protein its properties. Amino acidgive the protein its
structure and ability to work asatalysts for chemical reactions and are involved in all
kind of interactiongangng from the ability to bind cofactors, such as chromophores,
or to form the proteins quaternary structure or proteprotein interactions.

The structural information for all proteins is embeddeddNA of the organismThe
DNA is read and the code is misferred as messenger RNA to a ribosome. The
ribosome translates the code into an amiacid sequence and buddhe protein
chain The proteinoften spontaneously folds into its native confirmation that is
encoded in the primary aminacid sequencelhe quence is often arranged s$bat
hydrophobic parts of the proia areembedded in the core of the protein whereas
more hydrophilic parts are exposed to the surrounding solv€he correct fold of the
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protein is essential for its functioand the aim forthe proteinisto reach the lowest
energy confomation? The proteif® energy landscape can be seen as a map where
the proteifQad  O@agoA Goordinatescorresponds tostates with different free
energy.The proteins struggle to find the correct folddae described asotling a ball
at this map The balwould eventuallyfall down in the global rergy minimawhich
represents theprotein@correct fold Aonedimensional representation of this can be
seen inHgure 11. The same concepta be used to descrilygroteins dynamicdf the
protein can adopt differentonformations theenergylandscap&@ global minima can
have severaminimarepresenting the substate@~igure 11 right.) Dependent othe
protein, different amount ofactivationenergymight be needed to switch in between
the two 34

Unfolded.

U] ps-ms
=
9 . & KN
& Local minima @
5 5
f= o L
(] & | Activation
(] —
g “ |AG o
[N

Substate
Global minima Substate A B

Folded Native state V

Conformational coordinate

Conformational coordinate

Figure 11. The relation between a proteins conformational state and its free energ@@ne
dimensional representation of the energy funnel for protein folding (left) and a representation of two
substates A and B in the proteins native state (right). By the addition of the neetigdtad energy

the protein | substate A can undergo conformational changes and adopt the conformation of substate
B in a ps to ms timescale.

Proteins workas catalysts of biochemical reactions, meanithiat they lower the
activation energy needed to conduthe reaction. Proteins can perform reactions at
milder conditions and with several orders of magnitudes greater reaction rates
compared to normal conditionsThe function of the protein islosely related tdts
structure anddynamics® Sructural changesn proteinscan beboth large and small
ranging from movements on théngstrom, A (0.1nmjo nanometer scale. The
dynamic events can include global rearrangements likéolding and refolding of
secondarystructure elements As well as beingmallchanges such asrotation or
slight spatialshift of asingleamino acid side chainThe timescale$or the dynamics
can be of a great variety ranging from femtoseconds to secéndalthough
mutational studies of conserved amiaeids @n identfy residues responsible for the
proteins function, three dimensional structural information oétprotein is of highest
importancein identifying the functional mechanism in the protein ofardst



1.3. Structural determination of proteins

Even thaigh proteins are large complexes and camtainhundreds of thousands of
atoms they are too small to be visualized undamicroscopeTherefore the use of X
ray radiation has evolved as the most common method for structurerdateation of
proteins. Nuéeic Magnetic BsonanceSpectroscopyNMR), can also be used but is
limited to smaller proteins due to its complex analysisyoeelectron microscop is a
growing fieldfor protein structure determinationput does not yet reach as good
resolution as Xay crystallographyThe first protein structure to be solvday Xray
crystallography was Wbglobin in 1958. Snce then the accumulated structures
deposited in the protein data banPDB)www.pdb.org) haspassed 120 00(solved
by different methods).

1.3.1.Xraycrystallography

X-ray crystallography is a method thatcounts for the majority ofolved structures

of proteins Briefly, it is performed by making crystals ofgbein and illuminate them
with Xrays to record diffraction patterns as a fingerprint dfet specific protein
structure. The use of crystals is needed because the diffraction patterma is
consequence of constructive interference of all the veetlered molecules within the
crystal? The Xrays needed are often produced by a type of particle accelerator called
synchrotron.The use of synchrotron radiation for structure determination has shown
to be extremely successful over the last decgdmslecting diffraction data from all
kind of macromolecules® The use of crytemperaturesto reduce radiation damage
and the possibility to focus the beam to colleletta on small crystals (2@ p m)have
further improved the method**® However, he method has its limitationd=irst, it
requires large, webiffracting crystals which is tH®ttleneckin crystallographySone
proteins lack the ability to form large crystals and membrane protein are difficult to
crystallize due to their hydrophobic natur8econdradiation damage cannot be fully
avoided anccanhamper the native structural determination.

1.3.2.Serial femtosecondygstallography

The limitationswith conventional crystallography alongith the development of
extremely powerfulX-ray Freeelectron lasers (XFBlsas led to the development of
setial femtosecond crystallography§EX XFELprovide exceptionally bribint, micro
focused Xray pulses with amltra-short (femtosecond) duration. SFX uses the XFEL
pulses for probing of micro (to nano) crystals in a serial #Wahis meanshat each
crystal interacting with a X-ray pulse provides a diffraction pattern. With enough
collected diffraction patternsthesecan be merged together to comprisedata set
informativeenough to solve the protein structure. The technique e\sttie need for
large crystals andhe ultrashort pulses andreplenisiment of new sample for each
diffraction pattern eliminate the radiation damage problem.

SFXalso opens up for time resolved studies of ultrafast structural dynamics thanks to
the extremely short XFEL pulsé&be first protein structureaved by SFX was the large
membrane photosystem complex | in 20%PINow thenumber of proteins structures
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solved by SFX is increasing for egear. The amount oéntries in the PDRvere close

to 150 in March 2017 One way to take the structuratudies one step furthesito
study the structural dynamics in proteiimsa time-resolved mannerThe dynamics of
the proteins are the structural changes that a protein undergo while moving in the
energy landscape as discussed previouBtyalterbetweenstructuralstates a triger

that corresponds to the activation energg needed for the transition. For
photoactivated proteins it can be a short laser pulSerthermore, anethod that can
probe the structural dynamics with a time resolution that is fast enough to capture the
structural eventds required This is possible with SFX due to the ultrashaey{ulses
andit provides YSGK2R G2 YIF1S WwWY2tSOdzZ I NJ Y2 DA
proteins?’

1.4. Phytochromes

Phytochromes arghotosensoryproteins activated by red lighand arepresent in
plants, fungi and bacterid hey are crucial fahe organisnphysiological responses to
the light environment in which they liveln the fdlowing seciton phytochromes
function and structural €atures are discussed A special emphasis is put on
phytochromespresentin bacteria, bacteriophytochrome®ph), whichhavebeen
the proteins of interest in this thesis.

1.4.1 Discovenandfunction

The word phytochromenearsWLJt | y i O2 f 2 NDe unkAdvn gomponedth @Sy
in plants which enabled tem to respond to changes in daght aimost 100 years

ago® The responsible proteifor red light detection wasdiscoveredn the 1950sby

the illumination ofseed with red light!® The response was found tm reversed to

by far red lightillumination. This suggested the presence of a phogversible
pigment,which was confirmed by absorption spectroscopy 1898.1983 the protein

was purified! and two years later th@mino acidprimary sequence was revealed

Later, phytochromes havelso been discovered in funghandin prokaryotes Initially

in photosyntheticcyanobacteri&“?®and lateralsoin nonphotosynthetic bacteri&®

In plants,phytochromeshavebeen shown to be important for various developmental
processes suchas, for example, shade avoidance, flowering time, astdm
elongation?™2° Plants grown in sunlight adewer and bushier than plants grown in
the shadow, which are taller and have smaller leaves (Figure 1l&ayré&at interest

in phytochromes comes from thattempt to better understand and to contrahe
developmentof plants especially crop¥

In later years the phytochromes haeecome more interesting in the fields of
optogenetic and deep tissue imaging due to their simple modular architecture and red
light absorption properties=°
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Figure 12. Plant development and light detection in phytochromea). The different physiological
appearance of plants grown in light versus shadow. b) The absorption spectra of a bacterial
phytochromes two metastable substates called Pr (red light absorbing) and Pfre(falight
absorbing) Imported fron?® ¢) The structure of the biliverdin chromophore and its conjugated system
of double bonds that are responsible for photon absorption in phytochromes.

The phytochroms role in plants is establishedduttheir physiologicafunctionin non-
photosyntheticbacteria remainsinknown. AlthougtBphR function mightbe distinct
from plants, theygreatly resembleglant phytochromesn structure and absorption
properties3¢3 The possibilityto produce large amountsf bacteriophytochromesyy
recombinant protein expressigrenables asimple way toconvenientlystudy and

crystallize Bph® Gainingknowledgeabout them and their plant relativelsy proxy.
39,40

Phytochromes worlaslight controlledswitches by being able @dopt two metastable
states that arenamedatfter their absorption properties, Pr for the red light absorbing
(Awax~700 nm)and Rr for the far red light absorbinAwax~750 nm) The absorption
maxima of the Pr and Pfr states vary between species. However, the difference in
absorption maxima between Pr and Pfr is usuall{gs0D nm for BphPs with allverdin
chromophore?® For the absorption spectra of the two states ofDeinoccous
radioduransbacteriophytochromeDBphPsee kgure 1.2b. The responsible molecule
for the light sensig abilityin phytochromes is covalently bad bilin molecule(Figure
1.2c) The bilin is @emederivedlinear tetrapyrrole with aconjugated doul# bond
system, whiclenables it to absorb lightt consists ofdur ringsnamedA, B, C and D.
Upon light absorption the excitediliverdin molecule can undergo a cis toans
Isomerization over its dable band between ring C and P, ZZZssaand Pfr
ZZEsset#? The isomeriation involves a rotation of the {fing that creates
rearrangements in the prein structure and alternation of the absorption properties,
hence the switch to the Pfr state.

1.4.2.Phytochromes role in cell signaling and their modular structure
Phytochromesare kuilt up from an N-terminal photosensory moduleRSN), which
detects the lighsignaland an output domain OPM), whichtransfers the signal further
on in the cell(Figurel.3a). The OPM is often a histidine kinase (HX)ytochromes



harboring a HKare partof a so calledwo component sigaling system, which they
form together with their partner the response regulatofRR)protein. The RRan be
phosphorylated by the H&ndis able to interact with DNA taontrol gene expression
(Figure 1.3a}® Phytochromes ca also hold othertypes of OPMsand be involved in
other signaling pathway¥*4The variety of thdbondht ad A & LINRP LR &SR
way to create aignal variability although using the same type of detection mechanism
by the PSM?

D Lo [
o —his

_aoe |

Phytochrome Response Regulator DNA

Output
domain
OPM

Photosensor
y domain
PSM

Chromophore GAF
binding domain
CBD PA

Figure 13 The mode of action ofphytochromes.a) The bacteriophytochromes role in a cells two
components signaling system is to phosphorylate a response regulalichcan interact with the
cell’s DNA. b) The homodimeric parallel modular architecture of phytochrasitiethe photosensory
domain(PSM)n green and the output domaf©PM)in yellow. The PAS and the GAF domain together
form the chromophore binding domaiGBD.

BphP, classified as group | phytochromes (plant, cyanobaceréBphB)contains a
PSMwith a conservedarchitecture with three different, but structurally related

domains(Figurel.3b).*¢ The Nterminal PAJPerARNTSim) and followings AHcGMP
phosphodiesterase/adenylate cyclase/FhlA transcriptional activataigmains
togetherforms the chromophore binding domain (CBDh)esignal transductiofPHY

(phytochromespecific)domainextends out from the CBD arinds to the OPM7"+4/

BphR are normally homodimeric insolution and typically adopa parallel head to
head arrangementvith the two sister monomers twistinground each otherThe
dimerization interactionsare locatedbetween the two CBs and the OPMsas

visualized by cryelectron microscopyEM.*8

1.4.3.Gereral structural features of BpbP

Agreatnumber of crystals structure of@BPs fragments otlifferent lengths and from
different species havbeen revealed®42444%7 The fir¢ structure of a phytochrome
fragment to be solved was the CBD fragment frDeinococcus radioduranms its Pr
(dark adapted state.*®* Two yeas later a mutated variant with improvedatomic
resolutionwas released?>!Later the same fragment from the same and othpecies
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have been crystallizedmultiple of timeg®>%6.6869 providing information on the
chromophoreconfiguration and interactiogiin the chromophore binding pockeln
bacteria the tetrapyrrole biliverdin (BV) (Figure 1.2c) is covalently attached to a
conserved cysteine residue in the PAS domarthia cyanobacteria the closely related
Phycocyanobilin (PCB) is attached to the @afRain®’ Although the bilin attachment

is in different parts of the amino acids sequence (PAS for bacteria and GAF for
cyanobacteria) the spatial position is the same, embedded in the GAF d@ftaire
1.4a.).*” The CBD structures revealed an unusual structural motif of a figure eight knot,
between the PAS and GAF domains. The knots functiomkisown

S/l
| Tyr263 Ser272

CBD

Figure 14. Structural features of Bphi2a) The general Pr structure of a bactgrytochrome PSM

shows a heado-head parallel dimer arrangement (PDB id 4001). The PAS, GAF and PHY domain are
colored in different shades of gen. The biliverdin is colored red. In the right monomer the PHY
tongue is colored orange and the helical spine teal. b) Zoom in view of the chromophore (red) and
selected surrounding amino acids shown important for signal transduction (PDB id 4Q0H).

The hgh resolution structures of the CBD can provide detailed information about the
OKNRB Y2LIK2NBE Q& AYy(dSNI OlA 2 yigured Ab) Kiis dndbeNE dzy R
structural interpretations of mutagenesis studies of the conserved residuefas
been deerminedthat the incorporation of thechromophoreis quite robustwhereas

the ability to properly photaconvertis often impaired by singlsite mutations of the
highly conserved residues around the chromoph&Alot interesthas been focused

on theso called DHotif (conserved aspartatesoleucine and proline)lhe maation

of the aspartate (D207 iDrBphP makes the protein unable to photoconvert and
instead forms afluorescentvariant®-°3 Other identified important residues area
histidine (260 irDrBphB andatyrosine 63 inDBphB. Another is ahistidine (H290

in DiBphB that forms a lydrogen bond with the carbonyl of theiihg and igproposed

to stabilizethe Pr stateg(Fgure1.4b).

The first cystal structures of the completphotosensory module(PSN containing
the CBD and the PH¥bmain weresolvedin 2008.The Cphlfrom cyanobacterium
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Synechocystis sp. PCCa80and PaBphPfrom P.aeruginosa®’ Both strictures show
dimeric assemblyHowever, the Cphl structure was crystallized in an antiparallel
arrangement ofthe dimer whereas thé?aBphPshowed aparalel arrangement.in

later structures the parallel organization was identified as the most comiuad
general arrangement amonghytochromes(Fgure 1.4a).The PHXlomain holdsa

long helical spine that extrudesoin the CBD and ends in globular B8 ¢ A-0 K |
& KS S (i -hélicefRkFrom thisthe so called PH¥ngue stretches back to the GAF
domain to interact with thechromophore binding regiofHgurel .4a).

The OPM is positioned on the RPH¥main as confirmed by cry@M*® and solution
scattering experiments odbrBphP’! At the time of writing, there is still no available
crystal structure of a full length phytochrome with a HK attached. Howeliezget
BphR with other OPMs have been crystalliZ&8. Two of those exhibit a parallel
dimer organizatiof®’and onehasa confirmed enzymatic activifi/

1.4.4.The photocycle d8ph

The BphP photocycle(Fgure 1.5) is well studied byvibrational sgctroscopy (IR or
Raman) ortime resoVed transient spectroscopy The methods haveadentified
intermediates and the kinetics of their formatiand thereby providednformation
about the protein function long before anytrsctures were availablé®’® The
spectroscopical investigations have reveded three intermediates upon
photoactivation before it reacheshe Pfr state,namedLumiR, Meta-Raand Meta-Rc
(Hgure 1.5) The formaton of the LumiR state is fast and occurs on a picosecond
timescale’>’"8%82 Theformations of the Metastates are slower and involves a
deprotonation anda reprotonation stepbefore the protein can relax intohe Pfr
state 8 BphR can then revert back to its relaxed Pr stafther via thermal dark
reversion or illumination by fared light The Pfr to Pr transitiofollow a similar but
not identical pathwayFigure 1.%848Thermal dark revesion is slowand the prdein
often existsn a mixture of thewo states

Under dark conditions prototypical BplsPrelax to the Pr state through thermal dark
reversion. These are called rmmical phytochromesHowever, some Bpl#Pshow
reversed @rk adaption, relaxing to Pfr dkeir resting state. These are called bathy
phytochromes (Figure 1.5.) Hence, thedifference between canonicaland bathy
phytochromes lies in the direction of th#hermal dark reversion ancheither the
mechanism nothe reason for the evolvementf the two types is fully understoad



Thermal dark reversion
>10ms &

Cannonical
Pfr D-ring

Bathy \ Trans/E
Lumi-F s

Figure 15. The photocycle of BpiPThe Pr state can be converted to the Pfr state with illumination
of redlight passing by Lumi and Meta intermediates states and the Pfr can by illuminationteg far
light be converted to the Pr state. For the two states the chromophore configuration arsdrtieural
changes in the PSM ademonstrated, Pr in gree(PDB4Q0P) and Pfr in rubyPDB 4001)The
directions for the thermal dark relaxation in canonical vs bathy phytochromes are demonstrated by
opposing arrows

1.4.5.Signalingnechanism in BplsP

The structures of BphB in their different statesconnected to the photocye is
extensively described iRaper | but is briefly introducedhere together with the
signaling structural mechanisthat we propose in the paper

The early PSM structures describe the dark state from boginadotypical®®%tand a
bathy phytochrome’*°which enabled the comparison of structural features between
the Pr and Pfr state®.However the fact that the structures originated from different
speciesmade itdifficult to determine if the strutural features originated fronthe
state of the protéen or variances betweerspecies The most striking structural
difference between the two was the distinfdld of the PHYonguell K i & K2 6 SR |
sheet structure in the canonical phytochromes amd -helical structure in the bathy
ones. The refolding of tb PHYtongue was confirmed for the Pr to Pfr transition when
the PSM fronDBphPwas crystallized in both its dark state and a light enriched state
(Figure 1.553The model was later improved when the light statas crystallized with

a higher Pfr content due to a mutation that impedes thermal back reverSidgine
structures revealed that the photoactivation BfBphPPSMeads to a refolding of the
PHYtongue and openingf the PHYdomainsby several nm(Fgure 1.5). The large
structural changevas further confirmed to occulsoin solution by solution scattering
experiments®® A similar changwas later proposed ttake placen several othelPSM

of BphR.8’



An overview of the dynamics of the Pr to Pfr transition is presentdtgure 1.6. Itis
now acceptedthat the Pr to Pfr conversiomvolve the cigrans isomerizationof
double bondbetween the C and fing in the BV. Thigads to a rearrangement of the
chromophore and alternations of its interactions with the protein matrix. How this
happens is notat fully understood but it is translated into a refolding of the tongue
and a staightening of the helical spine

Pfr

Figure 16. Photoactivation of bacteriophytochromes induces structural changes in the protajn.
The absorption by the chromophore leadsanisomerization of the Bing. The structural chage is
relayed to the protein leading to a straightening of the helical spamd a displacement of the
PHYdomain. Prs shown in green and Pfr in ruly) The global structural changes upon lighivation
in the fulllength BphP The changes and theraightening of the helical spine in the RHdmMain is
translated into a rotational movement of the OPM. Coloring as in a.

In the PSM fragment theongue refolding/helical spine straighteninteads to a
rearrangement of the PHYomains that make ttm move n opposite directions
(Fgurel1.4). The helical spine conformatiaran indeed bessociatedvith the state of
the protein, P having a bent/kinked structure andfiPa more straightconformation 4
However the PHYdomain adops many different orientations in the solved PSM
structures and the Pfr structuref PaBphPfrom Pseudomonas aeruginoskes not
crystallize with separated PHdmains®”>*Theorientation ofthe PH-domain cannot
be generally associated with the proteins stiténstead the many orientations in the
crystal structures indidas a high plasticity of the PHddmain. This might reflect the
difficulties in obtainingvell diffracting protein crystals of these fragments.

Based on the opening of the Pid¥main in the PSM crystal structures from
D.radioduranstogether with negative stainingelectron microscopy, Burgigt al.>*
proposed a structural mechanism where the HK mmeos in the OPM follows the
PHYdomains movement and dissociate upon light activafibim Paper Iwe propose
an alternative structural mechanism where the HK siayect ard the induced strain
in the PHYdomain instead makes the HK domains rotateelation to the PSMFigure
1.6b) This is based otime resolved solution scattering experiments on batie full
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length DBphP! and a dimeric sensor histidine kinase Y#lwhich identifies a
rotation of the OPMupon light activation The rotation mechanisms further
strengthened by crystal structures of otheensor histidine kinas&stogether with
the findings that HKneed dimerization interaatins for theiractivity.*

1.4.6.Bacteriophytochrome fror@einococcus radiodurans

D. radiodurangs apolyextremophilic bacterium that can survive cold, delatam,
vacuum, acidity and foremost radiation. In fact, it is one of the most radiation resistant
organisms knowi! It is found in environmentsich in organic materials such as soil,
feces, dust and foodD. radiodurandgs not only known to tolerate high doses of
radiation it is also haa unique ability to repair DNATheBacteriophytochromdrom

D. radioduransDBphR is one of the most studied bacteriophytochromes and its CBD
was the first phytochrome fragment that was structurally determirféddowever, the
physiologecal function ofDBphPremains unknown. In was earliergposed that the
phytochrome might bénvolved incarotenoidproduction in the bacteriurt? but this

not beenconfirmed

1.4.7 Bacteriophytochrome frorStigmatella aurantiaca

S. aurantacais a soil bacteriumncluded in the family of myxobacteria that have the
ability to group together it sccalled fruting bodies, and move arourtdgether, as

a big lump of bacteri&®*3Fruiting bodies can vary ifze between 5¢p 1 1 amrdtan
be observed under a microscopé*®® S aurantiaca expresses two
bacteriophytochrones calledSa8BphP1 andSe&BphR2, which differ sligtly from each
other. TheSaBphR2 acts as a prototypal phytochrome but th&a8phP1 variant lacks
a very well conserved histidine (289, 290Diradioduran¥® Instead it harbors a
threonine at tis position which results in incomplete converstorthe Pfr state un
illuminationbut the ability is obtainedby introduction of a histidiné’

1.5. Scope ofhethesis

In this thesis,the structure determination of phytochrome protein fragments was
performed by Xay crystallographyoth at a synchrotron and at XFETLke aimwas
to elucidate structural change®nnected withthe photoactivation of the protein

Paper lis areview of the current g$ructural knowledge on bacteriophytochromes
related to their state in the photocycle.discusses the structures obtained fromay
crystallographyin combinationwith other methods to get an overview of important
structural features related to photoactivation and signal transduction within the
protein. Based on current knowledge/e propo® a structural mechanism for the
signal transduction from the photosensory modtiethe output module

To structurally study structural features of phytochromes well diffraction crystals are
needed. Furthermore SFX put additional demands on crystallizabg the
requirements of microcrystals.
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Chapter 2 introduces the methods for protein production, crystallization and
structural determination usech this thesis work.

Chapter 3describesthe conventionalcrystallizationand structure determination of
the wild type CBRnd a H290T mutamqiresented inPaper llandPaper llirespectively
Paper lllinvestigate the role of a conserved histidiire the proteinby vibrational
spectroscopy. The findings are supported by the crystal structure of the H290Ttmutan

Chapter 4describeshow the crystalconditions inPaper Ilwere modified to obtain
microcrystals for SFX experiments by two different methaldse presented ipaper

II. It also describe how several microcrystallization strategies for the phytochrome
PSM from different species were developed. It finally lead to a SFX structure of the
Sa8BphAL PSM presented iRaperlV.

Chapter Spresents the primarily results from T5X studies of the CBD and a possible
excited state structure of the protein.
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CHAPTE 2
2. Methodology

2.1. Protein gpression and purification

2.1.1.Recombinanprotein expression ig-coli

To be able to structurally study thgrotein of interestit must beavailable in enough
amounts for crystallizatiorf-urthermore it should be of highest purity ahdve a low
content of other macromolecules to formhomogenous crystalsConventional
crystallizationoften requires a minimum of micro to milligrana$ protein. However,
by exploring different crystallization conditions and the need for numerous
optimizaton cycles can require endless amounts. Additign&FX experiments can
consume extremely high amounts of sampleg do low hit rateandhigh consumption
by time unit. Themajority of structural biology targets are expressed in very low
amounts in theirhost cell Fortunate, the method afecombinantprotein expression
has provided a solutiaff:® The gene of the protein dfterestis cloned and inserted
into a DNAvector especiallydesigned for expression puspes The vector is further
transformed in toan E-coli strain (or another expression hostjvhere the protein is
expressedn high yield$°:1

Oftenthe vector of choice in recombinant expressior&mrcolicontans the so called
lac operon which can control the expressioby the regulation of allolactose
concentration Under normal conditions a DNA binding protesalled lac reressor
binds to thelac operon and inhibi protein translation. TheE.colicells aregrown to
the optical density measured &00 nm and then protein expression is induced by the
I RRAUA2Y 2Df-thiogaRdidMyPahddide, IPTGTG iachemical compound
that mimics allolactose and binds to tlec repressor andhereby free the DNA for
translation of the protein'®® The temperature and length of the cell cultivation
togetherwith IPTG concentration might be varied toroptimal yield of protein.

2.1.2.Cell lysis and biliverdin incorporation

The first step irprotein purification icelllysisthat involves disruption of the cell wall
either by chemicalsuch as lysozymer more traditionally bymechanicalforce by
either high pressureor by high frequency sound waveslhe mechanicapressure
methods conducted byrénch press or emulsiflex makes the cell go through a very
small passage and the cell breaks opEme high operating pressures, howeversult

in a rise in temperatureHence, the pressure cells are cooled (4°C) prior to use. The
cell lysis is followed by centrifugation to remove unbroken cells and cell debris. Since
the phytochromestudiedis expressed asreapoprotein without its chromophorgt is
addedin excesdo the supernatantafter centrifugationand covalently hids to the
protein spontaneously.
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Expression Cell lysis Chromatography Pure protein

Figure 21. Schematic flowchart of general protein purificatior.he protein of interest is expressed

by E.colicells in shakinflasks.The cells are lysed to extract the protein into solution. The proteins are
separated by different types of chromatography and the protein of interest can be obtained as a
homogenous pure sample for biochemical investigations

2.1.3.Chromatography

Proteins insoluion are generallypurified using dferent types of chromatography
Proteins are separated du® their specific physical properties such agesicharge or
binding affinity. Howeverthe generalprinciple for all types othromatographys the
same. Te separation idased on having two phasesstationary and amobile. For
protein purification column chromatography is used, where the stationary phase is a
resin packed in a columand the mobile phases a buffer thapas®sthe column. The
proteins inthe mobile phase interact with the stationary pleas differen ways
dependingon their specificproperties Due to these interactions they are retained i
the column to different extentThe separated protein is eluted with the mobile phase
in fractions?With the use d recombinantprotein expression comes also tladbility
to geneticallymodify the protein sequence by addingaffinity tag to theprotein to
facilitate protein purification. Most common is thaddition of apolyhistidinetag
(usually 610 residueyin either the Nterminal or Gterminal of the protein. Theils-
tag has a high affinitfor nickelions that aréboundto the resn ofa N-affinity column
The protein interacts strongly with the stationary phas®l is eluted with a gradie
of increasing imidazoleoncentration which sharethe same molecular structure as
histidine1°3The final step in purification is oftesize exclusion chromatograpiSEG,
which separates the proteins according tsize.The smaller proteins enter the tiny
pores in the colummaterial deeper and therefe have a longer retention time
compaed to larger moleculesGel filtration removesalt and aggregated protein. It
can be used tget an indication about sample pty and that the protein is ints right
guaternaryarrangement €.g.monomericdimeric etc).

2.1.4.Protein characterization and functional validation

A major advantagef working with colored proteins ide easy way to foll that the
purification process follows theorrect route.On the other hanga disadvantageof
working with light sasitive proteins is that one has work in the dark to minimize
that the protein adopts differenstates €.g.Pr and R) that leads to leterogeneous
sample in for example crystallization

14



To confirmthat the protein ofinterestis the one purifiecénd the purity igyjood enough
one often performsa gel electrophoresig.g. SDSPAGE.The protein loading buffer
denatures and reduces the @ieins disulfidebonds and gives it a negatinet charge
that is almost proportional to the molecular magsn electrical field is applied ante
proteins gothrough the gel at velocities dependent ormolecular weight Snall
proteins wander further thararge proteins Ore band on the gel means thahere

Is only oneprotein in the sample, hencé has ahigh purity. The molecular weiglof

a protein bandcan be determined through coparison with a so called ladder. The
ladder isloaded onto the same @l and contains a mixture of proteins of known
molecular weighs.

Theprotein concentration isneasured bythe absorption 280 nm where aromatic
aminoacids absorlight. Every protein ha® haveits individual &tinctioncoefficient
5 determined and then the commntration, ¢ can be calculated by Beéamberts law.

5 - da
Where | is the path length of the light passihg sample.

Sincephytochromes works as phoswitches even more information can be obtained
from itsspectroscopigproperties. Tassert the functionality of the protein the UWIS
spectra can beletermined for the two states bgwitchingbetween them withLED
lasers. Also the incorpation level of the BV can be examinealy comparingthe
700/280absorptionratio.

2.2. Protein cystallization

A single proteirmoleculeis normally in the range of 3200 A (3-20 nm) andis too
small to be visualized bynabptical microscopethat usuallyhas aresolutionlimit of
around 200nmFor visualizatin of smaller objects thaeedof radiation with shorter
wavelength arises.-Kays havehe right wavelength (0.010 nm to interact with the
electrons in the molecule anlas been used to determine the three dimensional
structure of various types of molecules since ithdiscovey by Wilhelm Conrad
Rontgen in 198%% Although Xrays have the right wavelength theyannotbe used
like visible light in a microscop@nce they cannot be focused by lenses and minors
recreate a visible image ofeéhstudied samplelnstead the method relies in the crystal
properties that make théndividualmolecules arrange in a highly repetitive manirer
the crystal. This means that therXys interactingwith the electronsin are diffracted

in the same wayrom all moleculesand create a constructive interference that can be
detected as a diffraction patternThis put high demandsn the crystal being
homogenous andvell-orderedsince any misalignment of the molecules would cancel
out the interference This reflects the requirement of highly homogenous sample with
high purity to build up well ordered crystals

Crystallization involves a phase change from liquid to solid in an ordered manner
unlike precipitation that is unordered. Hence, crystals are solids thatailt up of
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atoms, molecules or ions, in a repeatable ordered manner extending in three
dimensions. They have an inherent symmetry and can adopt diffemystal systems
and lattices Crystals consistsf unit cells, which are defined as the smallesitdrom
which the whole crystal can be built tirough translationThe unit cell can bfirther
divided into the so calledsymmetricunit, which is the smallest part of a crystal that
can be rotated or translated by symmetry operations to build upuhé cell1°°

2.2.1.Protein crystal growth

The optimal crystallization conditions are specific for individual proteins and several
conditions can vyield crystatsf variable qualitywith different interactions ¢rystal
contacts). Thescreening fo crystal conditionsand crystal optimization can be highly
iterative and both time and sample consuming. There is never a guarantee for
successful crystallizationHgh conformational flexibility or lack of sufficient
crystallizationcontacts of the proten can lead to failurein finding crystallization
conditions at all. Even if crystals appeathey might need endless rounds of
optimization where caditions ae slightly altered, results evaluatednd conditions
further optimized.

Hanging drop Sitting drop

e i g —_— Figure 22. Crystallization set ups for vap
diffusion crystallization.The drop can &
ﬂ placed either hanging on the sealing g
(left) or sitting on an area separated frc
i the reservoir (right).
Reservoir

2.2.2 Protein crystallizadn by vapor diffusion
Crystallizatioriri- £ & ' NB 2FGSy aSi dzLkizehyith&kdd® hda Ay
protein is mixed with a precipitant solution containing a precipitating agesually
crystallization is performed by vapor diffusion meaning that dnep is enclosed in a
sealedenvironmenttogetherwith an excess oo called resrvoir solution The drop

can be placed in for example hanging or sittpusition (Figure 2.2). fie sitting drop

can allow for greatedrops whereas hanging drops are sample saving and facilitate
crystalharvest The reservoisolutioncontains the samprecipitant as the drop but in
ahigher concentration. This leads to a vapor diffusiemg (wvater migration) from the
drop to the reservoir until an equilibrium within the sealed area is reach&dince
crystallization is dependent upon the oversaturation of molecules in the solttien
solubility diagram of the drop conditions is determinamthe crystallization process
(Hgure 2.3.
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Figure 23 Solubility phase diagram for crystallizatiorBy varying concentrations of protein and
precipitant agent in the crystallization drop the aim is to reach theessgituratedzone The protein

and the preipitant concentration increasas an effect of water evaporation from the drop (arrow 1).
When the nucleation zone is reached crystals starts to form and the concentration of free protein in
the drop decreases (arro@).

Theevaporation of water from the drop lead to that less water molecules are available
for hydration ofthe proteins and the solubility is reducedIf the protein and/or
precipitant concentration is t high it will reach the precipitant zonén that case
protein form an amorphous precipitate instead of a well ordered crys@ih the other
hand, if the concentrations arg¢oo low, the drop will be in theindersaturationzone
and the protein will remain in solutiondeallythe starting conditions in the drojes
somewhere in the metastable zone. When watententis reduced both protein and
precipitant concentration in the drop is increasadcording to arrow 1 ini§ure2.3.
When the protein reach th nucleation zone, small nuclare starting to form and
protein crystalsstartsto build up.When crystals growhie protein concentration drops
according to arrow 2 inigure 2.3, until it reaches the solubility curve and crystal
growth ceased?’

The growth of crystalsis not only dependent on protein and precipitant
concentrations. Other factors such as type of precipitant, salt, pH, hidi@perature
and of course protein purity are decisive for optimal crystal grotfiSince the initial
test for crystallization often follow atrial and error approach, they are often
performed withcrystallizationrobots and commerciallpvailablescreers containing
chemicalsshown to yieldprotein crystalsn many casesOncea promisingcondition

has been foundthe condition can be optimized by foexamplevarying precipitant
concentration pH or adding additive molecules to enhance crystamation. The
crystal growthmayalso vary in time from a couple of minutes to months and should
be monitored regularly under a microscope. The crystal quality is examin®d
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diffraction screening with Xaysand poor diffracting crystals needshe optimized to
be suitable forstructure determination.

2.3. Xray diffraction

2.3.1.Xray diffraction theory

When a crystal is Uminated by Xay radiationthe electron cloudaround the atoms
scatter the Xrays inall directions Most of the scattered waveasancel out eal other
but someare reinfaced by constructive interference creating a diffraction peak
pattern.. NJ 3 3 @edcrijethé conditions essential faronstructive interference

¢ _ CQOE+H
Where n is an integer desibing the order of diffractiongis the wavelength of the-X
rays,d is the distance between #éhplanes in the crystal lattice and thedangle

between the incident Xay beam and the scattering planddraggs Law is illustrated
in Figure 2.4.

X-rays, A

T

Figure 240 L f f dza G NI G A FhexXN1Fe & Ng ABRQag H @HfPSYy 3G K <3 I NB
ONBLINS&ASY(GSR R20Ga0 FNNYy3aSR Ay fFGGAOS L Fya a
between the incoming Xay beam and the lattice plane.

é
S

Reflections only dependn the crystal |#ice andonly a fewwill fulfill the conditions.

A Bragg péa (h,kl) corresponds to diffraction from a seif crystal planes that are
definedby the Millerindiceshkl. Thediffraction from acrystal can be described as a
reciprocallattice that represents the Fater transform of the crystals real lattice
(Bravais lattice). This relation between reciprocal space and the diffraction criterion
can be explaied with the Ewaldsphere construction Figure2.5) The reciprocal
lattice points are values wherthe Braggdiffraction conditionis fulfilled and the
scattering vector must be equal to a reciprocal lattice vector for diffraction to occur.

In Fgure 2.5 the incoming vector on the crystal iEK g6 A G K GKS f Sy3dK H
the Xray wavelengthKyis the sattering vector. The red veat in kgure2.5 represent
the@SOG2NE npY 6KAOK A d@ndkkFer eRsticFsFaieNds),y(kih&ic 6 S G &

18



energy of the photons are conserved, but direction is altered) the length of e K
equalto Kandtherel® (G KS a Ol GGSNAY3a GSO0G2NI ftASa 2y

Reciprocal
lattice °

Figure 25. The Ewald sphere constructiorilhe
reciprocal lattice is rotated when the crystal is rotated
in the Xray beam. When the reciprocal lattice points
touch the Ewald sphere the conditions forBaagg
peak is fulfilled and a diffraction spot can be
recorded. See text for more details

Ki r=2m/A

Crystal plane 0{0,0,0)

Crystal

The reciprocal lattice points are the values of momentum transfer where the Bragg
diffraction condition is satisfied ahfor diffraction to occur the scattering vector must
be equal to a reciprocal lattice vector. Geometrically this means thaeifbrigin (O)

of the reciprocal lattice is set at the intersection of the sphere and the beam that has
passed through the cryatasin Fgure 2.5 Diffraction will occur at lattice points on

the surface of the ®ald sphere. Whenhe crystal is rotated in the-Kay beam the
reciprocal lattice also rotates and other lattice points will lie on the surface and hence
show diffraction.The obtainedliffraction pattern represent the reciprocal space and
from this the crystal lattice can @ calculated. The intensities ¢ie Braggpeaks
containinformation about the urt cell contenti.e.the electron densitywhich in turn
provides infomation about atomic arrangement.

¢ KS St SO0GNRY atPpSsifich X2 in the uhiE &lE dav be obtained by
applyingFouriertransform on the structure factors accordingttoe equation:

"o S S0 ©

Where V is the volume of the unit cell angk ks the absolute value of thersicture

factor for the measured hkl reflectioifhestructure factor F(hkl) contains information

of both the amplitude and the phase of the waweit experimentally only the
diffraction spotintensities ([FhkIfF6 OF'y 0SS RSUOSNXAY Sk KSNS |
of the scattering waves are lodh crystallographythis is referred to as the phase
problem
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2.3.2.Solving the protein structure astiucturevaliddion

The obtained crystallographic datet from synchrotrons contairthe diffraction
patterns with theBraggpeaks needed for solving the structurA.few images are used
to determine the unit cellimensions and the space growghich is then used to ohex

all the reflections in the data sethese steps arperformed by computer progras
such as X8 or MOSFLM?® Following thishe data needs to be scaled and merged
together to a singldile containing the structure factors obtained fraime Braggpeaks
positions and intensitied-his is performed ia crydallographic software like ccphhat
contain the necessary scriptSCALAD treat the datal®® The resulting fileontains
the structure factors bulacks the phases

To re@in the phases and obtain an electron density map several methods have been
developed It can be done igther by experimental techniguesuch asheavy atom
incorporation @ anomalous diffractionor by so called molecular replacement which
uses the phases from previously determined structursimilar to the protein of
interest.

Molecular replacement is by far the most commorethod since it is fast and easy
whereas expemental methodsare more complex and time consuming to perform.
For molecular replacement to be applicable the protein from which the phases are
calculated must have a sequence homology of at least 30Phe molecular
replacement is performed by computatiohgrogramssuch as Phas&f also inclided

in the ccp4 packagewWhen wsing molecular replacement one must bear in mind that
the use of phases from another proteincorporate some bias into the electron
density. To evaluate this and create a biased free map an omit map can be
constructed.Pats of the modelare omitted and a map is calculated good quality
map should show the full model, including the parts that were omit@oimputational
programs such aBhenix!! can calculatea number of omits map and combine these

to a so called composite omit map, which cotle full area ointerestwithout biased
phases.

The calcuated phases needs to be refined further to better fit the experimental data.
By providing a seance of the protein a model of the protein structure can be built
into the electron density in a program like cddt The model is manually altered to fit
the electrons density in real space. Thififowed by automatedrefinement against
the reflection intensities using comput@rogramssuch as REFMAE This cycle is
repeated and need to b&alidatedto not imposebias in themodel building. The
agreementbetween the model and the experimental electron densityneasured by

a factor called R, calculated by the equation:

B SO ™M& GO "'MNis
B SO "M¢s

If the model would agree perfectly with the electron densitwould mean that the R
factor would equal zero. Hencgea low Rvalue is considered as a good validatof the
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built model tor represent the actual data. ThewRlue is often given gsercentand a
value of about 10 times the resolution is considered as acceptable. Since part of the
refinement is performed manually it can introduce some h@mshe built model To

avoid this a cross validation of the refinement can be performed by excludiriy®b

of the reflections and used for calculation of tbe calledR-ecvaluel*15The refined

R value should not diffesubstantially from the Ree value since it woulsmean that

the data is over interpretednd the model is not a valid representation of the data.

Another way to validaté¢he model building is to generate a Ramachandran plot in the
end of refinement procd a ® ¢ KS wl Yl OKIFyRNI Y LX 20 A&
I yR Fy3tSa 2F GKS LINRPGIGSAY o Odopt2y S
conformations that clusterin specific regions of the Ramachandran plot as a
consequence of sterical hindrance. If amino a@ahibits angles not allowed they are
considerel as outliers and have very Igwobability to existindicatingerrors in the
structural model.

The ultimate measure of the information content in a structural model is the
resolution. The resolution is dekd as the distance were two close objects can be
distinguished as separated objects rather than a single blurry object. It is desirable to
attain as good resolution as possible hence it will lead to a more extensive structural
model. Although resolutionasnot be improved through structure refinemeytiut is
instead an inherent feature of the crystal packirfg morewell-ordered crystal will
show greater interfeence and therefore yieltletter resolution ofthe electron density

map and a more informative adel can be constructed.

2.4. From crystals in drops to data collection

2.4.1.Crystal fishing and cnprotection

Once crystalsra formed in a drop theyeed to be harvested and stored until data
collection can be performed. Crystals left in a drop can be driedowet timeand

hence have reduced quality. Furthermotie crystals need to be transpmd from

the laboratory to the Xay source (e.g.ysctrotron), mounted on a gormmeter head

and aligned to the Xay beam. The crystals are harvested from the dropdygalled
GFAAKAYIED ¢CKAA AAd  LISNF 2 NS Rynthadicfidelim ¢ A y 3
the drop and picking up the crydtarhe crystal in the loop is thgmrotected from
dehydration by a thin layer of solvent. The size of the loop is impottacteate a
suitable surface tension to keep the crystathin the loop.

When crystals are exposed ¥rays they are likely to experiencadiation damage
since they are quite fragile biological molecules. Radiation dantmgese the
formation of free ralicals due to electron ejectiorrdm the atom whenan X-ray
photon is absorbed. The free radicals can alter thenaical properties of the
moleculesand causedamage to the crystal which leads decreased diffraction
guality. One way to decrease radi@n damages to cool down the crystab cryogenic
temperatures {196<C) It prolongs the crystal lifetime by slowing down the movement
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of the free radicals. A cryogenically cooled crystalstanive Xrays up to 30 MGy and
enables data collection from orgngle crystal instead of several crystals that would
be necessary for room temperature data collectidn.

The decrease itemperature should intheory, increase the molecular order and
thereby impove diffraction of the crystal. Howeveahe formation of ice crystals and
the expansion of watemight damage the crystal. To avoid thae has to perform
the freezing in a fast manner and/or usg/oprotectant that hinder ice formationThe
cryoprotectant an be glycerol, glucose, pelhylene glycols (PEGs) or other small
organic molecules. If the crys$taas grown in absence of a cprotectant, the crystal

is often soaked imeservoir solution containingryoprotectant when fished. If the
crystal does not withstand the new condition directly this can be done stepwise with
an increased cryoprotectant concentratidn.cryocrystallography the data collection
Is performed by placing therystal loopon a gonometer headwhere is it maintained
at cryogenic temperatures kgpplyinga stream of liquid nitrogen onto it.

2.4.2.Synchrotrons and data collection

Data collection at synchrotrons is well established at beamlines equipped for these
types of experiments. They pwvide the requied softwareand sample exchanging
robots to facilitate data collection. Synairons provide X-rays with wavelength
around 1 Ay the acceleration of electrons. They consibig (1008 of meters) rings
where electrons are accelerated abent by magneic fields (Figure 2)6 Initially the
electrons are accelerated in a lingzart and boosted to higher speead a booster ring
before they gmut to the storage ringln the storage ring they are circulated at almost
the speed of light The accelerationtogether with the bendingof the electrons
pathway makesthe electrons emit high energy-tdys wavesthat are focused into
beams anddischarged out intdeamlines. The use @hagnets called undulatcand
wigglers has enhanced thery flux and enabled the development of so call¢hird
generaton synchrotrons which provide-ays withhigh energy'’

During data collection the crystalnsounted on a goniometeneadandrotated while
being exposed tthe Xraysand the diffraction is recordedn a detector. The detector
is often achargedcoupled device(CCDthat works as photon counter Therotation
oscillationof the crystals often small (0.2°) and depending on crystal symmetry and
radiation camage endurancethe rotation needed for acomplete dataset varies.
Often the softwareavailableat beamlines enables a fast indexiogthe data and can
almost immediately estimate the completeness and resolutias well as cell
parameters for the dataet collected.
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Figure 26 Schematic representation of two -¥ay sources used for-Ky crystallographya) The
representation of a synchrotron-bay source. The pathway of electrons is shown in red. The electrons
are accelerted to high speeds and circulated in a storageyrimhe electrons pathway is behy
bending magnets and emitsrAys that are collected in beamlines. b) ImXFEL the electrons are
accelerated in a linear tunnel and passed through undulator magnetsswitichedmagnetic fields
that make the electronsviggle. The bending of tirgpathway make the electrons emitedys and the
spacing of the magnets makes therd§/s bunch up into coherent pulses with high energy

2.5. Seaial femtosecond crystadjogphy, SFX

Seial femtosecond crystallography an emerging field and more or less anticipated
to revolutionize structural biology in the ne&uture. It overcomes some of the biggest
hurdles inconventionakrystallography, in particulahe radiation damage asp&é®!’
However,the riseof a new method requires developmeand improvement of an
extensive number of experimentdatures such adetectors sample preparatioand
delivery methods data analysis andalidation etc. The principle of structure
determination by SFX is in generaimilar to conventional crystallographiut the
differences are discussed in the following section

2.5.1.Xray free electron laser¥FEk

The limitation of third generdion synchrotrons fo structural studies ismaybe
primarily, but not exclusively the radiation damage. Additional aspects such as
intensity limitations and minimal pulse duration also restricts nie resolved
applications. XFELkave emerged as even more powerf-ray source than
synchrotrons The first operating hard XF#hs the Linac Coherent Light Source, LCLS
in Stanford, US#vhich has been running since 2009 and is curhei be updated to
LCLSI. Since 20LI1SACLA in Harima, Japan has been operatiom2017 PAIXFEL in
Pohang, South Korea and European XREidamburg have commenced operation.
SwissFEL in Switzerland is planned to open this year. These scarcgsoduce
coherent ultrashort(fs timescaleX-ray pulses with energies up to RV and a peak
brilliance thatare around ten orders of magnitude stronger than a thgdneration
synchrotron.

23



Unlike the sychrotrons that are constructed as big ringyse XFELare very long (km
range) linear tunnelsThe tunneposses an electronsource and a linear acezhtor
where the electrons are accelerated up to spie close to the speed of ligffEigure

2.6). Then the electrons interacts with the undulator that consists of magnets spaced
to produce Xrays wavelengthg0.01 to 10 nm}*® When the electron pathway is
curved as a result of the interaction with ghundulator they emit theX-rays. As a
consequence othe long tunnel length and spacing of theindulator the X-rays ae
bunchedtogether, thusbecoming more cohereniThis producéighly cohereniX-ray
pulses with arultrashort pulse length(femtosecond sale) It is the coherence of the
pulsesthat produces thehighintensity X-rays compared tesynchrotronswhere the
emission is somewhat cancelled out (incoherent) due to out of phase generated
magnetic fields!’

An early applicationfor XFEL radiation wake develgpment of serial Emtosecond
crystallography, SEXxince the waviength is in the range foatomic resolution of
structural determination of biomolecul€e's

2.5.2 Diffraction before destruction

If the high intensityX-rays produced by synchrotrons can limit structural studies by
radiation damage of the biomolecules, how can even higher inteisigys be the
solution to the very same problem? The amsWes in the ultrashort pulsé¥and the
WRATFNI OlA2y o0 Sipleg NiB priRcipie 6f Nata@dildcgoy 16y theXdhhry
XFEL pulses was proposed to work already in 288@emonstratedoy the use of
molecular dynamié!® The conclusion was that diffraction data could be recorded by
the ultrashort pulses before the sample eagéd by the interaction withthe high
intensity Xrays.The principle wagroved to be correctvhen the firstdata ollection
was performed orcrystalof the big protein complex photosystem | in 20311.

2.5.3.SFX ¥perimental setip and data collection

Since the crystals are destroyed by the intgran with the high intensity KEL plses
0KS YS(iK2R NBIljdzANBa O2yaidlyd NBLI SyAak
one shok Q | LILIN@netddd thereby require high amounts of nancdto
micrometer crystals streaming through txd-Elbeam(FHgure2.7). TheXFELbeamis
focused by mirrors andandomly oriented fully hydrated microcrystals are injected to
interact withit. A crystal hit by aBXEL pulse result in a diffraction pattern recorded by
the detector.The detector needfo have a read out that matches thepetition rate

of the XFELand the beamline operates under vacuum to reduce background
scattering. Athe LCL% Cornell SLAC Pixel Array detect@SPAD} usedwhich can
record data with a sufficiently high repetition rat&:12
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Figure 27. Serial femtosecond crystallography experimental set ughe microcrystal sample is
injected into the XFEL beam and yield diffraction patterns from individual random oriented crystals
The diffraction pattensare merged together into a dataset used for structure solving. The interaction
point between crystals and XFEL beam can be aligned to a laser to activate light triggered proteins for
time resolved structural investigations.

The use of thousands of mamrystat instead of one (or a few) big crystaésads to
both advartages and drawbacks compareddonventional crystallogphy. It can be
an advantagedue to the fact thatsomeproteinsthat are reluctant to form big well
diffracting crystalsand only érms microcrystals. Thesean now bestructurally
determined. It also enables timeesolvedexperiments to be conducted y I - W LJdzY LJ
LINR 6 S Q which/ayeSatticularlyhigh interestfor irreversiblereactions. The
time-resolved experimentsan be perfomed for light triggered reactions by aligning
a laserto the interaction pointbetween crystal and XFHb activate the reaction of
interest The drawbackswith SFXcan be the high sample consumptioAnother
problem is that thecrystals are not identidavhich can lead to &rdshps in the data
processing.

Hgure 2.7showthe generalset up described but it all depends on the sample delivery
that can differ and is further discussed undlee sample delivergection(2.6.4.) Only
10-20% of the recordedmages contain diffractions patterns. Furthermore, the
diffraction patterns from randomly oriented crystadentain only a few peaks on each
image. This leads extremely large data sets jamohew demands on datprocessing
and handling which is discussedder section2.6.7.

Probablythe most important aspect of an SFX experiment is the requirement for large
amounts of well diffracting microcrystals and the production of these are discussed in
section2.6.5.and inPaper IL
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2.5.4. SFXample delivery

SFX expaments are highly dependent on a stable injection system of the sample to
the XFEIbeam. The majority of the SFX data has been collected from a stream of
microcrystals in their mother liquor (protein and reservoir solution were crystals are
grown) that albws constant replenish of fresh sample. It put high dedsamn
controlling the velocity bthe injection and the stability of the stream that has to be
properly aligned with the XFEL. Several strategies has deeebped, but the first
andthe most commordeliverymethod is by the so called G&ynamic virtual nozz)e
GDVN22 A smaller apillary @round 56> Yjis mounted into a larger capillary and the
crystal solution is delivered in the inner capillamhile high pressured gas flows in the
larger capillary and focuses the stream of sample into a thin elongated feS ¢. > Y 0
Theminimaff 2 6 NI} 0SS 2 F ( W&in. ®&iprobletn withdh® setiup s that >
the thin jet can be easily cloggedh particular,if the crystals have a large size
distribution or tend to aggregateThis is usuallyavoided by filtering the sample prior

to injection andby the use of inline filter in the nozzle.

Since the crystal delivewhen using a GDVN much faster than theBEL regtition

rate the majority of the crytals never interacts with the BEL It is not possible to
recollect sample since it igjected into vacuum. This combined with filtering
requirements leads to extremely high sample consumption and might require grams
of purified protein Modifications to reduce the sample consumption biye GDVIF3
have been investigatethut also alternative methods to inject sample have been
developed.

The lipidic cubic phase (LCRigh viscosity injector thatan inject crystals grown in
viscous fatty medialt canalso be used for crystals growm other meda and mixed
with greasepost growth. The high viscosity injector consists of a plunger that is driven
by a HPLC pump to extrude higiscosity liquid that i$ocused by a célowing gas to

a stable jet?* The hjector has been proved to work in both air amdcuunt? and
manytypes ofhigh viscosity media can be used such as gresseix, agaros&®and
Vaseline*?’ The high viscosity injector has a substantiadigiuced flav compared to
GDVN?8 Oneproblem can be that crystals not grown in the fatty media dissolves in it
upon mixing.Other sampledelivery mehods includes fixed target® 3 drop on
demand®and MESHcoMESH?31132

The hurdle to get the crystallization conditis and the optimal delivery requirements
to coincide pu additional demands on crystallizatiotihat might not always be
optimal. Thedevelopment of improved or new methods for sample delivery is a
needed ongoing work.

2.5.5.Microcrystallization

The success 0BFX experiments is relaying on the production of well diffracting
microcrystalsandthe area is still unexplored to a great extefite traditional demand

for Xray crystallography is to produce large, well ordered crystélsllowed by

individually screeh y 3 (2 FAYR (KS coleifigadull dataddt and dzA G | ¢
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determine the protein structure. In this view, thgeld of small microcrystals in
crystallization has been judged as something useless that needs optimization. With
SFXthe requiremerts hasbeenaltered to instead desire rmrocrystals homogenous

in thenano-micrometer sizen high density This requires newrystallizatiorstrategies
andways to evaluate crystal quality.

One advantage of the use of microcrystals is tiaty exhibitlower mosaicity, since

large crystals often suffer from long range disewrénd anisotropic resolutionVhen

the SFXnethod emergegdmicrocrystallizatiorstrategies started to form and the first

study of crystals produced especially for this type d#xperiment was of the
photosystem | The microcrystals used were obtained by tedzt G NI OSy (i NA T d
Y S (i K2 RHe dprotein solution is entering the nucleation zone by slowly
concentratngthe protein at low ionic strendp. But this methods limited to systera

that do not includeioo large moleculs (such as PEGs or detergenktsgttcannot pass

the ultrafiltration membranes.

For development of microcrystallizationstrategiesthe proteins solubity phase
diagram is stil of great importance. In conventionalrystallography as discussed
previously large crystals are formed by increasingrecipitant @nd protein)
concentrationgradually to touch the nucleation zone where fewcleiare able to
form and the protein can all to thee and form few large crystals In
microcrystalliation it is instead desired to startffoin the nucleation zone to form a
great number of nucleation siteslhis is typicallydone by increasing either the
precipitation agent concentration, proteiconcentration or both (Figure 2.8.).|#ads
to a fast decrease iprotein concentration when the nuclé@rmsandgrow into many
small crystals.

4+ !

Protein concentration

Solubility curve

Undersaturation zone

A 4

Precipitant concentration

Figure 28. Solubility phase diagram with methods applied for microcrystalion purposes.In
contrast to vapor diffusion (VD blue) the formation of microcrystals is aimed to start in the nucleation
zone directly by alteration of protein and/or precipitant concentration. Batch crystallization (green) is
performed in a sealed emanment and crystal formation leads to a decrease in protein concentration.
Free interface diffusion (FJ[Qorange) starts off with a low precipitant concentration that is increased
to reach the nucleation zone and crystallization growth is ceased witheumncreasedprecipitant
concentration
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Batchcrystallizationis a direct method to instantly reach the nucleation zone and is
also pliedin conventional crystallography. The protein ahe reservoir solution is
mixed tohomogeneity and crystal nuclaire supposed to form instantlyThey arelien
incubatedin a sealed environmertb mature into crystals. This can be combined with
methods of seeding where small microcrystdhsat can be large crushed crystals) are
added to increase the nucleation rat® The batch method isapplicable in
microcrystallizatiorsince it can easily b&caled ugo the great volumes that is needed
for SFX. Also crystals producedvapor diffusion can be used for SFX although it is
time and work consuming to tlect crystal containing drops molumes needed for
SFX33,134

Anothermethodfor producingmicrocrystaldn solution is theree interface diffusion
(FID method. FIDis also a metbd borrowed from conventionatrystallographylt is
based on that the protein is placed on top of theecipitantsolution (whichusually
hasa higher density)This creates a concentratiggradientat the mixingarealeading

to crystal growth ofcrystalswith increasing size along the gradient.donventional
crystallography capillaries are used but this is not suitable for the scaled up volumes
of SFX. Since the crystal growth oconly where the two solutions mix theemount of
crystalsobtainedis limted. The method has therefore been modified to better suit
SFX apptations It can be @her through modifying the mixing of the solutions or by
adding centrifugation that makes the nanocrystals sediment into the precipitant when
reaching a certain siz&hismethodyields greater amounts of crystals with a narrow
size distributiont>>However the struggle to find the right precipitant, pH, temperature
and other crystallization grameters still remains in attempts obtain microcrystals.

If the conditions for obtaining large crystals of the protein of intereginown it might

be a good starting point

Membrane proteinsare desiredto crystallizesine they are often responsible faell
signaling and can be pential drug targets Unfortunately, they are difficulto
crystallizedue to their mixed hydrophioic and hydrophilic natureDften they are not
stable inaqueoussolutionshave irsteadsuccessfully beearystallizedn LCP3513'The
protein is mixed with monolein and together thepontaneously form the LCP. The
LCPacts as a membrane mimicking system where the protein can migrate and form
crystals. The drawbacks that the crystal solution cawt be concentratd nor be
filtered before injection whiclilecreases the maximum hit rate amttreases the risk

of clogging the jet. &eralsuccessfubFX experiments have been conducted with LCP
as acrystallizationand injection medid?®13"13®There are also some cases where
crystallizationhas be@ executed in vivo, and crystals a@i@med spontaneously in
cells(insect cells}*®

2.5.6. Validation of microcrystal quality

The traditional wg to monitor and validate crystal quality is bptical microscopy
followed by Xray diffraction screeningAlthough resolution and other information
about thecrystalsare not visible by eyt often provide some kind of estimation about
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packing and difaction properties.Since the microcrystals are very sn{athno few
micrometerrange) they are approaching the resolution limit for optical microscopy
Small crystals are difficuid distinguish from precipitatand are problematic to fish.
Furthermoresmall crystals are more sensitive to radiation damage at synchrotrons.
Theseaspects leads to thdemand for othervalidation techniquesSome are dealing
with scattering electronmicroscopyor nonlinearimaging?’

The most common way to estimate cryswdiffraction by microcrystals might be
powder diffraction which can be performed at both ambient and eigmperatures.

If large crygtals are available orgrategy is to perform conventional crystal screening
If the microcrystallization conditions are somewhat similar one can assumdlibat
obtained resolution is somewhat comparable to thesotution of the microcrystals.
The development of @roper method of microcrstal screening is needed to avoid
problems ofbad crystal quality ataluableexperimental time.

2.5.7.SFX dtaprocessing andalidation

As discussed earlier, the experimental set up in SFX differs substantially from
conventonal X-ray crystallography and both the data acquisition and the data
processingis different. This has required the devglment of both detectors and
computational programs to indexnerge and scale the data to a useful dataset for
structuraldetermination.

The CSPAD detector usedtla¢ LCLS consists ofuftiple modules that might difer

slightly in positionbetween experiments Hence the exact location of each module

must be known to be able to accese data correctly. fie detector geometry is
determined kefore any experiment and sad as a geometry filesed in the data

processng and indexing of théBraggpeaks!®'4l The data consisbf snapshots

collected in a serial mann@f crystals with random orientationhis means that the

diffraction patterns represents slices through tBsvat sphere in any directiomand

only partial reflections can be recordedlhighredundancyabove 50) is often needed

G2 O2@SNJ 0KS Fdzf f & NP Adalieady vhéntiodethe Sanple NB OA L
delivery is much faster thaihe repetition rateof the XFEL which leads to that only 10

20% of the detector images contains diffraction spofhe need for high
redundancymultiplicity combined with thelow hit rate leads to the requirement of
collections ofhundredsof thousands images to obtain a fulataset.Not only can

images be blank they cansal contain reflections from two or mor&ystals being so

OF f f SRKAWYMdS GAKI G OFyy2Gd 0SS dzZaSR Ay (KS 2
amount of data collected is often in the terabyte size dhds put new demandson

the data analysis tools.

Firstthe datais sorted and blanks andnulti-hit patterns are eliminatedy a special
program designed for SRe4lledCheetah*?Each pdtern is subjected to peak finding.
Meaning thatBraggpeaks are identified and patterns withadew peaks are rejected.
Patternsare sorted and background orreded by programsunder the CrgtFEL
Suite!*! Then follows the determination of the cell parameters and indexing of the
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patterns by indexamajig (also under CrystkEIhe data is merged and individual
intensitymeasurementgrom single crystals are combineding a MonteCarlo based
approach*#® The resulting file contains the structure factors and the remaining issue
IS to regain the phases just like in conventional crystallography. The pbaselse
obtained with molecular replaament but if it is not possiblele Novophasing is
required by the use of anomalous scattering methods like BAD.

Probems in SFX data analysan be imccuracy in the structure fact@mplitudes due
to variations inthe XFElpulse energy, partially recorded reflections and the
inhomogeneity of the crystalgzurthermore, pesence of larger crystals nhigneed
attenuation of the beamto protect the detector and there by theesolution from
smaller crystalgan be limited and deease the optimal resolutim

The classical validatiasf crystallographic datasing Rergeis not useful for SFX since
it combines images from thusands of different crystals. Instead the use gjiiRas
emerged. The data is dividad to two sets that are mergedeparatelyand then
compared according to the equation

BsO O s

Pg ¢ .

C O O

Where bkven and baa represent intensities in of reflections in the even and odd

numbered patterns respectively. The multiplication by?Zorrects for the splitting of
the data.

2.5.8. Timeresolved SFX

Historically, time resolved crystallaphic studies have been confined to Laue
crystallography wher¢he use of polychromati-rays allowsshorter exposing times
to collect a dataset compared to monochromatirays!4> However, the time
resolutionin Laue crystallography limited to the millisecond to picosecond timase
which is to long for many fast reactigmadiation damage remains as a problem and
the study d irreversible reactions is nefeasible.

2% CT

Thedevelopment of TRSFX opens up for ultrafast tinnesolved studies of structural
dynamics in proteins and otlhenacromole&ules by a pumyprobeapproach It makes

radiation damage isneglectableand enable the possibility to studyirreversible

reactionsdue to the replenish of sample with ealray pulse.

Currently, TRFBFXis most applicable for light activatgaroteins where the protein
crystals are activated by a laser pulse of a specific wavelamgthrobed byan X-ray
pulse after a set time t@bservethe resulting structural changes in the proteifhe

set up for the experiment is illustrated Fgure 2.7 The laserfor photoactivation of

the protein isaligned to the interaction point of the sample jet and the XFEL beam.
The ultrafast time resolution is limited by the pulse length of the pump laser and the
X-rayprobe.The major challenges lies in achiayia perfect alignment of the laser and

30



X-ray beam and activate a sufficieramount of the proteins in the crystals to gain a
reliable difference signal. The stable precision in timing between the laser and the
ray is of highest importancehich has ledo the development of different so called
timing tools4

Successful time resolved experiments has already been conducted withaligirated
proteins such as photosystem lleNow fluorescent protein and bacterial reaction
center!4 4% Time resolutionof TRSF>has been confirmed tbe approachinghe sub
picosecond regiméhat could reveal the cis/transomerizationof the chromophore
in PYP at a 1 Aresolution®°

Although lighttriggered proteins are the most convenient to study bySRX most of

the proteinsin nature arenot activated by light. Hence methods to study reactions of
other types of proteins are desired. There are for example experisparformed on

the dissociation of CO from myoglobittMoreover, the facthat the SFX utilizes small
crystals opem up possibilities that never would be feasibiea conventional
crystallography. Onsuch experimenthat has ben performedathe[ / [ { A& (GKS
I YR A yierd @ figand and a protein wemmixed by specific equipment and
injected into the beanmt®? Another possibilityis to use caged compoundimcluded in

the crystal that are released by a laser pulse. In these methoddithe resolution is
limited by the diffusing time within the crystalandthe diffusion isdependent on
crystal sizeThis can be problematic, since the activation must be homogenous in the
crystal b be able to observe intermediates at a given time point.

A TRSFX experiment involves the acquisition of data sets at differentpiongs after

reaction initiation The setup is often to collect every second image as a light activated
andthe otherwithy 2 | OGA GBI GA2y ® Ly (KA aargabqaired. Wt A 3
This reduces the risk of systematic errors that arise if the data sets were collected at
separatetimes. The timing tool and a fast pump laser opens up for a broadeaafg

time poirts that can be cbsen, from the femtosecond to the nanosecond range. From

the light and dark datasets difference maps can be crebjesubtracting the structure
FILOG2NAR FNRY GKS yIFiABS WRIN] Q &ddRisS TNR°
map. For this the structure of the native state is crucial aneréfore the structursin

Paper lland Paper IVcan be seen as the first step towards time resolved studies of
phytochromes. The creation of difference maps at various time points allows
snapslots of intermediate states of a structural change within a protemd from

0KSasS I wy2fSOdz I NJ Y2OASQ QdulrafastStru@uiray” a i N3zC
changesand understanding of the reaction mechanismschapter 5our primarily

results fom time resolved investigations of the phytochrormleoton absorption and
signalingare presented.
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Chapter 3

3. Structural Determinatiomf the Chromophore
Binding DomiafromD.RadioduransPaper Il and
Paper Il

The project started with the aimot strudurally investigatephytochromesby X-ray
crystallographypreferably time resolved studies I8§FX at an XFEL. The first step was
to obtain crystad meeting the requirements fronthe emerging field. Collaborators
had great experienceand knowledge ofphytochromes and had successfully
crystallized the PSM frorDd.radioduransn both its dark and red light illuminated
form.®3 However the resdution of these crystals wereotlow (3.84) to be able to
observe small struaral changes such as the-ridg isomerization Furthermore,
Burgie et al had recently published the neatomic resolution (1.16A) crystal
structure ofthe D.radioduranshromophore binding domairCBDwith a mutation to
alter crystallization interactios 3 This inspired the attempts to gstallize the CBD of
DBphPfor SFX purposeand this chapter describes how this led to the structural
determinationthe wild type CBOrom DBphPR presented inPaper Il Furthermore,
the same crystallization conditions could be used to obtain the crgstatture of the
CBD H290T mutant presented Raper [l This mutat was further investigated by
vibrational spectroscopand theresultscould be supported by thEBCH290T mutant
crystal structure.

3.1. Cultivation and purification of t68DfromD.ladiodirans

Freeze cultures oEcoli expressingDrBphPCBDwith a Hig-affinity tag waskindly
provided from collaborators (lhalainen, University of Jyvaskylag. site directel
mutagenesis that alterethe histidineat postion 290 to a threonine was executday
Heikki TakalaBoth proteins were gpressed and purifieds following

Protein was expressed as apoproteinkmoli Bl21 DE3with recombinant expression
induced by IPTG, and with ampicillin selection. The cells were grownnredia at
37° C and 23 rpm rotation until Olyo reached 0.60.7. Rotein expression was
induced with | mM IPTG and incubated at ZB°degrees ovaight. Cells were
harvested by centrifugation and lysed with emulsiflex presence ofprotease
inhibitor. Biliverdin was incorpotad overnightin a >10x molar excess. Large particles
was removed by ultracentrifugation andtifation prior toinitial purification by affinity
chromatography(Histrap, GEhealthcare). The protein was washed with mM
Imidazole to remove impurities andwted over a linear imidazole gradient. Imidazole
was removed by application to a desaltegumn.(HiPrep 26/105EHealthcare) The
Protein was concentrated and applied to a size exclusion column (Superdex 200
16/600 or 26/600 GE healthcgre The pure protein was concentrated, using
centrifugal concentration tubesto concentrations around 30mg/ml in 20mMigy
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50mM NaCl pH 8. Protein concentration was measured on a nanodrop and
O2y OSYUNI GA2Y & a=320B0 M dat’ and Bdeculaztiweigr®#37 i KS
188.5 g/mol

All purification andcrystallizationwas performed in darkness or under green light to
avoid photo conversionof the protein. To test the photoactivity of the protein the
absorption spectra was recorded in the dark statel after illuminationwith red light
(660) nm.

3.2. Crystallization adheCBD

Thefirst crystallizationattempts pursuedo mimic condiions previously desdred for

the WT CBE The methodincluded a recrystallization step were obtained crystals

where harvesteddissolved, drified by centrifugationandrecrystallized This can be
considered as an additional purification procedure that removes proteins that does

not form crystals. Wagner et ANS L2 NI SR 2y ONRadlt O2yRAG
LI nddp &az2RAdzY | OSGl { Sor battdaystallizaolsteps.n 1S M
However, theattempts to reproduce the crystallization procedures Isdowers of

smalland thinrhombohedral shaped crystais the first step and only precipitate or
microcrystals in theecrystallization step (Figure 3.1

Figure 3.1. Initial crystals of the chromophore binding domaif?hotographs of Small rhombohedral
shaped crystals obtainefilom attempts to reproduce published crystallizationtbé CBD (left) and
even smaller crystals obtained from a recrystallization attempt (right).

Since thecrystalswere thin flakes they were highly fragile and complicated to fish for
X-ray diffraction gudies and this is evemore difficult when the addition of the
cryoprotectantcomes into the procedure. The crystals are often fished from the drop
and transferred to one, or a series of dmith increased concentration of
cryoprotectant and therishedand frozenin liquid nitrogen.To avoid this an attempt

to directly add the cryprotectant 30% 2methyl2,4-pentanediol) to the reservoir
was tested

Surprisingly this led to dramatic chages and welformed crystals appeareFigure
3.2.) Hencethe recrystallizéion step was unnecessary for oprotein probably due
to higher potein purity compared tgoublishedpurification methods#® The crystals
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