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Abstract
The sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) is a transmembrane protein that uses
ATP hydrolysis to power the exchange of Ca2+/H+ ions across the sarco/endoplasmic reticulum
(SER) membrane, thereby performing the vital physiological function of modulating
intracellular calcium levels. Though SERCA structure/function has been studied extensively,
several pertinent questions require further structural investigations. One regards the manner by
which protons are countertransported during the SERCA functional cycle. While a C-terminal
proton exit pathway and a mechanism has been proposed, confirmation requires mapping
hydrogen positions/protonation states using neutron diffraction techniques. However, due to
the limitations of current neutron sources, very large SERCA crystals (~1 mm3) are needed
before such studies can be performed. Another regards the mechanism by which the SERCA
autophosphorylation reaction proceed. Intermediate structures obtained ATP and phosphate
analogues have revealed two catalytic divalent metal (Mg 2+) ions to be associated with the
phosphoryl transfer transition state (TS), but only one catalytic ion with the pre- and productstates. To resolve this issue, a time-resolved crystallographic study is needed capture the
genuine intermediate structures. However, such an experiment requires microcrystals of
specific size (~20 m) and quality to allow serial data collection and homogeneous reaction
initiation. Finally, while the constitutive nature of SERCA makes it an attractive target for
developing novel therapies to treat drug resistance cancers, the challenge is designing inhibitors
which are selective only for aberrant cells as the protein is ubiquitous. Towards this end,
photoswitch-inhibitor compounds

i.e., azobenzene-thapsigargin (AzTG) derivatives

have

the potential to provide spatiotemporal control over SERCA activity by undergoing
conformational change in response to light. However, knowledge of their specific binding
interactions is needed for further development.
In this thesis, we set about performing the aforementioned crystallographic investigations.
To increase the size of SERCA crystals grown to-date for neutron studies, we employed a
variety of crystallisation techniques offering an extended growth phase or inherently
favourable dynamics. To maximise the chance of success, we explored multiple crystallisation
modes

vapour diffusion, microdialysis, counterdiffusion, batch

both alone and in

combination with manipulations such as macroseeding, feeding, and temperature control.
While we were unable to produce crystals of the size required by the current neutron sources,
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the largest crystals grown (~0.05 mm3) are sufficient in size for upcoming facilities such as the
European Spallation Source (ESS). Furthermore, a room temperature X-ray structure of the
Ca2E1-AMPPCP form at 3.5 Å resolution was obtained, providing valuable experience with
respect to the sample preparation and data collection procedures required of neutron diffraction
experiments. This work provides a foundation for future neutron diffraction studies involving
SERCA once next-generation sources become operational.
In progress towards time-resolved studies, we managed to produce SERCA microcrystals
of the phosphoryl transfer TS analogue state in large-scale batch crystallisations and were
successful in producing a 3.3 Å structure following serial X-ray analysis. Importantly, this
room temperature structure was of sufficient resolution to reveal two Mg2+ ions associated with
the TS complex along with new information implicating Glu439 in positioning the ATP
substrate for phosphorylation. Subsequently, we proceeded to crystallise SERCA in complex
with photocaged ATP. While microcrystals of the required size were able to be obtained, serial
X-ray analysis of samples proved difficult due to low/inconsistent diffraction. With further
optimisation of the SERCA-photocaged ATP microcrystals, initial time-resolved experiments
may begin.
Finally, the photoswitchability of several AzTG derivatives were assessed by their ability
to inhibit SERCA ATPase activity in both their default and photoactivated state. Results
revealed an ~2-fold difference in IC50 for each compound in response to photoisomerisation,
demonstrating the binding of thapsigargin may indeed be influenced by the conformational
state of the incorporated azobenzene photoswitch. Furthermore, X-ray structures of SERCA in
complex with two of the AzTG derivatives were solved at 2.9 and 3.0 Å resolution, revealing
the binding mode for the photoswitch group of each compound. Taken together, these results
can help inform the design of improved, next-generation photoswitchable inhibitors.
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Abstract (Danish)
Det sarco/endoplasmatiske retikulum Ca2+-ATPase (SERCA) er et membranprotein, der bruger
ATP-hydrolyse til at drive udvekslingen af Ca2+/H+ ioner over sarco/endoplasmisk reticulum
(SER) membranen og derved udfører den vitale fysiologiske funktion af modulering af
intracellulære calciumniveauer. Selvom SERCA-struktur/funktion er blevet undersøgt
grundigt, kræver flere relevante spørgsmål yderligere strukturelle undersøgelser.
Protoner modtransportes under SERCA funktionel cyklus. En C-terminal protonudgangsvej
og en mekanisme er blevet foreslået, og en kortlægning af hydrogenpositioner/
protoneringstilstande ved hjælp af neutrondiffraktionsteknikker kunne bekræfte denne model.
På grund af begrænsningerne i de nuværende neutronkilder er der dog behov for meget store
SERCA-krystaller (~1 mm3), før sådanne undersøgelser kan udføres.
Et

andet

spørgsmål

vedrører

den

mekanisme,

hvormed

SERCA-

autofosforyleringsreaktionen foregår. Strukturer af tilstande opnået med ATP og
phosphatanaloger har afsløret to katalytiske divalente metal (Mg2+) ioner, der er associeret med
overgangstilstanden ( transition state TS) i phosphorylering, men kun en enkelt katalytisk ion
er associeret med præ- og produkttilstandene. For at undersøge dette problem er der behov for
en tidsopløst krystallografisk undersøgelse, der fanger de ægte reaktionsintermediater.
Imidlertid kræver dette eksperiment mikrokrystaller (~20 um dimensioner) af en kvalitet, der
muliggøre seriel dataindsamling og homogen reaktionsinitiering.
Endelig, mens SERCA's konstitutive natur gør det til et attraktivt mål for udvikling af nye
terapier til behandling af kræft med lægemiddelresistens, er udfordringen at designe
inhibitorer, der kun er selektive for afvigende celler, da proteinet er allestedsnærværende. Til
dette formål har fotoswitch-inhibitorforbindelser - dvs. azobenzene-thapsigargin (AzTG)
derivater - potentialet til at give spatiotemporal kontrol over SERCA aktivitet ved at gennemgå
konformationsændring som reaktion på lys. Imidlertid er viden om deres specifikke bindende
interaktioner nødvendig for yderligere udvikling.
I denne afhandling beskrives de førnævnte krystallografiske undersøgelser. For at øge
størrelsen på SERCA krystaller, der er dyrket til neutronundersøgelser, anvendte vi en række
krystalliseringsteknikker, der tilbyder en udvidet vækstfase eller iboende gunstig dynamik. For
at øge chancen for succes udforskede vi flere krystallisationstilstande - dampdiffusion,
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mikrodialyse, moddiffusion, batch - både alene og i kombination med manipulationer såsom
makro-udsåning, fodring og temperaturkontrol. Mens vi ikke var i stand til at opnå krystaller i
den størrelse, der kræves af de nuværende neutronkilder, er de største krystaller, der dyrkes
(~0,05 mm3), tilstrækkelige i størrelse til kommende faciliteter såsom European Spallation
Source (ESS). Desuden blev der opnået en røntgenstruktur ved stuetemperatur af Ca2E1AMPPCP formen ved en opløsning på 3,5 Å, hvilket giver værdifuld erfaring med hensyn til
prøveforberedelse

og

dataindsamlingsprocedurer,

der

kræves

af

neutrondiffraktionseksperimenter. Dette arbejde danner et fundament for fremtidige
neutrondiffraktionsundersøgelser, der involverer SERCA, når næste generationskilder er
operationelle.
Som fremskridt mod tidsopløste studier lykkedes det os at producere SERCA
mikrokrystaller af phosphoryloverførsel TS analogtilstanden i store batch-krystallisationer og
at opnå en 3,3 Å struktur ved såkaldt seriel røntgenanalyse. Som vigtigt resultat havde denne
stuetemperaturstruktur tilstrækkelig opløsning til at afsløre to Mg2+ ioner forbundet med TSkomplekset sammen med ny information, der implicerede Glu439 i positionering af ATPsubstratet til phosphorylering. Derefter fortsatte vi med at krystallisere SERCA i kompleks
med fotokoblet ATP. Mens mikrokrystaller af den krævede størrelse kunne opnås, viste det sig,
at seriel røntgenanalyse af prøver var vanskelig på grund af lav/inkonsistent diffraktion. Med
yderligere optimering af de anvendte SERCA mikrokrystaller med photocaged ATP kan de
indledende tidsopløste eksperimenter begynde.
Endelig blev fotoinduceret skift af flere AzTG derivater vurderet på deres evne til at hæmme
SERCA ATPase aktivitet i både deres standard og fotoaktiverede tilstand. Resultaterne
afslørede en ~2-fold forskel i IC50 for hver forbindelse som reaktion på fotoisomeriseringen,
hvilket viser, at bindingen af thapsigargin reelt kan påvirkes af konformationstilstanden for den
inkorporerede azobenzen-fotoswitch. Endvidere blev røntgenstrukturer af SERCA i kompleks
med to af AzTG derivaterne løst til en opløsning på 2,9 og 3,0 Å, hvilket afdækkede
bindingsmåden for fotoswitch-gruppen af hver forbindelse. Samlet set kan disse resultater
hjælpe med at informere designet om forbedrede næste generation af fotoswitchable hæmmere.
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Preface
This thesis is the result of a three-year research project, undertaken as part of the EU
Rationalising Membrane Protein crystallisation (RAMP) Innovative Training Network (ITN).
RAMP is consortium of academic institutions and industrial partners focused on advancing the
field of membrane protein crystallisation, with the aim of obtaining structural knowledge that
will improve our understanding of biological processes and help guide the development of
novel therapeutics. Within the context of RAMP, this specific project aimed to apply two
emerging techniques which pose significant challenge to membrane proteins, neutron and serial
time-resolved crystallography, to the membrane protein SERCA.
This PhD was based primarily at the Department of Molecular Biology and Genetics,
Aarhus University (AU), under the supervision of Poul Nissen (AU) and the co-supervision of
Esko Oksanen (European Spallation Source; ESS) and Margareta Ek (AstraZeneca; AZ). As
part of the RAMP ITN however, substantial time throughout the project was spent abroad
partaking in numerous courses, workshops, and conferences hosted at various consortium
institutions. Additionally, further time was spent away on multiple secondments at several of
these institutions. The first involved a two month stay at Lund University/ESS in Lund,
Sweden, for the purpose of growing SERCA crystals for neutron crystallography. The second
involved a two month stay at Université Grenoble-Alpes (UGA), in Grenoble, France, again
for the purpose of neutron crystallography. The third and final secondment consisted of a two
month stay at AZ, and involved work of a confidential nature. It is also worth noting that further
time (2-3 months) was spent working on this AZ project at AU, and that this project is not
included within this thesis.
This project has received funding from the European Union s Horizon 2020 research and
innovation programme under the Marie Sk odowska-Curie grant agreement No. 722687.
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Chapter 1

1 Introduction
1.1 The sarco/endoplasmic reticulum Ca2+-ATPase
The sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) is a member of the P-type ATPase
family

a large and diverse class of transmembrane proteins that actively transport cations in

opposite directions (such as H+, K+, Na+, and Ca2+) across cell membranes, thereby regulating
the electrochemical gradients essential for biological processes [1]. P-type ATPases exchange
ions across phospholipid bilayers by alternating between two main conformational states: E1
and E2. The E1 state possesses high affinity for the target ion and low affinity for the
counterion, while the converse is true for the E2 state. In the E1 state, target ions enter the
protein from one side of the membrane and bind to high affinity sites within the transmembrane
domain (TM), while counterions dissociate and exit in the opposing direction. Following
autophosphorylation, the protein transitions to the E2 state, resulting in distortion of the ionbinding sites and subsequent release of the target ions to the other side of the membrane. The
exchange is completed by the entry of counterions which reoccupy the ion-binding sites. The
aforementioned ion transport mechanism, first proposed for the Na+/K+-ATPase, is known as
the Post-Albers cycle [2, 3].
SERCA exchanges Ca2+ and H+ ions across the sarco/endoplasmic reticulum (SER)
membrane, serving to pump Ca2+ from the cytosol into the SER lumen. This activity, serving
to terminate calcium-induced signalling events such as muscle contraction, is essential for
proper physiological function [4]. There are three distinct isoforms of SERCA (SERCA1,
SERCA2, and SERCA3) with alternative splicing giving rise to multiple sub-isoforms
(SERCA1a-1b, SERCA2a-2d, and SERCA3a-3f). Expression of the various SERCA isoforms
differs across tissue types. SERCA1 is associated with fast-twitch skeletal muscle, with
SERCA1a and SERCA1b being adult and neonatal forms respectively. SERCA2a is the
predominant isoform in cardiac and slow-twitch muscle, SERCA2b is expressed ubiquitously,
and SERCA2c is present in cardiac muscle. The variants of SERCA3, the most recently
identified isoform, are differentially expressed in variety of cells and tissues (notably at high
levels in hematopoietic cell lineages, endothelial cells, epithelial cells, and platelets [5, 6].
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1.2 Overview of SERCA structure and function
SERCA (Figure 1.1) is composed of a transmembrane (TM) domain, which spans the SER
membrane and consists of ten alpha helices (M1-M10), and three cytosolic domains: the
nucleotide binding (N), the phosphorylation (P), and the actuator (A) domain [7]. Two Ca2+binding sites (site I and site II) reside within the TM domain, near to the cytosolic surface of
the SER membrane. Site I is located between the M5, M6, and M8 helices, where Asn768,
Glu771, Thr799, Asp800, and Glu908 coordinate the first Ca2+ ion. Site II is located between
M4 and M6, closer to the cytosol, where Glu309, Asn796, and Asp800 coordinate the second
Ca2+ ion [8]. The P domain contains the conserved aspartic acid which gets phosphorylated
during the catalytic cycle (Asp351), in addition to the Asp703, the residue which coordinates
the catalytic Mg2+ ion. The N domain functions to bind and position ATP such that the
nucleotide -phosphate is primed to interact with the aforementioned Asp351. Finally, the A
domain undergoes a 90 ° rotation in response to autophosphorylation, which serves to modulate
Ca2+-binding by effecting a rearrangement of the M1-M6 TM helices. This reorganisation of
the TM domain disrupts the ion-binding sites
towards calcium

such that they now possess a low affinity

and opens a pathway allowing Ca2+ ion to exit into the SER lumen. The

conserved TGES motif, responsible for dephosphorylation of Asp351, is also located within
the A domain [8].

Figure 1.1 | Overall structure of SERCA in the E1
state with bound Ca2+ and AMPPCP (PDB ID:
6HEF) [9]. The A domain (residues 1-43 and 123-230)
is shown in yellow, the P domain (residues 346-360 and
606-739) in blue, and the N domain (residues 361-605)
in red. The ten alpha helices comprising the TM domain
are coloured accordingly: M1-M2 (residues 44-122) in
pink, M3-M4 (residues 231-345) in orange, and M5M10 (residues 740-994) in wheat. Bound AMPPPCP as
green sticks, Ca2+ ions as light green spheres, and K+
ion as a magenta sphere.
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The Post-Albers cycle as applies to SERCA is shown in Figure 1.2. Following the release
of 2-3 protons from the HnE2 state, two Ca2+ ions entering from the cytosol bind to the high
affinity sites within the TM domain, inducing the E2-E1 transition and forming the Ca2E1 state.
The autophosphorylation of Asp351 from bound ATP produces the high energy, occluded
[Ca2]E1~P state. The downhill E1-E2 transition follows, deoccluding the protein and releasing
bound Ca2+ into the SER lumen. Electrostatic balance at the binding sites is partially restored
by the binding of 2-3 luminal H+ ions, resulting in the HnE2P state. Dephosphorylation and
subsequent reformation of the HnE2 state completes the reaction cycle.

Figure 1.2 | The SERCA Post-Albers cycle. Each revolution of the catalytic cycle results in two Ca 2+ ions
being exchanged for 2-3 H+ ions. This illustration is adopted from [9].

As alluded to above, a great deal of insight in the SERCA Ca2+ transport mechanism has
been revealed over the past two decades by a series of crystal structures of SERCA trapped in
various intermediate states in combination with functional studies. However, the details of H+
countertransport, specifically the protonation states of the ion-binding sites and the H+ exit
pathway, have yet to be fully elucidated.

1.3 SERCA as a candidate for neutron diffraction studies
1.3.1

Proton countertransport in SERCA

In contrast to the transportation pathways Ca2+ ions take through SERCA during the catalytic
cycle, the details of H+ ion countertransport are more ambiguous. Experimental hints however,
have allowed a countertransport to be proposed by Bublitz et al. [10]. Following
dephosphorylation of the proton-bound HnE2P state, a single H+ ion may be released into the
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cytosol through the calcium entry pathway (the N-path ) located between the M1, M2, and
M4 N-terminal TM helices (Figure 1.3 A). The remaining H+ ions would enter the cytosol
through a distinct hydrated channel which extends from the ion-binding sites to the cytoplasmic
interface via the C-terminal region of the TM domain [10]. This proposed C-terminal proton
exit pathway (the C-path ) traverses through the M5, M7, M8, and M10 TM helices and would
allow for the smooth and simultaneous exchange of Ca2+ and H+ (Figure 1.3 B).

Figure 1.3 | Evidence of a H+ ion exit pathway in SERCA. A) Overall structure of the E2-TG-AlF4- state
(PDB ID: 3N5K) revealing a solvent pathway (indicated by bound water molecules; red spheres) within the
C-terminal TM region. Cytosolic domains and TM segments are coloured accordingly: A domain in yellow, P
domain in blue, N domain in red, M1-M2 in pink, M3-M4 in orange, and M5-M10 in green. The Ca2+ entry
and exit pathways are indicted by black arrows and the inhibitor TG is shown as black sticks. B) Water
molecules comprising the C-terminal hydration pathway are revealed by the unbiased FO FC electron density
map (green mesh, 1.0

level). This illustration is from [10].

By incorporating this proposed H+ exit pathway, Bublitz et al. [10] was able to suggest the
following mechanism for

ion exchange with SERCA (Figure 1.4). Following

autophosphorylation and formation of the high energy, occluded [Ca2]E1~P state, the protein
undergoes the E1-E2 transition, allowing bound Ca2+ to escape in the SER lumen by means of
the Ca2+ exit pathway. One cytoplasmic H+ ion may then access the ion-binding sites via the
N-path as proposed by Musgaard et al. [11], while two protons from the SER lumen may reach
the ion-binding sites from a H+ entry pathway proposed by Karjalainen et al. [12].
Concomitantly, the C-path begins to form. The protein is then dephosphorylated, passing
through the occluded [Hn]E2-P state to begin the E2-E1 transition. It is during this transition
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that the countertransported protons are released into the cytosol; one H + ion exits through the
N-path, while two exit through the now fully formed C-path. The cycle is completed following
another round of autophosphorylation and reformation of the [Ca2]E1~P state.
While this hypothesised SERCA ion exchanged mechanism is consistent with data collected
so far, confirmation requires the ability to unambiguously locate protons and waters
experimentally.

Figure 1.4 | Schematic model of the proposed SERCA H+ countertransport mechanism proposed by
Bublitz et al. [10]. Ion movements throughout the SERCA functional cycle are shown by black arrows, with
Ca2+ ions represented by blue spheres. The TM helices containing the four acidic residues which constitute
the ion-binding sites are shown as green rods, except for M4 (yellow rods). The expected protonation states
of coordinating residues are also shown. This illustration is adopted from [10].

1.3.2

Neutron macromolecular crystallography

H atoms are key components in the molecular machinery of biological macromolecules, with
enzymatic activity dependent on the hydrogen bonding interactions, protonation states, and
water networks around the active site(s). Therefore, to gain atomic-level understanding of
enzyme mechanisms requires the ability to visualise individual hydrogens within a protein [13].
While a great deal of structural information is provided by X-ray crystallography, hydrogen
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atoms are exceeding difficult to resolve within X-ray structures as photons are scattered weakly
by their low and diffuse electron density [14]. While a significant portion of H atoms may be
located by X-ray diffraction data at sub-atomic resolutions ( 1 Å) [15], highly polarised H
atoms and H+ ions are essentially invisible [14, 16].
Neutron macromolecular crystallography (NMX) provides a means for unambiguously
locating H atoms, H+ ions, and waters within a protein. This is possible due to the fact that H,
and its isotope deuterium (D), possess a neutron scattering length similar in magnitude to
carbon, nitrogen, and oxygen (Table 1.1). Consequently, H and D atoms/ions are able to be
located at the resolutions typically achieved by protein crystals, allowing NMX to address
questions unable to be answered by the information provided by X-ray crystallography [16,
17].
Table 1.1 | The coherent neutron scattering lengths and incoherent neutron scattering cross sections for
the elements common within biological macromolecules. X-ray scattering lengths are included for
comparison. The table is based on that by [16].

Isotope
1

H
H (D)
12
C
14
N
16
O
31
P
32
S
2

1.3.3

H

X-ray scattering lengths (10-12 cm)

Atomic
number

Neutron coherent
scattering length
(10-12 cm)

Neutron incoherent cross
section (Barn = 10-28 m2)

sin

1
1
6
7
8
15
16

-0.374
0.667
0.665
0.937
0.580
0.513
0.280

80.27
2.05
0.00
0.50
0.00
0.01
0.00

0.28
0.28
1.69
1.97
2.25
4.23
4.50

=0

(sin )/ = 0.5 Å-1
0.02
0.02
0.48
0.53
0.62
1.83
1.90

D isotope substitution

The replacement of H for D is advantageous in NMX studies for several reasons. First, the
coherent scattering length for D is approximately two times the magnitude than that for H.
Accordingly, incorporated D result in greater reflected intensities and are more easily identified
within neutron maps [13, 16]. Second, the incoherent scattering cross section for H is ~40 times
larger than that for D. This incoherent scattering results in significant background noise due to
the large number of H atoms present within biological molecules. H/D exchange lowers this
incoherent background, improving the signal-to-noise ratio and extending the resolution limit
of the diffraction data [13, 16]. Third, the coherent scattering length of H is negative. At the
resolutions typically obtained by NMX experiments (2-2.5 Å), cancellation effects can arise
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between the negative scattering of H and the positive scattering of other elements, complicating
analysis of neutron maps [13, 18].
This significant increase in signal/reduction in background that results from D
incorporation, allows datasets to be collected either from smaller crystals or from less total
exposure time [13]. Therefore, when embarking on an NMX experiment, one should aim to
replace as many H with D as possible within their protein.
1.3.4

Protein deuteration

Incorporation of D into proteins is typically accomplished per one of the following: H/D
exchange taking place either after protein production or during protein expression (through use
of D2O-containing media but with a hydrogenous carbon source), or expressing the protein in
D2O-containing media while using a perdeuterated carbon source [19]. In the first two
approaches, only labile and solvent accessible H atoms are exchanged, and as a result, the
extent of D incorporation achieved can vary dramatically. In the latter approach, the
perdeuterated proteins can achieve D incorporation levels of > 99 %, including aliphatic C
atoms (e.g. CH2 and CH3 groups) [18].
Perdeuteration provides optimum signal-to-noise ratios, allowing data to be collected in
shorter times, higher resolutions, and relatively small (i.e., 0.1 mm3) crystal volumes [18, 2022]. While these present as significant advantages, often perdeuteration is precluded due to the
costs involved, technical challenges/low yields, or the manner in which the protein is obtained
[19]. In these instances H/D exchange is usually sufficient, as evidenced by the fact that the
majority of neutron structures have employed this approach; of the unique neutron structures
deposited in the PDB as of May 2019, 44 were H/D exchanged while 12 were perdeuterated
[23]. Most questions which involve determining protonation states/hydrogen bonding/water
networks at enzyme sites which are well-hydrated and contain large numbers of polar/charged
residues, can be addressed by non-perdeuterated proteins, as these regions undergo rapid and
efficient H/D exchange [19].
1.3.5

Sample crystal requirements

In spite of its promise, NMX is highly demanding in terms of sample requirements. Current
neutron sources offer fluxes orders of magnitude lower than their X-ray source counterparts
[13, 24]. The implication is that unusually large crystal volumes are required (due to the
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relationship between the incident source beam intensity, diffracted intensity, and crystal
volume). This relationship is described by the following equation (provided by [13]).
〈𝛪〉 ∝

𝛪

| |

(1)

Where ⟨Ι ⟩ is the diffracted intensity, Ι 0 is the incident beam intensity, |F | is the structure
factor magnitude, V is crystal volume, λ is the incident wavelength, and ν 0 is the unit cell
volume. From Equation 1, to compensate for the weak diffracted intensity that results from a
low flux incident beam (i.e., source), one needs to increase the volume of the illuminated
crystal. In practice, this means growing protein crystals ~1 mm3 in volume, which is the typical
size (lower range) reported for successful NMX experiments [16]. The current absolute lower
limit is 0.1-0.2 mm3 [23], which typically requires the protein to be perdeuterated [16].
While total volume is an important crystal parameter in NMX experiments, unit cell
dimensions are perhaps even more so. Again, from Equation 1, while diffracted intensity is
directly proportional to crystal volume, it is inversely proportional to the unit cell volume
squared. Thus, when attempting to grow crystals for neutron diffraction studies, one needs to
pursue crystal forms possessing minimal unit cell sizes [13]. The limitations for current neutron
sources

e.g., the LADI-III quasi-Laue diffractometer at the Institut Laue-Langevin (ILL) in

Grenoble, France

are for crystals with unit cell edges of ~150 Å [25].

Finally, the crystal must diffract to a resolution sufficient for H/D to be visualised. For
neutron diffraction experiments, determining the positions of H requires a resolution of ~1.5 Å
[18]. This is due to the density cancellation effects, outlined in Section 1.5.1, which become
significant at resolutions of 2-2.5 Å [18]. For crystals which have undergone H/D exchange by
vapour exchange or soaking, D atoms attached to N or O atoms are able to be visualised at
resolutions of ~2.5 Å (with D atoms attached to C atoms able to be observed for perdeuterated
proteins).
1.3.6

SERCA and NMX

As protein, SERCA is an extremely challenging target for NMX studies. However, as a MP,
which are notoriously difficult to crystallise, SERCA possesses characteristics which make it
one of the more feasible targets. SERCA has undergone extensive functional and structural
investigation over the years [4], resulting from the ability to source large, stable quantities of
the protein, a prerequisite for attempting to produce crystals of the size required by NMX.
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Furthermore, SERCA is readily crystallised in a large number of functional states and crystal
forms, some of which may be able to achieve the requirements outlined in Section 1.3.5.
Many of these crystal forms, such as those related to the proton occluded E2(TG) form (PDB
ID: 2C8L) [26] which possesses a c axis of almost 600 Å, are not clearly not suitable for current
neutron sources. However, there are a number of forms, spanning both the E1 and E2 states,
which are amenable to NMX based on their unit cell parameter and diffraction properties.
These include the dephosphorylating, proton occluded E2-Pi like states in complex with AlF4and the inhibitor thapsigargin, such as the form mentioned in Section 1.3.1 (PDB ID: 3N5K
[10]) and another of a different crystal form (PDB ID: 1XP5 [27]). The unit cell dimensions of
1XP5 are more favourable (a = 86.51, b = 119.27, and c = 142.26), however 3N5K possess
superior diffraction properties (2.2 Å). Others are the various calcium bound/occluded E1 states
in complex with AMPPCP, ADP-AlF4-, or AMPPNP (representing different stages of
phosphorylation; PDB IDs: 3N8G [10], 1T5T [28], and 3BA6 [29] respectively). The
aforementioned all possess reasonable unit cell parameters (a = 162, b = 76, and c = 151), and
diffract up to ~2.5 Å. Additional SERCA crystal forms which are potentially suitable for NMX
studies are detailed in the supporting information for Paper I.
Ultimately of course, the key limiting factor will the ability to produce SERCA crystals of
the volume required. As the large quantities of SERCA required for large volume
crystallisation trials will be obtained from natural sources (i.e., not recombinant), the protein
will not be able to be perdeuterated and will instead have to undergo H/D exchange by vapour
diffusion, soaking or solubilisation. Furthermore, the unit cell dimensions for all the crystal
form of SERCA are at the upper limits for current neutron facilities. Taking the above into
consideration, a crystal volume of at least 1 mm3 is likely to be required. As this is several
orders of magnitude beyond the size of SERCA crystals grown to-date, an investigation is
needed to determine the most plausible strategies for increasing the size of SERCA crystals.

1.4 SERCA as a candidate for time-resolved crystallographic studies
1.4.1

The SERCA phosphoryl transfer mechanism

SERCA is a member of the haloacid dehalogenase (HAD) superfamily, which possess a
common fold and a conversed set of active site residues, including the phosphorylated aspartate
of the P-type ATPases. Accordingly, they are expected to share a common mechanism of
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phosphoryl transfer [30]. In the case of SERCA, and as detailed in Section 1.2, ATP hydrolysis
provides the energy needed to power the Post-Albers cycle and pump Ca2+ against a steep (~20
000 fold) concentration gradient [4]. Specifically, autophosphorylation of the ATP bound E1
state results in the formation of a high-energy aspartyl-phosphoanhydride intermediate (E1~P),
which spontaneously transitions to the low-energy E2-P state. This transition is coupled to the
energetically unfavourable translocation of Ca2+ across the SER membrane. Previously
obtained cryogenic X-ray structures of SERCA

trapped in conformations mimicking the

phosphoryl transfer pre-state [10, 28], the transition state (TS) [28], and the aspartylphosphoanhydride product [29]

have revealed insight into the mechanism (Figure 1.5).

Figure 1.5 | Procession of SERCA autophosphorylation as revealed by X-ray structures of reaction
intermediate analogues. A) ATP binding in the phosphorylation pre-state is represented by the Ca2E1AMPPCP structure (PDB ID: 3N8G) [10, 28]. A single divalent cation coordinates the -phosphate and
Asp351

in this case the Mg2+ ion has been replaced with Ca2+ due to crystallisation conditions [31]. B) The

phosphorylation transfer state as mimicked by the Ca2E1-ADP-AlF4- structure (PBD ID: 1T5T) contains
evidence for two Mg2+ ions

coordinating AlF4-, Asp351, and the -phosphate [28]. C) The phosphorylated

state is revealed by the Ca2E1~P-AMPPN structure (PDB ID: 3BA6) [29]. As with the pre-state, a single cation
(Ca2+) is associated with the phosphorylation site. This illustration is based on that from [28].

Nucleotide binding in the catalytic mode is revealed within the phosphoryl transfer pre-state
structure (Figure 1.5 A), with the non-hydrolysable ATP analogue AMPPCP is held in a bent
conformation by three arginine residues

Arg489, Arg560, and Arg678

intramolecular hydrogen bond forming between the 3 OH and the

with an

-phosphate. The

coordination sphere of a Ca2+ ion brings the -phosphate in close proximity to the reactive
Asp351 side chain (the initial published structure 1T5T contained a Mg2+ ion [28], however a
later analysis determined this to be Ca2+ ion with the updated structure deposited as 3N8G [10].
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Note that this is an artefact of the crystallisation conditions, in which 5 mM of CaCl2 was
present in the mother liquor. Under physiological conditions this is expected to be a Mg2+ ion).
In the structure representing the TS (Figure 1.5 B), the polycation (a Mg2+ ion in this
structure) now interacts with AlF4- mimicking the transferring phosphoryl group. The planar
AlF4- group is positioned right between Asp351 and ADP, with a ~2 Å distance from the
aluminium to the nucleophile oxygen (Onuc) and leaving group oxygen (Olg) [28]. Lys684 is
situated in close proximity to the both AlF4- and Asp351, where it compensates for negative
charge. Importantly, the TS complex is stabilised by two Mg2+ ions. One Mg2+ ion coordinates
AlF4- and Asp351 (in place of the Ca2+ ion from the first structure) for inline attack (site I),
while a second coordinates AlF4- along with the - and -phosphates of ADP (site II). This
additional Mg2+ ion may be required to coordinate the ADP leaving group during phosphoryl
transfer, stabilising the TS complex [28].
The aspartyl-phosphoanhydride product structure, obtained using the slowly-hydrolysable
ATP analogue AMPPNP (Figure 1.5 C), reveals the binding of this site II Mg2+ ion is specific
to the TS complex structure, as once again only a single divalent cation (now a Ca2+ ion again)
is associated with nucleotide binding site.
1.4.2

Metal fluorides as phosphate analogues

As mentioned in Section 1.4.1, a great deal of insight into phosphoryl transfer within SERCA
has been gained by a series of X-ray structures. Of particular significance is the TS structure,
which employed AlF4- to mimic the transferring -phosphate. The metal fluorides AlFx, MgFx,
and BeFx are phosphate analogues, and have been used extensively to stabilise enzymes in the
otherwise short-lived intermediate/transient conformational states which are involved in
phosphoryl transfer/hydrolysis [32]. Each metal fluoride variant possesses distinct
coordination chemistries and therefore properties (e.g., charge and geometry). These different
properties can be exploited to produce analogues of different states. For example, in SERCA
BeF3- at Asp351 adopts a tetrahedral geometry largely equivalent to that of covalently bound
phosphate [29]. In the case of AlFx, it is used as a TS analogue for phosphoryl transfer, with
AlF4- in complex with ADP representing the TS for ATP hydrolysis in SERCA [28]. However,
AlF4- adopts an octahedral arrangement in comparison the trigonal bipyramidal arrangement
expected of a phosphorous TS (which would be fully bonded to three equatorial oxygens and
partially bonded to the axial oxygens) [33]. Furthermore, quantum mechanics/molecular
mechanic (QM/MM) methods applied to phosphoryl transfer in phosphoserine phosphatase
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(PSP; a member of the HAD superfamily) found differences in active site geometry between
the crystal TS structure with bound metal fluoride (AlF3) and the modelled TS structure with
PO3 [34]. These differences resulted in a more compact and symmetric active site for AlF3,
including an Al

Onuc distance of 2.09 Å compared to a P

Onuc distance of 2.51 Å. This

supports the notion TS structures stabilised using metal fluorides may not be fully
representative of the genuine state.
1.4.3

One or two magnesium catalysis

It is in this context that the presence of two Mg2+ ions within the SERCA Ca2E1-ADP-AlF4complex is interesting. SERCA-mediated ATP hydrolysis may indeed require an additional
Mg2+ at the - and -phosphates, ostensibly to stabilise the nucleotide in a high energy, reactive
conformation for phosphoryl transfer (or it may stabilise the ADP leaving group). However, it
is worth noting that in the pre-state structure, AMPPCP also adopts a similar high energy
conformation, where it stabilised by positively charged residues and the intramolecular
3 OH

-phosphate hydrogen bond in a manner that does not require the additional Mg2+. This

is also the case in the product state structure, where immediately after the enzyme had
hydrolysed AMPPNP, only a single divalent cation is associated with the AMPPN leaving
group (Figure 1.5).
This begs the question: are two Mg2+ ions required for SERCA autophosphorylation, or is
the second Mg2+ an artefact from using AlF4- as a phosphate analogue? Phosphoryl transfer in
other members of the HAD superfamily, e.g., the aforementioned PSP [35] and

-

phosphoglucomutase [36], involves a single catalytic Mg2+ ion at site I. However, ATP is not
a substrate for these enzymes, and the additional Mg2+ may be specific to HAD members whose
TSs involve nucleotides. Indeed, the DNA/RNAases, polymerases, and ligases are well known
to operate by a two Mg2+ ion catalysis mechanism [37-39]. Two Mg2+ ions have also been
identified in the TS structures of certain protein kinases, such as cAMP-dependent protein
kinase (cAPK; using AlF3) [40] and cyclin-dependent kinase 2 (CDK2; using MgF3-) [41]. In
the case of CDK2, it was proposed that this transient second Mg2+ serves optimally orient the
phosphates and mitigate the build-up of negative charge [41]. On the other hand, many kinases
operate using a single Mg2+ ion [41, 42], and even in the case of CDK2 an alternative TS
structure (obtained with NO3- in place of MgF3-) shows a single Mg2+ to be associated with the
complex [43].
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Currently, is not possible to tell if the SERCA Ca2E1-ADP-AlF4- structure is fully
representative of the phosphoryl transfer TS, in which case the transient binding of the site II
Mg2+ ion serves optimally orientate the nucleotide for catalysis/electrostatically stabilise the
TS complex, or if the ADP:AlF4- complex simply coordinates a Mg2+ binding site that is not
present naturally. This issue may be resolved by using time-resolved crystallography to
determine a genuine Ca2E1-ADP-PO3- structure of SERCA.
1.4.4

Associative or dissociative

The mechanism by which enzymes catalyse phosphoryl transfer reactions from a phosphate
monoester, in particular in the nature of the TS, has long been debated. The TS of phosphoryl
transfer is generally characterised as being either associative or dissociative (Figure 1.6). In
the associative case, bond formation between the P and the nucleophile O (O nuc) precedes the
breaking of the bond between the P and the leaving group O (Olg), resulting in a pentavalent,
trigonal bipyramidal (phosphorane-like) structure. Consequently, a phosphorane-like TS is
geometrically compact and is associated with an increase in electron density for the transferring
PO3 group [34, 42]. In the dissociative case, the P

Olg bond is severed before the P

Onuc

bond forms, resulting in a planar, trigonal (metaphosphate-like) structure. This results in a
geometrically expanded TS where the electron density of the transferring PO3 group decreases
[34, 42].

Figure 1.6 | Two possible TSs through which phosphoryl transfer can occur. This illustration is adopted
from [34].
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There is still controversy over whether enzymes operate via an associative or dissociative
mechanism. Crystal structures of TS analogues tend to reveal compact, phosphorane-like
complexes consistent with an associative mechanism. These conclusions are based on the inline arrangement and short distances between the phosphate (mimetic), Onuc, and Olg [28, 36,
40, 44]. As an aside, in the case of the -phosphoglucomutase structure [36], which was
reported to contain a genuine pentacovalent phosphorous intermediate, it is worth noting that
Blackburn & Nicholas [45] argued that instead of a phosphorane , the crystallisation
conditions could have resulted in the formation of MgF3-, and it is this group which appears in
the structure. However, a diverse range of investigations into phosphoryl transfer, including
physical organic studies of small molecules [46-48], biochemical studies [49, 50], and
QM/MM methods [51, 52], have supported a dissociative mechanism.
An investigation into the phosphoryl transfer mechanism of PSP by Re et al. [34] attempted
to reconcile this contradictory evidence. When crystal and computed TS structures of
phosphotransferases were analysed using More O Ferral-Jencks (MOFJ) plots of bond lengths,
they found that based on P

Onuc and P

Olg distances, the TSs were associative in character.

However, when plotted based on bond orders (a physical property giving insight into the
electronic nature of the TS), they were dissociative in character. Subsequent QM/MM
simulations of PSP phosphorylation based of crystal structures revealed that this appeared to
be the case, with Onuc approaching the PO3 group faster than the Olg departed but with the P
Olg bond breaking before formation of the P

Onuc bond. Hence phosphoryl transfer by PSP

appears to involve a TS which is geometrically associative yet electronically dissociative. The
authors argued this is likely achieved through protonation of the Olg group, which would
promote a metaphosphate-like electronic nature of the transferring PO3 group and allow a
compact phosphorane-like TS to be stabilised by the enzyme (by avoiding the accumulation of
negative charge of the transferring PO3 group which would occur with a fully associative
mechanism and result in an energetically unfavourable repulsive force).
In the case of the SERCA, an electronically dissociative TS may be able to be discerned by
time-resolved crystallography. Re et al. [34] noted in their study that electron density of the
transferring phosphoryl group in the TS decreases compared to that of the reactant and product
states. By obtaining SERCA structures at multiple timepoints along the phosphorylation
reaction, a reduction in negative charge of the transferring -phosphate may be able to be seen
within the electron density maps.
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1.5 SERCA inhibition as a novel cancer therapy
The development of drug resistance is one of the major challenges facing cancer therapy today
[53]. This resistance can arise from tumour heterogeneity, where the innate immunity of a small
population of cancer cells to the administered therapeutics(s) results in their survival and
proliferation [54]. A potential strategy for overcoming this challenge is to target a protein
whose constitutive activity is essential for the survival of all cell types, such as SERCA [55].
Due to its role in calcium signalling and regulation, inhibition of SERCA activity results in
cellular dysfunction, ER stress, and apoptosis [56].
1.5.1

Inhibition of SERCA by Thapsigargin

Thapisgargin (TG) is a sesquiterpene lactone first isolated from the root of thapsia garganica
[57]. It is a potent inhibitor of SERCA that is effective at nanomolar concentrations [58, 59].
TG binds to the TM domain of SERCA with high affinity, trapping the ATPase in the E2
conformation and halting the catalytic cycle (Figure 1.7).

Figure 1.7 | Structure of SERCA with bound TG (PDB ID: 2C8L) [26]. A) Overall structure showing TG
(black sticks) bound at the TM domain. B) A close up of the TG binding site, located between the M3, M5,
and M7 TM helices. Residues important for binding are shown in stick representation. This illustration is
adopted from [60].
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Inhibition of SERCA by TG causes a cascade of events that ultimately leads to apoptosis.
Continual sequestration of Ca2+ into the ER halts, causing the Ca2+ stored within to leak out
into the cytosol by passive transport along the concentration gradient. The depletion of ER Ca2+
stores results in ER stress, a condition which causes newly synthesised proteins to misfold and
accumulate in the ER lumen [61]. This state in turn initiates the unfolded protein response
(UPR), which aims to restore homeostasis by increasing the ER s folding capacity while
decreasing it synthetic load [61]. Prolonged ER stress and UPR signalling results in the
activation of pro-apoptotic pathways and eventual cell death. With respect to TG-induced
apoptosis, the UPR-controlled mechanism appears mainly to involve ATF4- and CHOPdependent upregulation of LC3B and DR5 and the subsequent activation of capspase-8 and
capspase-3 [62].
1.5.2

TG derivatives as prodrugs

Due to its mechanism of action, TG shows promise as a cytotoxic agent for use in cancer
therapy. A sustained ER stress/UPR induces apoptosis in all cell types, including nonproliferating/quiescent cells that are insensitive to the proliferation-dependent therapies of
typical cancer treatments [63]. Furthermore, as SERCA activity is constitutive, developing
resistance to TG is unlikely. This hypothesis was tested by Denmeade et al. [55], who found
no change in clonal survival after subjecting PC-3 human prostate cancer cells to 11 cycles of
exposure to 500 nM TG of followed by clonal expansion.
However, as SERCA is ubiquitous, the administration of TG is toxic in vivo. Thus, a strategy
is needed make TG selective for only the desired target cells. One solution to this problem has
been presented in the context of prostate cancer (PC), where the protease prostate-specific
membrane antigen (PSMA) is highly expressed on the surface of malignant cells. A TG-based
prodrug was created by coupling a potent primary-amine-containing TG derivative (8-O-(12aminododecanoyl)-8-O-debutanoyl thapsigargin (12ADT)) to a peptide substrate of PSMA
[55]. The prodrug 12ADT Asp-Glu Glu Glu Glu (G202) [where (-) indicates -linkage, ( )
-linkage, and ( ) -carboxyl linkage], is unable to penetrate the cell membrane due to the
hydrophilic nature of the peptide substrate and is largely inactive. Exposure of G202 to PSMAenriched PC cells however results in its hydrolysis to the lipophilic 12ADT Asp, which then
rapidly partitions into cells where it tightly binds SERCA and induces cell death [55]. G202,
also known as mipsagargin, gave promising results in a recently completed Phase II clinical
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trial, where it promoted disease stabilisation in patients with hepatocellular carcinoma, which
expresses PSMA within its vasculature [64].
While G202 has demonstrated its effectiveness, the selectively required for its success as a
therapy is entirely contingent of PSMA being uniquely expressed by malignant tissue. This is
the disadvantage of the prodrug concept itself: activation of the compound is itself dependent
on the characteristics of the target tissue. For example, cancers that do not express PSMA are
invulnerable to G202, while selectivity issues

i.e., side effects and toxicity

may result

should any off-target tissues do. Indeed, high dosages of G202 were associated with renal
toxicity in rats and cynomolgus monkeys in toxicological studies performed by the US Food
and Drug Administration, presumably a result of PMSA expression within kidney proximal
tubules [55].
1.5.3

Photoswitchable TG-derivatives

Photopharmacology is an emerging field that has the potential to offer unprecedented control
over therapeutic agents. The idea, in essence, is to modulate a drug s activity by incorporating
a molecular photoswitch

i.e., a compound that changes its properties/structural in response

to the absorption of light [65]. Using light to modulate the activity of a drug possesses several
inherent advantages. First, the use of an external stimulus affords greater control as activation
is not dependent upon conditions within the internal environment. Second, light is able to be
controlled to a high degree of spatiotemporal precision, allowing activation of a drug only
within the desired region. And third, non-ionising light orthogonal

i.e., inert and nontoxic

to most elements in biological systems.
One of the most promising classes of photoactive compounds for use in biological systems
is azobenzene and its derivatives [66]. Azobenzene can be switched between its trans and cis
isomers (Figure 1.8) upon irradiation with light [67], which results in significant change to its
properties and structure. The trans isomer is largely planar and essentially nonpolar [66, 68].
Adoption of the cis isomer results in a large conformational change, with its phenyl rings
rotated 56 ° out of the plane from the azo group [69]. This conformational change results in a
~3.5 Å change in the end-to-end distance of azobenzene molecule along with a considerable
increase (by ~3 Debye) in polarity [66, 68]. Through thoughtful design, these
photoisomerization effects can be used to interfere with drug-receptor interactions and
modulate the drug s activity [65].
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Figure 1.8 | Photoisomerisation of azobenzene. A) The trans state of azobenzene is thermodynamically more
stable than B) the cis state. Consequently, in the dark and at equilibrium (or upon exposure to green light), the
majority of azobenzene molecules will exist in the trans state. Exposure to UV light will convert a majority
(~80 %), to the cis isomer. This illustration is adopted from [66].

As mentioned in Section 1.5.2, sidechains are able to be incorporated into TG at O-8 without
negating its ability to bind SERCA, as demonstrated by the efficacy of 12ADT Asp. The O-8
butanoyl group was previously identified as viable site for conjugation as this group occupies
a void within the TM domain of SERCA when TG is bound, and should allow more voluminous
groups to be tolerated [70]. Further information regarding the possibilities and potential
limitations for substitutions at O-8 was provided by a structure of SERCA in complex with a
TG derivative (where the butanoyl group was replaced by N-tert-butoxycarbonyl-12aminododecanoyl; Boc-12-aminododecanoyl) [71]. The structure (PBD ID: 2BY4) revealed
that rather than sterically interacting with the TM helices, the large 12-Boc-aminododecanoyl
group was able to be accommodated by its insertion through the M3 and M5 helices, with the
Boc terminal group situated in a cavity between the M1, M2, M3, and M4 helices. In this case,
accommodation of the bulky Boc group was afforded due to the long and flexible nature of the
linking methylene groups [71]. This requirement for a long, flexible linker is highlighted by
the fact that TG derivatives in which an aromatic ring was incorporated into their side chain
displayed reduced inhibitory properties [70].
This opens up the possibility for the design of azobenzene-TG (Az-TG) derivatives whose
activity is dependent upon whether the azobenzene is in the trans or cis conformation. As
alluded to above, the inhibitory activity of O-8 TG derivatives is affected by the properties of
their side chain. By adjusting linker length, it may be possible to produce an Az-TG derivative
in which the photoswitch group is sterically hindered by the M3 and M5 helices in one isomeric
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state but not in the other. However, structural and functional investigations are needed to
determine if photoswitchable TG derivatives are feasible.

1.6 Scope of this thesis
This thesis summaries a collection of crystallographic investigations into the membrane protein
SERCA, with three separate projects presented. The first aims to produce crystal samples of
SERCA suitable for NMX studies, which would allow hydrogen positions to be determined for
the first time and potentially resolve long-standing questions regarding proton
countertransport. However, producing the ~1 mm3 crystals required poses a significant
challenge and requires exploring crystallisation methodologies inherently favourable for large
crystal growth.
The second aims to use time-resolved crystallography to collect X-ray data at multiple
timepoints along the phosphoryl transfer reaction. Avoiding nucleotide and phosphate
analogues would allow the genuine reactant, transition, and product states structures to be
obtained and resolve issues regarding nature of the TS and the second catalytic Mg 2+ ion.
However, performing such an experiment requires the ability to produce microcrystals of the
size and diffraction quality required.
Finally, the third explores the feasibly of first-generation azobenzene-TG derivatives as
photoswitchable inhibitors. The ability to effectively control SERCA activity with light may
eventually lead to novel therapies. However, information regarding the photoswitchability of
the compounds and the specific binding interactions between the photoswitch group and
SERCA is needed to inform next-generation design.
Specifically, the aforementioned are presented according to the following sections:
Chapter 2 provides details of the methodologies and procedures used throughout this thesis.
Chapter 3 presents and discusses work performed towards increasing the size of SERCA
crystals to that required for NMX studies. Paper I and Paper II are also presented in this
section.
Chapter 4 presents and discusses work performed towards producing and analysing
SERCA microcrystals for time-resolved crystallographic studies.
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Chapter 5 presents and discusses work performed towards assessing the functionality and
binding interactions of azobenzene-TG derivatives.
Chapter 6 presents concluding remarks.
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2 Methodology
2.1 Protein expression and purification
Structural and functional studies depend on the ability to extract and isolate a protein of interest
from the organism in which it is expressed into solution, while remaining stable and retaining
its functional activity [72]. In the case of membrane proteins, host cells are physically or
chemically broken (lysed). Cell debris is removed by centrifugation, then the membranes in
which the protein resides are isolated by means of ultracentrifugation. The protein is then
extracted from the lipid bilayer using detergents to form soluble protein-lipid-detergent mixed
micelles, with purification typically achieved using chromatographic methods. Sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and ultraviolet-visible (UVVIS) spectrophotometry are used to verify the purity and quantity of the protein.
2.1.1

Purification of SERCA protein

As a membrane protein, SERCA1a offers a unique opportunity in that large quantities of pure
protein in its native lipid environment may be extracted directly from animal skeletal muscle
tissue. Due to the physiological role of SERCA1a

i.e., the resequestration of Ca2+ ions back

into the SR lumen as part of the contraction-relaxation cycle

the protein is highly enriched

within the longitudinal SR, accounting for approximately two-thirds of the total protein content
[73, 74]. Thus, the preparation of SERCA began by mechanically homogenising oryctolagus
cuniculus skeletal muscle tissue, then isolating SR membranes by performing a series of
centrifugations steps as described by de Meis and Hasselbach [75]. Purification was achieved
by performing a partial extraction with deoxycholate, which preferentially released lower
molecular weight SR proteins, e.g., Ca2+-binding protein, and resulted in SR vesicles highly
enriched in SERCA (described in Method 2 of Meissner et al. [73]).
2.1.2

SERCA protein solubilisation and state-specific stabilisation

Solubilised SERCA solution was obtained by performing the following at 4 °C. Deoxycholatetreated SR vesicles were suspended in buffer containing 100 mM MOPS-KOH pH 6.8, 80 mM
KCl, then ultracentrifuged at 100 000 g for 35 mins. The resulting pellet was then solubilised
by first resuspending in solution containing 100 mM MOPS pH 6.8, 80 mM KCl, 20 %
glycerol, and 3 mM MgCl2, then adding octaethyleneglycol dodecylether (C12E8) detergent at
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a protein-to-detergent ratio (weight) of 1:1.5. Specific intermediate states were induced by
adding specific combinations of ligands, substrates/products, and inhibitors

e.g., CaCl2 and

the nonhydrolysable ATP analogue AMPPCP for the Ca2E1-ATP form. Insoluble material was
then removed by ultracentrifugation at 100 000 g for 35 mins, leaving a lipid-rich, protein-poor
pellet and a supernatant containing pure, monomeric SERCA embedded within mixed micelles
of SR lipids and C12E8 detergent that can be used directly for crystallisation trials.
2.1.3

Preparation of the SERCA Ca2E1-AMPPCP form

The Ca2E1-AMPPCP form of SERCA was produced as per Section 2.1.2, with SR microsomes
being solubilised in 35 mM C12E8, 100mM MOPS-KOH pH 6.8, 80 mM KCl, 20 % v/v
glycerol, 3 mM MgCl2, 10 mM CaCl2, 5 mM BME, and 1 mM AMPPCP.
2.1.4

Preparation of the SERCA Ca2E1-ADP-AlF4- form

The Ca2E1-AMPPCP form of SERCA was produced as per Section 2.1.2, with SR microsomes
being solubilised in 35 mM C12E8, 100mM MOPS-KOH pH 6.8, 80 mM KCl, 20 % v/v
glycerol, 3 mM MgCl2, 0.333 mM AlCl3, 5 mM NaF, 10 mM CaCl2, 5 mM BME, and 1 mM
ADP.
2.1.5

Preparation of the SERCA Ca2E1-ADP-AlF4- form (D2O-solubilised)

As per Section 2.1.4 except D2O was used as solvent in all solutions throughout the
procedure.
2.1.6

Preparation of the SERCA E2(TG)-AlF4- form

The Ca2E1-AMPPCP form of SERCA was produced as per Section 2.1.2, with SR microsomes
being solubilised in 35 mM C12E8, 100mM MOPS-KOH pH 6.8, 80 mM KCl, 20 % v/v
glycerol, 3 mM MgCl2, 0.333 mM AlCl3, 5 mM NaF, 2.5 mM EGTA pH 7.25, 5 mM BME,
and 125 µM of TG.
2.1.7

Preparation of the Preparation of the SERCA Ca2E1-NPE-ATP form

The Ca2E1-NPE-ATP form of SERCA was produced as per Section 2.1.2, with SR microsomes
being solubilised in 35 mM C12E8, 100mM MOPS-KOH pH 6.8, 80 mM KCl, 20 % v/v
glycerol, 3 mM MgCl2, 10 mM CaCl2, 5 mM BME, and 1 mM NPE-ATP.
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2.1.8

Preparation of the SERCA E2(AzTG-4) and E2(AzTG-6) forms

The E2(AzTG-4) and the E2(AzTG-6) forms of SERCA were produced as per Section 2.1.2,
with SR microsomes being solubilised in 30 mM C12E8, 100mM MOPS-KOH pH 6.8, 80 mM
KCl, 20 % v/v glycerol, 3 mM MgCl2, 2 mM EGTA pH 7.25, 5 mM BME, and 125 µM of
either AzTG4 or AzTG6.

2.2 Protein crystallisation
Macromolecular crystallography has long been and in certain cases still continues to be the
go-to technique for determining the three-dimensional structure of proteins at atomic
resolutions. However, this technique is completely dependent upon the ability to produce
crystals of the protein in question of the size and quality needed. For it is these crystals which
upon exposure to an incident beam of radiation, produce the diffraction patterns that allow the
structure of the macromolecule repeated throughout the crystal to be reconstructed [76].
Crystallisation itself is a phase transition phenomenon, in which a solid state (i.e., crystals)
form out of aqueous protein solution once supersaturation is achieved [77]. Supersaturation is
a state, reached under specific chemical and physical conditions, in which a solute is present
in solution at a concentration greater than the solubility limit [76]. In protein solution,
supersaturation can be achieved by a variety of approaches: changing the properties of the
protein itself (e.g., by varying pH); changing the chemical activity of water (e.g., by
adding/removing salts); changing the attraction between protein molecules (e.g., by adding
bridging ions or molecules); or changing protein-solvent interactions (e.g. by adding PEGs)
[78].
Proteins crystallise, once all required conditions are satisfied, in a process that transpires
through two distinct steps

nucleation and growth [78]. Nucleation represents a phase

transition in which protein molecules pass from a disordered arrangement into an ordered one
[76]. While the exact process remains unknown, it is proposed that partially ordered protein
aggregates undergo internal rearrangement to form crystallographically ordered assemblies.
These assemblies, once they reach a surface-area-to-volume ratio at which the rate of new
molecules added exceeds the rate at which they are lost, are deemed critical nuclei [76].
Critical nuclei, once formed, may then grow to become fully-fledged crystals. All crystals
increase in size by the growth and addition of layers, driven by the incorporation of molecules
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recruited from solution. Tangential growth, where molecules are incorporated into the edges
of an already-existing layer, is energetically favourable and proceeds rapidly. Growth in the
normal direction, which involves the initiation of a new superior layer, is the rate-limiting step
however [76]. While the initiation of new layers in protein crystals can proceed through several
mechanisms, two predominate: two-dimensional nucleation and screw dislocation. In the case
of two-dimensional nucleation, nuclei formed on the crystal surface undergo tangential growth,
resulting in the construction of a new layer. In contrast to the nuclei from which crystals
themselves develop, the two-dimensional variety benefit from being confined to the crystal
surface: not only is their association encouraged by the restriction on their freedom, but their
arrangement is guided by the underlying molecular lattice. Due to the free energy requirements
for growth by two-dimensional nucleation, this mechanism depends on high levels of
supersaturation in order to proceed [76]. In the case of screw dislocation, a topological defect
results in a shifting of the lattice plane by one or more layers as one rotates around it, creating
a step on the crystal surface from which tangential growth can occur. The lattice plane
continues to shift along as this layer grows, producing spiralling growth. Because this
mechanism does not require the self-organisation of protein molecules from solution, growth
can proceed even at low levels of supersaturation [76].
The states

liquid, crystalline solid, or amorphous solid (i.e., precipitate)

achieved in a

protein solution under varying degrees of saturations can be illustrated in a crystallisation phase
diagram (Figure 2.1). The diagram outlines four distinct regions of phase space: the region of
high supersaturation where the protein is likely to precipitate (the precipitation zone); the
region of moderate supersaturation where nuclei will from spontaneously (the nucleation
zone); the region of low supersaturation where crystals are stable and will increase in size but
no nucleation will occur (the metastable zone); and the region where protein will remain in
solution (undersaturation) [77].
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Figure 2.1 | Schematic view of a protein crystallisation phase diagram as a function of protein
concentration and an arbitrary, adjustable parameter. The adjustment parameter can be any variable
affecting protein solubility (e.g. precipitant concentration, pH, temperature, etc.). The solubility limit
denotes where the [protein] in solution is at equilibrium with the [protein] out. Once this point is reached
crystal growth can no longer occur. A less defined boundary exists between the states of supersaturation
where nucleation/precipitation occurs spontaneously or not (the supersolubility curve). Finally, the kinetic
trajectories of different crystallisation formats take through phase space are illustrated with arrows (with
black circles denoting the initial state). This figure is adopted from [77].

Ultimately, the success of every crystallisation experiment is dependent upon how the
process proceeds. Ideally, following nucleation, the protein concentration drops to the point
where the system reaches the metastable zone, and a few nuclei grow into a small number of
crystals. Oftentimes in practice however, either nuclei fail to form entirely and no crystals
appear, or excessive nucleation leads to a plethora of tiny crystal. Knowledge of the
crystallisation phase diagram, combined with an understanding of the protein s behaviour, can
help to optimise the process. Specifically, crystallisation methods can be employed in which
the nucleation and growth stages are controlled by manipulating phase space. This can be
achieved in various ways, e.g., control of nucleation through seeding, inducing growth through
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feeding, and using crystallisation modes with inherently favourable kinetics (this concept is
explored further in Paper I).
With respect to SERCA crystallisation, we used four distinct crystallisation modes: vapour
diffusion; microdialysis; counterdiffusion; and batch. Typical kinetic trajectories through
phase space typical for each of these crystallisation modes are shown in Figure 2.1. An
overview of each of these modes as applied to SERCA follows.
2.2.1

Vapour diffusion

Perhaps the most widely used mode in macromolecular crystallography, this technique relies
on equilibration through the vapour phase in order to alter the state of supersaturation within
the mother liquor. A crystallisation drop is prepared by mixing protein solution with an equal
(typically) volume of solution containing precipitant(s). The drop, either hanging or sitting, is
setup adjacent to a large volume of the precipitant (i.e., reservoir) solution, such that volatile
components within both solutions are able to be exchanged through vapour diffusion (Figure
2.2). Over time, equilibration brings the osmolarity of the drop close to that of the reservoir,
increasing both the protein and precipitant concentrations [78]. Supersaturation increases
accordingly, with crystals able to form once the nucleation zone is reached.

Figure 2.2 | Schematic of two typical vapour diffusion setups. In the hanging-drop setup (left), a
crystallisation drop (2-10 µl) is suspended upside down over reservoir solution (~500 µl). Once the system
is sealed, the crystallisation drop and the reservoir solution equilibrate via vapour diffusion. The sitting drop
setup (right), is identical except that the crystallisation drop resides in a well suspended over the reservoir
solution.
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For SERCA, crystallisation using the hanging-drop diffusion mode is well established, with
optimised conditions having already been identified [28]. For the calcium-bound E1 forms, the
precipitant solutions would typically contain PEG 6000, glycerol, sodium acetate (NaOAc),
and tert-Butanol (tBu) prepared in MOPS pH 6.8 buffer and often with -mercaptoethanol
(BME) added as a reducing agent. A unique aspect of SERCA vapour diffusion experiments is
that as the solubilised protein contains 20 % v/v glycerol, its osmolarity is higher than that of
the precipitant solution containing only PEG, salt, and alcohol. Glycerol is therefore often
added to the precipitant solution in order to prevent excessive swelling (and the resulting
decrease in supersaturation) following vapour equilibration. Furthermore, oftentimes identical
crystallisation drops were placed over reservoir solutions progressively increasing in glycerol
content, such that drops with reservoir solutions containing lower glycerol concentrations
slightly swelled while those with reservoir solutions containing higher glycerol concentrations
slightly contracted. In this way, the crystallisation drops did not start with low levels of
supersaturation, then reach the nucleation zone over time in response to vapour diffusion
(Figure 2.1). Rather, the drops were already within the nucleation zone at setup (effectively
batch mode) and the various rates of vapour diffusion served to offer different kinetic
trajectories through phase space from the nucleation zone, through the metastable, and to the
solubility limit.
Detailed methods for the application of the vapour diffusion mode to SERCA crystallisation
are provided in Paper I.
2.2.2

Microdialysis

The microdialysis mode of crystallisation relies upon the diffusion of precipitating agents
across a separating dialysis membrane in order to alter supersaturation within the mother liquor.
The setup of the microdialysis mode and its crystallisation kinetics are described in detail in
Paper II.
With respect to SERCA crystallisation, the precipitating agents used to reduce the protein
solubility were the same as those used for vapour diffusion experiments (except some used
PEG 400 in place of PEG 6000). However, microdialysis reservoir solutions require all
components present within the solubilised protein solution to also be included. Thus, the
composition of the reservoir solutions approximated that of the combined vapour diffusion
drops at setup (except protein/lipids were excluded), which existed within the nucleation zone.
Meanwhile, the contents of the protein chamber would begin in either an undersaturated or a
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low supersaturated state

i.e., starting from protein only or from protein mixed with low

concentrations of precipitating agents (weak batch). The typical kinetic trajectory for the
performed microdialysis experiments was a slow increase from the undersaturation/metastable
zone to the nucleation zone as precipitants diffused across the membrane, then eventually back
down to the solubility limit following nuclei/precipitant formation (Figure 2.1). More
advanced trajectories through phase space, such as extending the time spent within the
metastable (growth) zone, are detailed in Paper II.
Detailed methods for the application of the microdialysis mode to SERCA crystallisation
are provided in Paper II.
2.2.3

Counterdiffusion

The counterdiffusion mode of crystallisation relies on a supersaturation gradient created as
protein and precipitant solutions diffuse into one another, often taking place within the confined
geometry of a glass or quartz capillary. The various setups of the counterdiffusion mode are
described in detail in Paper I and Paper II.
SERCA crystallisations employing counterdiffusion utilised the same precipitating agents
that were used for vapour diffusion experiments (except higher concentrations of PEG 6000
were used as it spreads out over the length of the capillary). Counterdiffusion experiments were
performed using a variety of setups under two main categories: one where the precipitant and
protein solutions were separated by agarose gel of varying concentration (a physically buffered
interface; PBI); and one where the two solutions were in direct contact (free liquid interface;
FLI). As with microdialysis, the protein started from either an undersaturated state (protein
only), or at a low level of supersaturation (weak batch). Experiments in which the protein/batch
solution had been gelled in low melting point (LMP) agarose, were also performed. The general
kinetic trajectory for the performed counterdiffusion experiments (for a single point within the
protein-rich

section

of

the

capillary)

was

a

simultaneous

decline

in

protein

concentration/increase in precipitant concentration as the two solutions diffused into one
another,

tracing

a

path

from

a

protein-rich,

precipitant-poor

area

within

the

undersaturation/metastable zone to a protein-moderate, precipitant-moderate region of the
nucleation zone (Figure 2.1). The crystallisation kinetics of the counterdiffusion mode are
described in detail in Paper I and Paper II.
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Detailed methods for the application of the counterdiffusion mode to SERCA crystallisation
are provided in Paper I and Paper II.
2.2.4

Batch

In the batch crystallisation mode, supersaturation is achieved simply by mixing the protein and
precipitant solutions together within a sealable container (Figure 2.3). This creates a
homogeneous mixture essentially at a single point, i.e., supersaturation state, within the
crystallisation phase diagram. Supersaturation is therefore adjusted by varying the
concentration and/or volume of the protein and precipitant solutions until the nucleation zone
is reached. Accordingly, the kinetic trajectory for batch mode is simply a straight drop towards
the solubility limit from the supersaturation state achieved at setup (Figure 2.1).
As previously mentioned, drops from vapour diffusion experiments were effectively batch
mode at setup. Thus, initial batch crystallisations used the same precipitant solutions successful
for hanging-drop vapour diffusion experiments, and were performed by mixing the protein and
precipitant solutions together in a 1:1 ratio within microtubes. Typically, only minor
adjustments to the concentrations of the precipitating agents had to be made to achieve the
desired state of supersaturation (i.e., crystal size and density). During this optimisation, batches
were limited to a final volume of 30-60 µl in order to avoid excessive protein consumption.
Once final conditions had been identified, volumes were increased proportionally to produce
batches of the scale required.

Figure 2.3 | Schematic of the batch crystallisation mode. Protein and precipitate solutions are mixed
together within a sealable container (e.g., a microtube). A supersaturated, homogenous batch solution
results.
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2.3 Enzymatic activity assay
As part of their functional cycle, P-type ATPases catalyse the hydrolysis of ATP into ADP plus
Pi. Therefore, activity may be quantified by measuring the amount of Pi released by activated
enzyme over a given period of time. While there are different methodologies available for
determining the amount of Pi present, methods based on the colourimetric system developed
by Baginiski et al. [79], are compatible with membrane proteins. In the method, after a period
of induced activity, a solution containing HCl, ascorbic acid, and ammonium molybdate is
added to the reaction. The acidic conditions halt enzyme catalysis, while the molybdate
complexes with Pi to form phosphomolybdate anions, which are then reduced by ascorbic acid
to form molybdenum blue. A solution of arsenite-citrate then complexes excess molybdate,
preventing any Pi liberated by non-enzymatic activity from producing additional molybdenum
blue. As the amount of molybdenum blue generated is dependent on the amount of Pi present,
by measuring absorbance at the 860 nm (absorbance maxima of the dye [80]), the quantity of
Pi may be inferred.
The ability for the azobenzene-TG derivatives to inhibit the ATPase activity of SERCA was
assessed using the colourimetric method described above and performed as described below.
2.3.1

Reagent preparation

Incubation buffer: 1 mM EGTA pH 7.25, 1 mM MgCl2, and 100 mM KCl in 10 mM TES pH
7.5. Reaction buffer: 1 mM MgCl2 and 100 mM KCl in 10 mM TES pH 7.5. Activation
solution: 15 mM ATP and 4.5 mM CaCl2 in reaction buffer. Stop solution: Solution A (0.75
g of ascorbic acid and 250 µl of 10 % w/v SDS in 25 mL of cold 0.5 M HCl) and solution B
(0.175 g ammonium tetramolybdate in 5 mL cold H2O) were stored on ice and combined just
prior to the assay start. Arsenite-citrate solution: 20 g sodium arsenite, 20 g trisodium citrate
dihydrate, and 20 mL glacial acetic acid in 1 L H 2O. SERCA solution: SR vesicles, prepared
accordingly to Section 2.1.1, suspended in incubation buffer to a final protein concentration of
0.036 mg·ml-1. AzTG serial dilutions: Performed while in the dark. Serial dilutions (two-fold)
of the AzTG compounds in DMSO were prepared (from a high concentration of 5 mM to a low
concentration of 84 µM).
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2.3.2

Activity assays with AzTG derivatives

All steps were performed in the dark and at 20 °C unless otherwise stated. AzTG solutions:
Solutions of varying inhibitor concentrations were prepared by mixing 10 µl of each AzTG
serial dilution with 190 µl of incubation buffer. Reaction and control solutions (trans state):
Reaction solutions with the inhibitor in the trans state were prepared by mixing 61.1 µl of each
AzTG solution with 138.8 µl of SERCA solution (a DMSO-only condition was also included as
a reference). A control of each reaction was prepared as aforementioned except 138.8 µl of
incubation solution was used in place of SERCA solution. Reaction and control solutions
(cis state): Reaction and control solutions with the inhibitor in the cis state were prepared as
per that for the trans state except the AzTG solutions were exposed to 360 nm light for 2 mins
prior to the addition of SERCA solution/incubation buffer, and for 2 mins immediately after.
Activity assay (trans state): The reaction and control solutions (trans state) were allowed to
incubate for one hour, before each was transferred into the wells of a 96-well microtiter plate
(40 µl per well; setup in triplicate). Reactions were initiated by adding 10 µl of activation
solution to each well using a multichannel pipette. After 30 mins, the reactions were halted by
adding 50 µl of stop solution to each well. Stopped reactions were allowed to incubate for 10
mins before 75 µl of arsenite-citrate solution was added to each. After another 30 mins of
incubation to allow colour production to stabilise, the absorbance of each well at 860 nm was
measured. Activity assay (cis state): The activity assay for the inhibitor in the cis state was
performed as per that for the trans state except the reaction and control solutions (cis state)
were exposed to 360 nm light for 2 mins after being transferred into the plate wells, and for 2
mins after addition of the activation solution.
2.3.3

Data analysis

Background 860 nm absorbance was removed from each reaction by subtracting the average
860 nm absorbance of the control conditions (a single value was obtained by averaging control
triplicates and conditions together; no trend was present across the control conditions).
Individual reactions were then normalised against the averaged value of SERCA in DMSO (set
as 100 % activity), producing a relative activity value for each. These were then plotted against
the log10([inhibitor]) to produce a dose-response curve. Inhibitor IC50 values were determined
by fitting to the data a four-parameter logistic curve function (Dose-response - Inhibition:
log(inhibitor) vs. response -- Variable slope) within GraphPad Prism (version 8.4.3).
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2.4 Thermal shift assay
The thermal shift assay (TSA) provides information about the thermal stability of proteins by
monitoring their unfolding in response to a thermal ramp. As temperature increases, the Gibbs
free energy of unfolding ( Gu) is reduced, and the protein increasingly transitions from a folded
to an unfolded state. The point at which Gu reaches zero
and unfolded protein is equal at equilibrium

where the concentration of folded

is known as the melting temperature (Tm), and

is the metric used to quantify thermal stability [81, 82]. Thermal stability is influenced by the
conditions of the environment, and includes factors involving both non-specific (e.g., buffers,
salts, and detergents), and specific (e.g., ligands) interactions [82]. Thus, by comparing the Tm
of a protein in solutions of varying chemical composition, TSA allows the effects of individual
components on protein stability to be assessed.
The thermal stability of SERCA was assessed using a label-free differential scanning
fluorimetry (nanoDSF) technique, in which protein unfolding was monitored by changes in
intrinsic fluorescence from tryptophan residues. As a protein unfolds in response to increasing
temperature, hydrophobic regions normally buried within the protein core/phospholipid bilayer
become exposed to aqueous solution. The

max

of tryptophan fluorescence is sensitive to

environmental changes and is significantly redshifted to a

max

of 345-355 nm when in a polar

environment [83]. Therefore, protein unfolding was able to be monitored by observing this
redshift in tryptophan fluorescence (seen as a change in the 350 nm/330 nm ratio). This yields
a fluorescence ratio-temperature plot, i.e., a thermal denaturation curve, which undergoes a
sigmoidal transition. The temperature at the curve s inflection point is the Tm, which can be
determined by taking the peak of the first derivative (as the tangent is steepest at the inflection
point) [84].
2.4.1

H2O vs. D2O solubilised protein

Protein samples, prepared as described in Section 2.1.2, were diluted with either hydrogenous
or deuterious solution containing 100 mM MOPS pH 6.8, 80 mM KCl, 20 % v/v glycerol, 3
mM MgCl2, 333 µM AlCl3, 5 mM NaF, 10 mM CaCl2, 1 mM ADP, and 5 mM BME to a
concentration of ~2 mg·ml-1. The samples were then loaded into capillaries by means of
capillary action, then placed in a Tycho NT.6 (NanoTemper). Once samples had been loaded,
a thermal ramp was applied (from 35-95 °C, at a rate of 30 °C/min) with the fluorescence of
intrinsic tryptophan and tyrosine residues being recorded at 330 nm and 350 nm. The melting
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temperature (Tm) of the protein within each sample was determined by taking the peak of the
first derivative of the 350 nm/330 nm ratio.
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3 Growing SERCA crystals for neutron diffraction
studies
The following section details work performed with SERCA aimed at producing crystals
compatible with neutron diffraction studies, i.e., large, well-diffracting crystals of a volume
approaching 1 mm3. Attempts to achieve this involved exploring crystallisation methods which
offer phase space trajectories favourable for the growth of large crystals. Results from applying
each of these methods to SERCA are reported, along with their strengths and limitations
regarding the growth of large SERCA crystals. Additionally, a room temperature X-ray
structure of SERCA is presented.

3.1 Initial crystallisations
Our first experiments aimed at increasing crystal size were performed using the hanging drop
vapour diffusion method. This method has been used extensively to crystallise SERCA, and
conditions producing well-diffracting (<3 Å) crystals are known for various crystal forms
representing a variety of functional states [85]. Initial results, presented in Paper I, revealed
the importance of crystallisation dynamics
crystal proceeds

i.e., the phase-time pathway through which a

on crystal size. Hanging drops, initially identical, exhibited a range of

outcomes in terms of the number and final size of crystals. This was due to variations in vapour
diffusion, resulting from drops being suspended over reservoir solutions of varying osmolarity,
effecting different drop phase-time trajectories.
Though crystals of up to ~200 m were able to be obtained in hanging drops, these possessed
an inherent upper volume limit of ~10 l. This was well short of the volumes required to
produce crystals of size needed. Thus, experiments transitioned to the sitting drop format,
enabling a significant scaling up of operations. We then proceeded to explore strategies aimed
at decoupling nucleation from growth

performing both crystal feeding and crystal seeding

experiments (Paper I). These experiments were successful in producing crystals approaching
500 µm in size across their largest dimension (Figure 3.1). While promising, to determine
whether sizes could be increased further, we began exploring different approaches to
crystallisation which have demonstrated previous success in producing protein samples for
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neutron diffraction studies [13]. Furthermore, we wished to determine the diffraction properties
of these crystals at room temperature.
500 µm

-1

0

+ protein

72

240

528

720

Time since protein added (hours)
Figure 3.1 | Decoupling nucleation and growth. A single 4 l sitting drop was allowed to nucleate for 4 days
before 15 l of 14.1 mg·ml-1 solubilised SERCA was added. The resulting two large SERCA crystals are
shown at day 10 and at day 30.

3.2 Room Temperature X-ray structure
To assess their diffraction potential, SERCA crystals were analysed at room temperature (RT)
using our laboratory home X-ray source. This work, presented in detail in Paper I, resulted in
a RT structure of the SERCA Ca2E1-AMPPCP form being obtained to a resolution of 3.54 Å.
Overall comparison of the RT structure to the equivalent 100 K structure (PDB ID: 3N8G) [10]
revealed no significant differences between the two: the r.m.s.d. for all and main-chain atoms
was 1.575 Å and 1.049 Å respectively; both structures displayed similar a B-factor distribution;
and comparing the distance of each atom to the centre of mass for the two structures revealed
a narrow, symmetric distribution with only a minute temperature-dependent shift. That
exposure to cryogenic temperatures induces no significant change to overall conformation
(Figure 3.2 A) agrees with a previously reported RT structure (PBD ID: 4XOU) [86] obtained
by serial crystallography using an X-ray free-electron laser (XFEL), and confirms the tight,
well defined conformation of SERCA in response to Ca2+ and nucleotide binding is stable at
room temperature.
However, subsequent inspection of revealed a subtle, but important, local difference within
the nucleotide binding site (Figure 3.2 B). In the RT structure, a rotation of the Glu439 side
chain brings it into direct interaction with N6 of the AMPPCP adenine base. This association
provides structural evidence for Glu439 playing a role in positioning ATP for hydrolysis (a
topic expanded upon in Chapter 4). Notably, this association between Glu439 and AMPPCP
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was also found to be present the previous reported XFEL structure. This confirms the alteration
is temperature-dependant, and highlights the importance of performing structural
investigations at RT, as these can reveal details crucial for catalysis, ligand binding, and
allosteric regulation that are obscured at cryogenic temperatures [87].

Figure 3.2 | Comparison of the RT and cryogenic Ca2E1-AMPPCP structures. Comparison between the
RT and the equivalent cryogenic structure at the nucleotide binding site. A) Overall comparison with the
RT structure (PBD ID: 6HEF; light blue) superimposed on top of the cryogenic (PDB ID: 3N8G; light green).
B) Comparison between the RT (light blue) and cyrogenic (green) structure at the nucleotide binding site.
Note the change in position of the Glu439 side chain.

The experience also highlighted some notable issues with respect to future neutron
diffraction experiments. Diffraction at RT temperature appears to be 0.2-1 Å lower than that at
100 K. For the RT structure presented here, obtained by merging the datasets from seven
individual crystals, the maximum resolution seen from a single crystal during data collection
was ~3.0 Å. However, processing, the highest resolution limit of a single dataset was 3.54 Å.
This is in contrast with the 2.58 Å full dataset achieved for the cryogenic structure. The XFEL
RT structure, which benefited from the extraordinary doses and diffraction before destruction
principle of XFEL X-ray sources [88], was solved to a maximum resolution of 2.8 Å.
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With respect to NMX, D atoms associated with O or N atoms are able to be visualised at a
resolution of 2.5 Å for crystals which have undergone H/D exchange [16]. While this requires
at least a ~0.5 Å improvement over the current limit for single crystal data collection, it is
certainly possible. Bragg spot intensity is proportional to the volume of crystal illuminated
[89], therefore with all things otherwise equal, larger crystal sizes will improve the signal-tonoise of high resolution spots, consequently increasing the resolution of the dataset. Neutron
analysis also avoids the detrimental effects of radiation damage. Radiation damage from
absorption and inelastic scattering, results in the rapid decay of measured intensities,
particularly at high resolutions [90]. At RT, vulnerability to radiation damage is dramatically
increased

it was indeed a major factor in limiting the resolution of structure presented here

to 3.54 Å. Taken together, increased crystal size combined with the avoidance of radiation
damage should improve diffraction. This of course comes with the caveat the increased risk of
impurities and disorder associated with a larger crystal size does not counteract these
improvements.
Another issue involves the difficulty of preparing the samples for RT data collection. Due
to the high solvent content of SERCA crystals (which typically range from 60-70 %, including
the detergent-lipid phase [85]), they tend to be highly susceptible to mechanical stress and
dehydration. This makes the act of isolating the crystals within capillaries somewhat
challenging, as often this manipulation led to crystal degradation and poor diffraction. The high
solvent content also makes it problematic to stick the crystals onto the surface of the capillary,
as they tend to flow along with the surrounding mother liquor as opposed to adhering to the
quartz surface. It must be noted that sample preparation for a neutron diffraction experiment
will not only require isolating a much larger and more fragile crystal, but will also likely
involve placing deuterated solution on either side of the crystal for H/D exchange to proceed
via vapour diffusion

an extra step that adds further risk. The high failure rate and length of

time required to produce a single NMX-compatible crystal makes them extremely precious
commodities. Therefore, a lot of practice, patience, and care will be required to overcome this
crucial step.

3.3 Microdialysis crystallisations
As part of our efforts to increase the size of SERCA crystals, we extensively explored the
microdialysis technique. A detailed description of microdialysis crystallisation, the advantages
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it offers for growing large crystals, and its application to SERCA is provided in Paper II. Initial
results from microdialysis experiments were promising, managing to reproduce the crystals
seen within highly optimised vapour diffusion experiments (Figure 3.3). Notably, the largest
crystal approached 1 mm in size across the largest dimension. However, it displayed highly
asymmetric growth (with the smallest dimension only reaching a size of 100-200 m) in
addition to containing significant crystal lattice defects.

Figure 3.3 | SERCA crystals grown using the microdialysis technique. Protein chambers each contained 5
l of batch solution (10.5 mg·ml-1 solubilised SERCA, 1.6 % w/w PEG 6000) and were dialysed against a
reservoir solution containing 4 % w/w PEG 6000. Crystals are shown 7 days after setup.

However, we were able to extended crystal growth by manipulating the mother liquor phase
state through the addition or removal of components via dialysis. A successful application of
this technique can be seen in Figure 3.4. Once single crystals had developed, they were allowed
to grow for 2 weeks before the precipitant concentration of the reservoir was increased.
Following this, a new growth phase was initiated by the addition of PEG to the reservoir, with
the crystals continuing to increase in size over the next 2 weeks. This second growth phase was
associated with a substantial increase in size along the smallest axis, which normally possesses
a length that is several-fold shorter than that for the larger two. Though this increase in
precipitant concentration did not result in any further nucleation, there was a substantial
increase in precipitation.
It is also important to mention that this experiment involved a reservoir which did not
include the presence of detergent. The ability for the C12E8 detergent used to solubilise the SR
microsomes to leach out across the 12-14 kDa dialysis membrane is unknown, however there
did appear to be an effect, with what appeared to be phase separation occurring over a period
of 1-2 week in buttons with detergent-free reservoirs. This phase separation was notably absent
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in otherwise identical conditions which contained detergent in their reservoirs. Furthermore,
this phase separation appeared to be associated with crystal growth as microdialyses with
detergent-free reservoirs developed a higher total crystal mass compared to their detergentcontaining counterparts.

Figure 3.4 | Extended crystal growth (red circle) following increased [PEG] and reduced [C12E8]. Protein
chamber 10 l of batch solution (12.4 mg·ml-1 solubilised SERCA, 1.33 % w/w PEG 6000). The PEG content
of the reservoir was increased from 4 % to 5 % at day 14. Additionally, the absence of detergent within the
reservoir led to its gradual removal over time.

Nevertheless, there were issues which led to the prioritisation of other methods for
increasing the size of SERCA crystals towards the end of this project. One factor was the
inability to reproduce outcomes where only few crystals would nucleate. In most experiments,
insufficient or excessive nucleation resulted in either no crystals or large numbers of small
crystals. This meant large numbers of microdialyses had to be set up in order to obtain one
which contained a few large crystals able to be grown substantially further. With the
microdialysis technique however, high throughputs are unfeasible due to the amount of time
and resources required per experiment. Normally, this disadvantage is compensated for by its
serial nature, which allows multiple crystallisation conditions to be explored using the same
protein sample. For example, if supersaturation is able to be varied in a reversible manner
through reservoir exchange, a large number of small crystals may simply be dissolved, then
regrown under conditions which result in fewer, larger crystals (as was demonstrated possible
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with lysozyme [91]). However, in the case of SERCA, an unavoidable consequence of
increasing supersaturation to the point at which crystals nucleate is the formation of irreversibly
denatured precipitate. This precipitate continues to increase over time so long as a state of
supersaturation exists, representing an irrevocable loss of available protein. Thus
unfortunately, a major advantage of the microdialysis format was unable to be applied to
SERCA.
This was made evident in dialysis buttons in which crystals failed to nucleate. In these
instances, additional precipitant was added to the reservoir in an attempt to increase mother
liquor supersaturation to the point at which crystals nucleated. However, in all cases the result
was simply an increase in precipitation, and as a consequent, the contents of the protein
chamber were lost (Figure 3.5). Attempts to macroseed microdialysis experiments in an
attempt to control nucleation resulted in either the deterioration or complete dissolution of
crystals when transferred in solutions containing a low concentration of precipitant, or
excessive nucleation and precipitation when transferred into solutions containing higher
concentrations of precipitant (refer to Section 3.5).
Thus, high resource and time cost, a low rate of success, and irreversible loss of available
protein over time due to precipitation led to favouring of other techniques
seeded batch

i.e., large-scale

over microdialysis experiments.

Figure 3.5 | Increasing reservoir [PEG] fails to induce nucleation. Protein chamber contained 10 l of
batch solution (12.4 mg·ml-1 solubilised SERCA, 1.33 % w/w PEG 6000). After no signs of nucleation, the
PEG content of the reservoir was increased from 4 % to 5 % on day 8, and again from 5 % to 6 % on day 14.
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3.4 Capillary crystallisations
Our pursuit of large SERCA crystals also involved use of the capillary counterdiffusion
technique. In Paper I and Paper II, a detailed description of capillary counterdiffusion
crystallisation, its inherent advantages for growing large crystals, and its application in SERCA
is provided. If successful, capillary counterdiffusion can be a powerful method for producing
crystals suitable for neutron diffraction studies. For example, the technique was used to grow
crystals of inorganic pyrophosphatase up to 5 mm3 in volume [92].
Conditions for counterdiffusion experiments were based around those which produced large
single crystals in vapour diffusion setups, but included higher concentrations of precipitant. To
maximise the chance of success, we explored crystallisations using a variety of setups under
two main categories: one where the precipitant and protein solutions are separated by a physical
barrier such as agarose gel in order to control mixing (a physically buffered interface; PBI), or
one where the two solutions are in direct contact with one another (free liquid interface; FLI).
Despite numerous attempts, experiments employing a PBI between the protein and precipitant
solutions failed to produce any suitable crystals. This issue appeared to due to the slow rate at
which the high molecular weight PEGs used to crystallise SERCA diffuse across the gel barrier
(even when using a minimal amount of gel at a minimal percentage), providing kinetics
insufficient for crystal nucleation (Paper I and Paper II).
We therefore focused on capillary crystallisations employing the FLI arrangement, and
found that the unobstructed diffusion allowed by these setups did indeed result in crystal
formation (Paper I and Paper II). These setups were performed within fairly narrow diameter
capillaries (0.5 mm), and though they displayed promising behaviour, ultimately, they failed
to produce crystals greater than 100-200 µm in size. Scaling up to capillaries of larger diameter
(1-2 mm) required the protein solution to be gelled in order to prevent chaotic mixing and
convection from disrupting the concentration gradient. Towards this end we managed to
successfully gel the protein using 0.1 % to 0.3 % w/v low-melting point (LMP) agarose within
large capillaries. This was able to be achieved because of the thermal stability of SERCA

the

preparation used directly for crystallisations possesses a Tm of 63.7 °C as determined by TSA.
However, though conditions producing crystals within the gelled protein solution where
eventually able to be identified, again they failed to produce crystals any larger than those
grown within small-scale vapour diffusion experiments (Figure 3.6). This failure to
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demonstrate the ability to grow large crystals (at least 500 µm in size) of SERCA crystals
within capillaries led to other crystallisation techniques being prioritised for increasing the size
of SERCA crystals towards the end of this project.

Figure 3.6 | SERCA crystals grown using capillary counterdiffusion (gelled protein solution). A 1 mm
glass capillary was filled with ~20 mm of gelled, batch solution (5.9 mg·ml-1 solubilised SERCA, 2 % w/v
PEG 6000, 100 mM NaOAc, 4 % v/v tBu in 0.15 % w/v LMP agarose) and ~20 mm of precipitant solution
containing 18 % w/v PEG 6000, imaged 3 days after setup. Though perfectly illustrating the advantageous
crystallisation dynamics of capillary counterdiffusion, no large crystals developed.

3.5 Temperature-controlled crystallisations
Another technique that may be useful in the growth of large crystals for NMX, is to manipulate
temperature during the crystallisation processes. As protein solubility is temperature
dependent, varying this parameter can be used to change the phase state of the mother liquor
(e.g., transition between the nucleation, metastable, and soluble zones).
The growth of large crystals can be achieved using the following strategy. A crystal seed is
placed in mother liquor within the metastable zone

such that the seeded crystal begins to

grow and increase in size. Once the crystal has stopped increasing in size, due to the mother
liquor reaching the solubility limit, growth is resumed by changing the temperature such that
protein solubility is reduced as the mother liquor re-enters the metastable zone. This process is
repeated as long as possible so that the crystal spends the maximum amount of time within the
metastable zone and crystal size is maximised. This approach was successfully applied to grow
large crystals of urate oxidase for NMX experiments [93, 94].
The growth of a few large crystals can be favoured over a large number of small crystals
using the following strategy. Once nucleation and initial crystal growth has proceeded as
normal, the temperature is altered so that the mother liquor is brought from the metastable and
into the soluble zone. Crystals, now no longer stable in solution, are allowed to dissolve to the
point where only a few crystals/nuclei remain. Temperature is changed again, bringing the
mother liquor back into the metastable (but not the nucleation) zone, so that protein is driven
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out of solution and into the surviving crystals/nuclei (and not in the formation of new crystals)
which grow into fewer, larger crystals. This cycle can be repeated multiple times such that the
fewest number of the largest crystals remain. As such the precious resource which is available
protein (i.e., the amount of protein able to be driven out of solution

the difference between

total protein concentration and the concentration of protein able to be solubilised) is reallocated
from the mass of many small crystals to the mass of few large crystals. This technique can be
implemented with high precision, using a specialised device to control the temperature of the
crystallisation apparatus itself.
In our attempts to produce SERCA crystals of the size required for NMX studies, we
explored crystallisation with a temperature-controlled apparatus and using both a flow-cell
dialysis and a batch format [91, 94].
3.5.1

Temperature-controlled seeded batch

To produce the crystals necessary for seeding the batch solution, SERCA was first crystallised
using either small scale batches or HD-VD experiments. Drops that contained low numbers of
high-quality, single crystals were then selected to provide macroseeds for the large-scale
batches. The batch solutions themselves were based on the composition of the selected hanging
drops, and were prepared by mixing equal volumes of protein and precipitant solution. After
equilibrating at 20 °C for 1-2 hours, the batch solution was then transferred into a specially
designed quartz cell. A few single crystals were then transferred from the hanging drops into
batch solution, then the was quartz cell was sealed and placed inside a brass support. The
temperature of the entire ensemble was controlled by Peltier elements to an accuracy of 0.1 K,
and visualisation was provided by an inverted microscope aimed at the optical bottom of the
quartz cell.
Initially, seeded crystals were monitored at 20 °C (the temperature at which they were
crystallised) in order to demonstrate they remain stable and are able to continue growing once
transferred into batch solution. To supply batch solution in the metastable zone, multiple
batches in which the precipitant concentration was varied were setup; batches which produced
very few/no crystals were used to provide the solution receiving crystal seeds. Though the
transferred crystals remained stable and indeed did continue to grow, over a period of ~24
hours multiple nuclei had formed (Figure 3.7). Having demonstrated the ability to successfully
macroseed large-scale batch solution, we the proceeded to explore temperature in an attempt
to control protein solubility and minimise unwanted nucleation/maximise growth. From
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previous observations, the solubility of SERCA decreases as temperature is lowered.
Therefore, once batch solutions were seeded, we immediately increased the temperature to 2325 °C to try and keep mother liquor within the metastable zone and prevent unwanted
nucleation.

Figure 3.7 | Growth of seeded SERCA crystals within temperature-controlled crystallisation apparatus.
Seeded crystal grown in 100 µL of batch solution maintained at 20 ºC (6.2 mg·ml-1 solubilised SERCA, 5.5
% w/w PEG 6000). The crystal is seen immediately after transfer (left) and after 26 hours (right). Note the
appearance of new crystals over time.

At a temperature of 25 °C, the seeded crystals showed no signs of intolerance, e.g., crystal
deterioration, precipitation, and continued to increase in size (Figure 3.8). It was hoped that at
this increased temperature would help reduce nucleation (the batch solution had equilibrated
for 24 hours prior and showed limited nucleation). Though the crystal underwent considerable
growth, after 5 days at 25 °C, large amounts of heavy precipitate had developed and it was
decided to reduce the temperature back down to 20 °C.

Figure 3.8 | Growth of seeded SERCA crystals within temperature-controlled crystallisation apparatus
(temperature increase). A single crystal was placed in 150 l of batch solution (6.4 mg·ml-1 solubilised
SERCA, 5 % w/w PEG 6000) before temperature was immediately increased to 25 ºC and its growth
monitored.
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In addition to increasing temperature in an attempt to reduce unwanted nucleation, we also
trialled decreasing temperature in an attempt to extend crystal growth (Figure 3.9). The growth
of a single crystal was followed

from an initial temperature of 23 °C to a final temperature

of 5 °C. Initial crystal growth was rapid, with the crystal significantly increasing in size across
all three dimensions during the first several days when temperature was kept in the 20-23 °C
range. Once the crystal had stopped growing at 20 °C, the temperature was lowered further
down to 15 °C. The crystal was gently washed at this temperature, both to remove the
precipitant surrounding it and to circulate the batch solution. Over the next 6 days, the crystal
showed virtually no growth although precipitate had increased further. The temperature was
therefore lowered further to 5 °C, where again, the crystal showed no signs of growth and there
was increased precipitation after another 9 days.

Figure 3.9 | Growth of seeded SERCA crystals within temperature-controlled crystallisation apparatus
(temperature decrease). A single crystal was placed in 160 l of batch solution (6.4 mg·ml-1 solubilised
SERCA, 4 % w/w PEG 6000) before temperature was progressively decreased and its growth followed.

This result has implications for using temperature to extend the growth of SERCA crystals.
It appears that lowering temperature does indeed reduce the solubility of the protein, driving it
out of solution. However, rather than contributing significantly to crystal growth, it appears to
preference the formation of new precipitate. This suggests the approach of progressively
lowering the temperature of crystallisations is not the optimal strategy for increasing the size
of SERCA crystals.
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3.5.2

Temperature-controlled seeded microdialysis

To compliment seeded batch experiments, we also explored crystallisations using temperaturecontrolled flow-cell dialysis. In addition to temperature modulation, this setup provides the
ability to manipulate the phase state of the mother liquor by altering its composition through
reservoir exchange. Crystal macroseeds, produced as per Section 3.5.1, were transferred into
a protein/precipitant mixture contained within a dialysis chamber. A 12-14 kDa dialysis
membrane was placed over the dialysis chamber by means of an O-ring, before the reservoir
was positioned on top. Reservoir solution was then added before the setup was sealed with an
airtight cap connected to the pumping system [91]. The dialysis setup was placed within the
crystallisation apparatus, where Peltier elements provided precision temperature control.
Visualisation was provided by aiming an inverted microscope at an optical window at the base
of the dialysis chamber.
To ensure nucleation within the dialysis chamber was prevented, the solution into which the
crystal was seeded was prepared by mixing the protein with an equal volume of low-PEG
precipitant solution (such that the final [PEG] within the dialysis chamber was 2 %; the seeded
crystal was sourced from a HD-VD drop with a final [PEG] of ~3 %). The reservoir solution
was composed such that the [PEG] within the chamber increased over time to 5 %, while the
concentrations of all other components were kept constant. Results from such a seeded
microdialysis experiment are shown in Figure 3.10. Though these conditions were successful
preventing nucleation, the seeded crystal immediately began to dissolve. The rate of PEG
influx across the membrane was insufficient to stabilise the crystal and reverse this process,
with the crystal completely dissolving over the next 2 days. It is also worth noting that
precipitate increased during this time, presumably due to the influx of PEG. In an attempt to
facilitate nucleation of a new crystal within the dialysis chamber, the flow-cell dialysis
ensemble was detached from the apparatus, sealed, and moved to incubate at 15 °C. The
experiment was checked periodically over the next few weeks, and though precipitate had
increased no crystal had formed.
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Figure 3.10 | Temperature-controlled seeded dialysis. A crystal transferred in 120 l of batch solution
(6.2 mg·ml-1 solubilised SERCA, 2 % w/w PEG 6000) dialysed against a reservoir containing 5 % PEG
6000.

To address this issue, the [PEG] within both the dialysis chamber and reservoir were
increased to 4 % and 8 % respectively and the experiment repeated (Figure 3.11 A). Though
dissolution was now prevented, the crystal began to rapidly deteriorate and turned black in
colour. The situation did not change as the reservoir solution equilibrated with the dialysis
chamber

no new crystals nor crystal growth was observed over the next few weeks. In

response, the experiment was repeated in which the [PEG] within the dialysis chamber was
increased slightly to 4.5 % (Figure 3.11 B). Though this succeeded in stabilising the seeded
crystal, an excessive amount of nucleation and precipitation resulted. Final attempts involved
reducing the precipitant concentration within the dialysis and reservoir solution again (Figure
3.11 C). Though the crystal had stabilised and no additional nucleation was observed, the
crystal showed no signs of growth. An attempt to facilitate growth by reducing the temperature
down to 5 °C was to no avail.
An important factor regarding these the seeded dialysis experiments was the substantial
difficultly involved with the chamber/membrane/reservoir setup. A major issue was after
having set the dialysis membrane in place, slight misplacements of the sealing O-ring would
either prevent the reservoir from sealing, or worse, from being fit at all. This required the
dialysis chamber to be disassembled in order for the O-ring to be refitted/replaced, disturbing
the chamber contents and resulting in large amounts of bubble formation. This sometimes
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resulted in substantial amounts of protein material being lost, especially if the procedure had
to be repeated multiple times.

Figure 3.11 | Additional temperature-controlled seeded dialysis experiments. A) A crystal transferred
in 250 l of batch solution (6.2 mg·ml-1 solubilised SERCA, 4 % w/w PEG 6000) dialysed against a reservoir
containing 8 % PEG 6000. B) A crystal transferred in 120 l of batch solution (6.3 mg·ml-1 solubilised
SERCA, 4 % w/w PEG 6000) dialysed against a reservoir containing 8 % PEG 6000. C) A crystal transferred
in 120 l of batch solution (6.3 mg·ml-1 solubilised SERCA, 2 % w/w PEG 6000) dialysed against a reservoir
containing 5 % PEG 6000. Temperature was maintained at 20 ºC throughout each of the time periods shown.

3.6 Large-scale seeded batch crystallisations
With macroseeded large-scale batch appearing to be the most promising method for increasing
the size of SERCA crystals so far, it was decided to explore this technique further. From results
presented in Section 3.5.1, temperature modulation did not appear to confer any significant
advantages, so a constant temperature would be maintained throughout. One problem with the
large-scale batches that needed to be addressed was that the macroseeded crystals grew in size
only up to a point. From that point onwards the available protein would unavoidably be lost to
either nucleation/new crystal growth or precipitate formation. Therefore, to enable further
increases of size, macroseeded crystals would be fed with fresh batch solution after halted
growth.
Batch solutions and crystals macroseeds were produced as per Section 3.5.1. Batch
solutions were equilibrated for ~1 hour, then being transferred into the well of a glass sitting
drop crystallisation plate. Crystal macroseeds were then transferred into the batch solution,
before the well was sealed with transparent plastic film and vacuum grease, and the entire setup
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was left to incubate at 20 °C. Crystals are able to be fed after growth ceases by carefully
removing the film seal. Excess crystals and precipitate can be carefully removed with a pipette
before fresh batch solution is added. The crystal surface can be cleaned by gently moving it
through the new solution with a nylon loop. The well is then re-sealed and the crystal left to
undergo another round of growth. This process can be repeated multiple times to produce
crystals of increasing size.
Results from a seeded batch experiment, where a single crystal macroseed underwent
multiple rounds of growth, is shown in Figure 3.12. Upon initial transfer into the batch
solution, the crystal grew rapidly over the first 11 days. Over this time, a large amount of the
available protein had been lost to precipitate formation and the formation of new crystals. Much
of this material was removed, before fresh batch solution was added to induce another round
of growth. The crystal proceeded to grow for another 9 days before it was fed again. After
another 12 days, when as growth had slowed and heavy precipitate had formed, the crystal was
fed again. At this point, it was noticed that a satellite crystal had developed on the underside
of the macroseed. This satellite grew substantially over the next week, which, in addition to
the development of other surface imperfections, lead to the decision to stop increasing the
crystal s size further.

Figure 3.12 | SERCA crystal undergoing repeated growth cycles within a large-scale seeded batch
experiment. A) The seed crystal was taken from a hanging-drop vapour diffusion experiment and placed in
180 l of batch solution (7 mg·ml-1 solubilised SERCA, 7 % w/w PEG 6000). The crystal was fed with fresh
batch solution 11, 20, and 32 days after setup. B) Close image of the crystal at 39 days.
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After setup, feeding was performed an additional three times, a procedure which involved
removing the majority of nuclei, precipitate, and mother liquor before fresh batch solution was
added. Importantly, the crystal endured this without showing any signs of damage/deterioration
from mechanical stress or osmotic shock. Rather, in this case the limiting factor appeared to be
the incorporation of impurities/development of imperfections on the crystal surface (risks
which increase over time and the number of disturbances). After the third round of feeding,
growth of the seeded crystal itself appeared to be limited, with growth mainly occurring at
multiple satellite crystals instead. It possible that by this point, a substantial amount of
precipitate/nuclei had adsorbed onto the surface of the seeded crystal, both inhibiting its growth
and resulting in the formation of new satellites.
The point at which a crystal is compromised within each individual experiment will vary,
and though it is likely be inevitable, there may be some strategies worth trying to delay it onset.
The obvious one, though not always feasible, is to use the same protein and precipitant
solutions throughout the experiment (both for producing the crystal and for feeding it). This
ensures that the batch composition and the environment the crystal is exposed to remains as
consistent as possible. This is particularly important for membrane proteins, given that they are
typically unstable/sensitive to environmental changes and that complex mixtures are often
required for their solubilisation (making compositional mismatches far more likely). Also, one
needs to pay close attention during the feeding procedure, taking care when removing the
precipitate and nuclei surrounding the macroseed (and while dispensing fresh solution) not to
inadvertently sully the crystal surface. Afterwards, the crystal can be visually inspected for
contamination, in which case it can be cleaned by gently dragging it through the newly added
solution.
Having demonstrated the success of the seeded batch method in growing large crystals of
the Ca2E1-ADP-AlF4- form, the technique was applied to E2(TG)-AlF4- form of SERCA.
Single crystals were first grown in a HD-VD setup, before being transferred in a large volume
of batch solution as previously described above. Unfortunately, the crystal macroseeds quickly
deteriorated once within the batch solution, with visible cracks appearing. The crystals showed
no signs of growth after an extended period of time. It was noted from experiments with the
Ca2E1-ADP-AlF4- form, that crystals transferred into batch solutions containing PEG
concentrations less than or equal to the mother liquor whence they came, would on occasion
visibly deteriorate and fail to grow. Therefore, the experiment was repeated using precipitant

50

solution with an increased [PEG] it the hope it would stabilise the crystals. However, as with
the earlier attempts, the macroseed quickly deteriorated once transferred and failed to increase
in size (Figure 3.13).

Figure 3.13 | Large-scale seeded batch experiment with the SERCA E2(TG)-AlF4- form. A) The seed
crystal was taken from a hanging-drop vapour diffusion experiment and placed in B) 180 l of batch solution
prepared by mixing 10 mg·ml-1 solubilised SERCA with an equal volume of precipitant solution containing
12 % w/v PEG 6000, 16.7 % v/v glycerol, 100 mM NaOAc pH 5.6, 4 % v/v MPD, and 10 mM BME. The
crystal shows signs of deterioration after 6 days.

3.7 Behaviour of SERCA under deuteration conditions
Prior to any neutron diffraction study, SERCA will be required to undergo deuteration by
means of H/D exchange. We therefore set out to assess the effects of D2O on SERCA protein
and crystallisation.
3.7.1

Thermal stability

The effect of deuteration on the thermal unfolding and stability of SERCA was determined by
TSA. Analysis was performed on H2O- and D2O-solubilised SERCA protein representative of
that used directly in crystallisation trials (to prevent fluorescent signal overload, the samples
were diluted with a solution of identical composition except absent protein/lipids/detergent).
The partially deuterated sample possesses slightly higher thermal stability, with a T m ~4 °C
higher than that for hydrogenous protein (Figure 3.14). This is finding is consist with previous
studies which have found that H/D exchange at labile positions tends increase protein stability,
while D incorporation at non-labile positions often results in a decrease in stability [19, 95].
The proposed mechanism is the effect deuteration has on the interactions of non-polar side
chains. The shorter/stronger nature of C-D compared with C-H bonds leads to a reduction in
sidechain size. In perdeuterated proteins (where H is essentially replaced with D throughout
the entire protein), the smaller sidechains of non-polar residues weaken hydrophobic
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interactions within the core of the protein, in turn reducing thermal stability [19, 95]. This
destabilising effect of deuteration does not apply to partially deuterated proteins where H is
exchanged at labile positions (i.e., only at polar/charged residues). In this scenario, where
hydrophobic interactions are not affect, D incorporation increases thermal stability, ostensibly
by a strengthening of hydrogen bonds [95].

Figure 3.14 | Thermal stability of H2O- vs. D2O-solubilised SERCA protein. A) Averaged melting curves
of the Ca2E1-ADP-AlF4- form solubilised in H2O (black) or D2O (red). B) First derivative of the melting
curves; the Tm for each was determined by peak maximum

63.7 °C H2O-solubilised, 67.3 °C D2O-

solubilised.

3.7.2

Crystallisation behaviour

The effect of D2O on SERCA crystallisation was first explored by observing the behaviour of
hydrogenous protein when crystallised with precipitant solutions prepared in either H 2O or
D2O. Hanging drops, initially comprising of H protein mixed with an equal volume of either H
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or D precipitant solution, where suspended over reservoirs containing matching precipitant
solution. Thus, in the D condition, solvent within hanging drops started with a H/D ratio of
approximately 1:1, with the proportion of D increasing over time due to vapour diffusion.
Compared to H precipitant solutions, the use of D precipitant solutions resulted in the rapid
formation of numerous crystals (Figure 3.15). This suggests that the protein is slightly less
soluble in the presence of D2O, which is consist with other studies which have protein solubility
is reduced under deuterating conditions [19, 96].

Figure 3.15 | Behaviour of SERCA protein crystallised with precipitant solution prepared in either
H2O or D2O. Hanging-drop vapour diffusion experiments were prepared by mixing 14 mg·ml-1 hydrogenous
protein with an equal volume of precipitant solution - containing 8-14 % w/v PEG 6000, 15 % v/v glycerol,
200 mM NaOAc, 6 % v/v tert-Butanol, and 10 mM BME in 100 mM MOPS pH 6.8 prepared in either H2O
(H) or D2O (D). Each 4 µl drop was suspended over a reservoir containing 400 µl of the corresponding
precipitant solution. Drops were imaged 2 days after step.

Additionally, hydrogenous protein crystallised with precipitant solutions prepared in H 2O
was compared with deuterated protein crystallised with precipitant solutions prepared in D 2O.
A screen was setup around conditions which give highly consistent and reproducible outcomes
for the hydrogenous protein, then prepared with both H2O and D2O. The concentrations of the
H and D proteins were matched before both were setup in a HD-VD format. Both the H and D
experiments resulted in crystals, however those grown under deuterating conditions were
consistently smaller and fewer in number (Figure 3.16). Overall, crystal morphology between
the H and D conditions appears to be the same, with both conditions producing single, 3D
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crystals. The crystallisation behaviour of the D condition appears to be slightly shifted with
respect to PEG concentration

the fewest, largest crystals appear at a PEG concentration of 8

% for D compared to 6 % for the H. Furthermore, at the lower PEG concentrations the D
crystals are plate-like, with multi-plate stars occurring at 6 % PEG along with the more 2D
crystals appearing at 8 % PEG. This behaviour may be of significance for growing large single
crystals, as largest crystals appeared in the low PEG concentration range within the H
condition. Another interesting observation is that the D conditions appear to result in more
precipitate. This is of relevance as protein driven out of solution, instead of contributing to
crystal growth, is lost as precipitate (likely irreversibly). This would limit the size of crystals
able to be grown under D conditions compared to that under H conditions.

Figure 3.16 | Crystallisation behaviour of H2O- vs. D2O-solubilised SERCA protein. The hydrogenous
(H) and deuterated (D) experiments were performed under otherwise identical conditions: 2 µL of 10 mg·ml 1

solubilised SERCA + 2 µL of precipitant solution (containing 6-12 % w/v PEG 6000, 10 % v/v glycerol,

100 mM NaOAc, and 6 % v/v tert-Butanol in 100 mM MOPS pH 6.8) drops were suspended over reservoirs
containing 400 µl of precipitant solution. Drops were setup in triplicate and imaged 7 days after setup.

3.8 Considerations for further experiments
In this study, we attempted to ascertain the most promising strategy for increasing the size of
SERCA crystal to the point where they would be suitable for neutron diffraction studies. For
this purpose, we decided early on to focus on crystals of the calcium E1-ATP forms (Ca2E1AMPPCP and Ca2E1-ADP-AlF4-), as these forms were by far the most amenable to exploring
advanced crystallisation techniques due to the extreme reliability (and rapidity) with which

54

they crystallise. As with what occurred with X-ray crystallography, the lessons learnt in
performing an initial neutron experiment would prove extremely valuable for pursuing neutron
structures of other conformational states.
Throughout this study, the maximum size of crystals achievable appeared to be limited to
~0.05 mm3, which, when the unit cell dimensions are considered along with the fact that the
protein is not perdeuterated, is well short of that required by current NMX facilities. With
respect to the inherent limitations on SERCA crystal size, there appear to be two major
confounding factors. One is the significant loss of protein over time to due to the formation of
precipitate. Should the formation of non-crystalline states (including amorphous precipitates)
be reversible, this protein may still contribute to crystal growth should it be energetically
favourable. However, in the case of SERCA, as for membrane proteins in general [97], this
precipitate is likely to involve irreversible denaturation. Consequently, the amount of protein
available for crystal growth within solution is progressively and irretrievably lost over time.
This effect is in particular detrimental for methods which rely on complicated and reversible
trajectories through phase space to increase crystal size. For example, the ability increase
mother liquor solubility in order to dissolve smaller crystals and other non-crystalline solid
phases, then reduce it again to continue crystal growth using reservoir exchange in dialysis
[91], or the Ostwald ripening that appears to be central for growing large crystals within
capillary counterdiffusion experiments [92]. This precipitant formation also limits the crystal
sizes able to be achieved by within closed system experiments, even those performed at large
volumes. Therefore, most promising strategy for increasing the size of SERCA crystals is likely
to involve periodically adding more protein throughout the experiment, i.e., a feeding strategy.
Under this scenario, once all available protein is lost to crystal and precipitate formation,
protein from fresh added solution able to drive further crystal growth.
However, even when this option was explored and crystals were subjected multiple feeding
rounds (Section 3.6), maximum crystal size was still limited to the ~0.05 mm3 to the range. In
this case it is likely that further growth is being limited by the incorporation of impurities (e.g.,
protein aggregates and misplaced nuclei) into the crystal surface, resulting in it becoming
poisoned . Indeed, it is well know that crystal growth is limited by such a mechanism [98],
and as mentioned above, SERCA crystallisation involves growing amongst large amounts of
heavy precipitate. With this in mind, it is worth mentioning that all solutions comprising the
precipitant solutions are filtered at a 0.2 m cutoff, while centrifugation is used to prepare a
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homogenous protein solution prior to crystallisation setup. This factor is likely hard to mitigate
as precipitate formation over time is unavoidable. However, Plomp et al. [98] proposed a
strategy in which exposing a poisoned crystal to high levels of undersaturation can be sufficient
to dislodge imbedded impurities, leaving impurity-free etch pits from which crystal growth can
be resumed once supersaturating conditions are restored. By applying repeated growthdissolution-growth cycles, crystals larger than otherwise possible may be able to be obtained.
Implementing such a strategy with SERCA is likely to prove difficult, with the most convenient
and mild techniques, e.g., temperature manipulation, not being sufficiently effective. The most
viable method is likely to involve manually transferring crystals in into a separate,
undersaturated batch solution, leaving crystals to dissolve for some time, before transferring
the crystal back into (fresh) supersaturated batch solution. This technique may prove fruitful;
however, it may be difficult to avoid damaging mechanical or osmotic stress while performing
the procedure.
Regarding sample deuteration, given that crystals grown using either a combination of Dsolubilised protein and D precipitant solution or H-solubilised protein and D precipitant
solution are generally smaller than their H counterparts, perhaps the optimum strategy would
be to grow crystals under fully H conditions (to maximise size), then perform H/D exchange
via vapour diffusion on isolated, fully growth crystals. Provided it remains stable within its
environment, placing deuterated solution on either side of an isolated crystal should be
sufficient to replace labile and solvent hydrogens with deuterium over time [13]. An alternative
might be attempting to produce perdeuterated SERCA protein, which would be an undertaking
of great expense in terms of time and resources, but would greatly reduce the crystal size
required. However, even perdeuterated crystals of the maximum size produced during this
study would not be sufficient for neutron sources such as LADI III at the ILL (and there is no
guarantee that the crystals could reach this size and crystallisations would be further
complicated by severely restricted protein supply).
Finally, the lessons learnt throughout this study on the nucleotide-bound Ca2E1 crystal
forms of SERCA need to be applied to the E2 forms. This may prove to be difficult, as the E2
forms are less readily crystallised and often require temperatures of 12 °C [26] or below,
making many of the techniques employed through this study more challenging. For instance,
when E2(TG)-AlF4- crystals were macroseeded into large batches (a technique that proved to
be both effective and reliable and effective for the Ca2E1-ADP-AlF4- form), they failed to
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undergo any further growth (Section 3.6). This suggests that the E2 forms, the forms in which
protonation states and water networks are want to be determined, may not be amenable to
neutron diffraction experiments (though with effort, they may be within range of nextgeneration NMX facilities).

3.9 Prospects for SERCA in NMX studies
While the largest SERCA crystals of produced in this study are not suitable for analysis at
current neutron facilities, they may however be in line with the requirements of the upcoming
next-generation NMX instrument at the European Spallation Source (ESS), which combines a
high-flux neutron source with a diffractometer taking advantage of the quasi-Laue time-offlight (TOF) technique. In Laue crystallography, diffraction at multiple wavelengths means a
greater number of source neutrons are able to produce Bragg peaks. Normally, this also results
in increased noise, as only a narrow wavelength band contributes to the signal of any one given
reflection, while all wavelengths contribute to the background. However, in the case of pulsed
neutron sources, wavelengths are separated by their flight time

thus, along the TOF

dimension, the background is distributed while Bragg peaks are well-defined [99]. The result,
once the ESS comes online in 2023, is that neutron diffraction studies will be able to performed
with protein crystals ~0.01 mm3 in volume (with data collection on the order of days) and with
unit cells of at least ~200 Å in all directions. This step increase in performance will significantly
improve the prospects for neutron diffraction studies with membrane proteins in particular, as
they tend to be difficult to crystallise (and if they do crystallise, they tend to possess relatively
large unit cell dimensions). Even if the lowered sample requirements set by the NMX
instrument at the ESS remain out of reach for the majority of membrane proteins, for those
which are able to be crystallised, biological questions pertaining to hydrogen bonding
interactions, protonation states, and water networks may begin to answered for the first time.
However, recent developments in the field of cryo-electron microscopy (cryo-EM) suggest
the technique has the potential to be competitive with NMX for revealing the position of
hydrogen atoms within proteins. In contrast to X-ray crystallography

which as previously

covered, has difficulty resolving hydrogen atoms due to the limited photon scattering power
provided by a single electron

electrons in Cryo-EM are scattered by nuclear potential [100].

This results in a much larger relative scattering cross-section for hydrogens in Cryo-EM
compared to X-ray crystallography, meaning the former should be more sensitive to hydrogens
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for a given resolution. Historically, the comparatively low resolutions achieved by Cryo-EM
precluded visualisation of individual atoms, however over the past few years the technique has
undergone a resolution revolution due to a number of technological advances [101]. Two
recent studies in particular have demonstrated the ability to achieve resolutions sufficient for
localising some hydrogen atoms. In their study, Yip et al. [102] reported a 1.25 Å resolution
structure of apoferritin in which hydrogen positions for almost all atoms were revealed by the
electron density maps. A similar study by Nakane et al. [103] managed to produce a 1.7 Å
structure of the 3 GABAA receptor membrane protein in which ordered waters within the
agonist binding pocket and hydrogen-bonding networks within the most ordered regions of the
protein were able to be visualised. In both cases, such high resolutions made possible by
hardware advances which significantly improved signal-to-noise. To push the resolution limit
of their instrument, Yip et al. employed both a monochromator device and a spherical
aberration corrector, which served to reduce the energy spread of the electron beam and
minimise optical aberrations such as axial and off-axial coma respectively [102]. Meanwhile,
Nakane et al. employed a new cold field emission gun (producing a narrow energy spread), a
new energy filter (removing inelastically scattered electrons), and a highly sensitive, nextgeneration camera [103]. These developments suggest that, with continued development, the
resolutions attainable with Cryo-EM may be pushed even further in the near future. While the
high-resolution limits for most proteins will end up being the flexibility and heterogeneity
inherent to the sample itself, for proteins which are unable to produce the crystals required by
NMX (or crystallise at all), Cryo-EM may soon begin to address hydrogen related questions in
biology.

3.10 Conclusion
The ability to perform neutron diffraction studies on SERCA would allow unresolved questions
regarding the protonation states of the ion-binding sites and the proton countertransport
pathways to be addressed. However, such experiments have been largely precluded by the
challenging sample requirements

i.e., ~1 mm3 sized crystals. We therefore set out to

determine the optimum strategy for increasing the size of SERCA crystals by exploring
methods offering control of the nucleation/growth stages and/or favourable crystallisation
dynamics.
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Towards this end, the largest SERCA crystals we managed to produce were ~0.05 mm3,
obtained using a strategy in which crystals first grown in small-scale vapour diffusion
experiments underwent extended growth in large-scale batch solutions. Given the wide range
of crystallisation approaches trialled in this study, this appears to be at the upper limit of what
is feasibly achievable for SERCA. Unfortunately, considering the unit cell dimensions and the
fact that the protein is not perdeuterated, these crystal volumes are outside the range of current
neutron sources.
However, there is value in discovering the limitations of what is currently possible, and in
this regard, it was demonstrated that SERCA is a viable membrane protein candidate for NMX
studies at next-generation neutron facilities.
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4 Towards investigating the ATPase activity of SERCA
using time-resolved crystallography
The following section details work towards performing a time-resolved X-ray crystallographic
study of SERCA utilising photocaged ATP, aimed at clarifying details regarding the ATP
hydrolysis mechanism. Included is the proof-of-principle microcrystallisation of the SERCA
phosphoryl transfer transition state, subsequent serial X-ray analysis and structure
determination

and finally, microcrystallisation of the SERCA-photocaged ATP complex.

4.1 Microcrystallisation of the SERCA phosphoryl transfer transition
state analogue
Before attempting time-resolved X-ray crystallographic experiments, we first set out to
demonstrate microcrystals of SERCA could be produced that met the required specifications.
To ensure homogenous activation of a photolabile substrate bound throughout a crystal in
response to a pump-laser pulse, crystal size is required to be on the order of a few tens of
micrometres across. These crystals then must diffract well enough to reveal the site of interest
in sufficient detail. In our case, this required being able to resolve the arrangement of the
SERCA-nucleotide complex when in the catalytic binding mode

specifically, whether the

ATP hydrolysis mechanism involves one or two Mg2+ ions. Therefore, as a proof of concept,
we set out to produce microcrystals of the SERCA phosphoryl transfer transition state analogue
(the Ca2E1-APD-AlF4- form) possessing the aforementioned properties, with the purpose of
obtaining a serial X-ray structure capable of revealing magnesium coordinated with the ADPAlF4- complex.
4.1.1

Batch microcrystallisations

Crystals of the Ca2E1-APD-AlF4- form, grown in our lab in hanging drop vapour diffusion
experiments, have shown diffraction up to 2.5 Å under cryogenic conditions. Furthermore,
crystallisation conditions resulting in drops which contained large numbers of microcrystals
<50 µm in size had been identified. However, the quantity of material needed to obtain a
complete dataset from serial X-ray analysis

a minimum of ~200 µl of microcrystal solution

mandated a change to the batch crystallisation format. Initial batch crystallisations used
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conditions based on those from vapour diffusion experiments, and were performed by mixing
the protein and precipitant solutions together in a 1:1 ratio within microtubes. During the
optimisation process, batches were limited to final volumes of 30-60 µl each in order to avoid
excessive protein consumption. Systematically varying components of the precipitant solution
(e.g., PEG, salt, glycerol, and alcohol concentrations) revealed the parameters which most
effected crystal size and density were PEG and salt concentration (Figure 4.1 A). Intriguingly,
at high PEG concentrations, microcrystals appeared within minutes of setup, in contrast to
vapour diffusion experiments in which crystal formation typically takes on the order of days.
Once conditions had been identified which yielded microcrystals of uniform 20-30 µm size at
high density, final volumes were scaled up to >100 µl to produce the large sample quantities
needed for serial X-ray analysis (Figure 4.1 B).

Figure 4.1 | Batch crystallisations of the SERCA phosphoryl transition state. A Final optimisation of
batch experiments involved mixing solubilised SERCA with precipitant solution varying in PEG and salt
concentration B) Microcrystals from the final, large-scale experiment, which consisted of 115 µl of 12
mg·ml-1 solubilised SERCA mixed with 115 µl of 16 % w/v PEG 6000, 15 % v/v glycerol, 250 mM NaOAc,
and 8 % v/v tert-butanol in 100 mM MOPS pH 6.8.

4.2 Serial X-ray crystallographic analysis
Serial X-ray analysis of Ca2E1-APD-AlF4- form microcrystals was performed at EMBL
beamline P14.EH2 at the PETRA III synchrotron at DESY, Hamburg.

61

4.2.1

Sample loading

Sample delivery involved loading crystals onto hit-and-return (HARE) silicon chips
containing ~ 20 000 prismoidal wells, each with a nominal top side dimension of 82 µm square
and a nominal bottom side dimension of 10 µm [104]. To achieve optimum loading, i.e.
providing a high hit rate while maintaining a low percentage of multiple lattices resulting from
two or more crystals occupying a single well, the sample solution should contain a crystal
concentration of between 1 × 106 crystals ml-1 to 1.5 × 106 crystals ml-1 [104]. Assessment of
crystal density within the supplied batch solution (Section 4.1.1) reported a roughly two-fold
excess. Thus, the batch solution was diluted by mixing it with an equal volume of the
precipitant solution used in crystallisation. The resulting slurry was loaded onto a HARE chip
and mounted within a translation stage holder according to the methods outlined in Mehrabi,
Müller-Werkmeister [104] and connected to the SmarAct translation stage as previously
described [105, 106].
4.2.2

X-ray analysis and structure determination/refinement

RT X-ray diffraction data (Figure 4.2) were collected from microcrystals trapped inside HARE
chip wells, with 6558 images (25.6 %) successfully indexed by the XGANDALF algorithm
within the CrystFEL software suite [107-109]. Reflections were merged using the CrystFEL
program partialator, resulting in a 3.5 Å resolution dataset with an overall Rsplit of 28.67 % and
CC* of 0.979.

Figure 4.2 | Serial X-ray analysis of SERCA microcrystals performed at the P14.EH2 ‘T-REXX
beamline. A) A diffraction image from a single crystal showing diffraction out to a resolution of
approximately 3.5 Å B) The hits map reveals each chip well that resulted in a successfully indexed
diffraction pattern (blue squares).
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The structure was determined by molecular replacement using Phaser-MR [110], using the
deposited SERCA transition state analogue (PDB ID: 1T5T) as a search model [28]. Structural
refinement, involved iterative cycles of refinement in Phenix [111] and manual model building
in Coot [112]. After several rounds of refinement and model building, bound ligands and metal
ions were placed within their respective binding sites using unbiased Fo-Fc electron density
maps. Statistics for the collected data and refinement of structure are shown in Table 4.1.
Table 4.1 | Data and refinement statistics for the serial Ca2E1-ADP-AlF4- structure.
Ca2E1-ADP-AlF4Wavelength (Å)
Resolution range (Å)
Space group
Unit-cell parameters (Å, °)
Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/ (I)
Wilson B factor
Rsplit (%)
CC*
Reflections used in refinement
Reflections used for Rfree
Rwork
Rfree
No. of non-H atoms
Total
Macromolecules
Ligands
No. of protein residues
R.m.s.d., bonds (Å)
R.m.s.d., angles (°)
Ramachandran favoured (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore
Average B factor (Å2)
Overall
Macromolecules
Ligands
No. of TLS groups

142.3 - 3.3 (3.418 - 3.3)
C121
163.6 76.8 150.2 90 108.7 90
26905 (2671)
99.91 (99.33)
111.20
28.67
0.979
26882 (2653)
1340 (137)
0.209 (0.341)
0.255 (0.365)
7690
7596
91
983
0.005
0.53
95.58
4.01
0.41
1.20
7.69
134.15
134.15
135.01
3

4.3 The serial Ca2E1-ADP-AlF4- structure
The overall differences between the serial Ca2E1-ADP-AlF4- structure and 1T5T are small,
with an r.m.s.d of 1.68 Å over all atoms and 1.23 Å over main-chain atoms. However, a large
difference between the two exists regarding average B factor: 134 Å2 at 3.3 Å resolution
refinement for the serial structure versus 75 Å2 at 2.9 Å resolution refinement for 1T5T. B

63

factor distribution appears to be similar however, with minimum values occurring at the
nucleotide binding site and maximum values occurring at the transmembrane helices (Figure
4.3).

Figure 4.3 | Comparison between the serial and cryogenic (PDB ID: 1T5T) structures. The overall serial
(left) and cryogenic (right) structures. The structures are coloured according to B-factor: ranging from 30 Å2
(blue) to 200 Å2 (red).

4.3.1

Nucleotide binding site

Importantly, the serial structure was able to reveal the transition state complex in sufficient
detail for some useful information to be derived (Figure 4.4 A). The arrangement of the ADPAlF4- complex, along with interacting residues, appears to be largely identical to that observed
for 1T5T. Critically, the site II Mg2+ ion associated with the - and -phosphates of ADP,
uniquely reported within the original transition state analogue structure, was also identified
within the serial structure presented here. Unfortunately, but unsurprisingly, waters completing
the coordination spheres of the two magnesium ions were unable to be resolved within the
electron density maps.
However, comparison of the serial structure (which was obtained at room temperature) with
1T5T at the nucleotide binding site revealed an important difference. In the serial structure, the
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side chain of Glu439 adopts a different orientation and is pointed towards the N6 of the ADP
adenine base (Figure 4.4 B). The distance between N6 and the glutamate side chain (2.8 Å)
suggests a possible hydrogen bonding interaction. Interestingly, Glu439 is also pointing
towards the site II Mg2+ ion. Though the distance of 4.1 Å between the polycation and the
glutamate side chain is probably too great for direct interaction, it is likely a water molecule is
coordinated between the two. This is in stark contrast to the arrangement found within 1T5T,
where the Glu439 side chain points away from ADP and the Mg2+ ion and towards the large
solvated cavity formed between the N-, P-, and A-domains.

Figure 4.4 | The SERCA phosphoryl transfer transition as revealed by the serial Ca 2E1-ADP-AlF4structure. Comparison between the RT and the equivalent cryogenic structure at the nucleotide
binding site. A) The 2Fo-Fc (blue mesh, 1 level) electron density map clearly shows two Mg 2+ ions
coordinating AlF4-, Asp351, and the -phosphate. B) Comparison between the RT (light blue) and cryogenic
(light green) structures at the nucleotide binding site. Note the change in position of the Glu439 side chain.

4.4 Microcrystallisation of SERCA in complex with photocaged ATP
Having demonstrated that microcrystals of SERCA with the properties required for timeresolved crystallographic studies were able to be produced, and that a complete serial X-ray
structure which revealed the nucleotide binding site in sufficient detail was able to be obtained,
work began on producing microcrystals of SERCA in complex with photocaged ATP.
4.4.1

Selection of photocaged ATP

The photocaged ATP selected for use was adenosine 5 -triphosphate, P3-(1-(2nitrophenyl)ethyl) ester (NPE-ATP; Figure 4.5). NPE-ATP is rendered biologically inactive
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by esterification of the -phosphate with a photolabile blocking group. Exposure to 360 nm
UV light releases the caging compound, resulting in the rapid and highly local release of free
ATP.
NPE-ATP was chosen as this compound has seen previous use in studies investigating the
catalytic activity of SERCA [113, 114]. Critically, NPE-ATP appears to competitive with ATP,
and directly binds the SERCA catalytic site [113]. Furthermore, it was reported in one study
that phosphorylation appeared to proceed immediately upon photolysis, suggesting that the
caged compound was already bound to the active site in a reaction conformation [113]. This
should ensure that phosphorylation proceeds essentially simultaneously through a crystal
complex upon illumination with UV light, as minimal rearrangement of the liberated ATP
molecule is required.

Figure 4.5 | Chemical structure of adenosine 5'-triphosphate, P3-(1-(2-nitrophenyl)ethyl) ester (NPEcaged ATP).

4.4.2

Initial crystallisations

Initial attempts at crystallising SERCA in complex with NPE-ATP (the Ca2E1-NPE-ATP
form) utilised the crystallisation conditions that had proved successful and reliable for the
Ca2E1-ADP-AlF4- form

i.e., using precipitant solutions containing PEG 6000, glycerol,

NaOAc, and tBu. However, it quickly came apparent that the crystallisation behaviour of the
Ca2E1-NPE-ATP form was significantly different to that experienced for the other Ca2E1
states. Conditions which normally resulted in numerous single, three-dimensional crystals of
the latter resulted in heavy dark precipitate (Figure 4.6 A). Extensive attempts at optimisation
(in which the concentration and composition of the precipitant solution, along with the
concentration of the protein solution, was varied) performed in both vapour diffusion and batch
formats, failed to produce microcrystals of sufficient quality (Figure 4.6 B).
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In response, the concentration of NPE-ATP present with the protein solution was increased
to a final concentration of 3 mM (an approximately 30 X molar excess). Also, it was noted that
the cytoplasmic domain of SERCA adopts an open conformation when absent calcium,
allowing greater access to the nucleotide-binding site. Therefore, the protein was first incubated
with NPE-ATP in a Ca2+-free state for an hour, then Ca2+ was added to the solution. This was
an attempt to maximise binding of the caged nucleotide to the active site.

Figure 4.6 | Initial crystallisations of the SERCA-NPE-ATP complex. A) Crystallisations, based on those
successful for the Ca2E1-ADP-AlF4- form, resulted in large amounts of heavy dark precipitate. In this case,
a hanging drop was prepared by mixing 1 µl of 12.5 mg ml -1 solubilised Ca2E1-NPE-ATP form with 1 µl of
precipitant solution (containing 6 % w/v PEG 6 000, 8 % v/v glycerol, 200 mM NaOAc, and 6 % v/v tBu in
100 mM MOPS pH 6.8). B) Optimisation conditions based on A failed to produce crystals with the required
properties. C) Eventually, suitable microcrystals were obtained in batches by mixing 12.7 mg ml -1 Ca2E1NPE-ATP form with precipitant solution (containing 15 % w/v PEG 6 000, 10 % v/v glycerol, and 400 mM
Mg(OAc)2 in 100 mM Tris-HCl pH 7.4) together in a 1:1 ratio.

Crystallisation conditions continued to be explored further by varying: protein
concentration, the ratio of protein solution to precipitant solution, PEG/salt/alcohol
concentration and type, and pH. Eventually well-defined single crystals were able to be
produced (Figure 4.6 C). These crystals, produced using Mg(OAc)2 and Tris-HCl pH 7.4 in
place of NaOAc, MOPS pH 6.8, and tBu, appear to be a unique form. Rather than being
prismatic in shape like the transition state microcrystals from Section 4.1.1, these crystals
possess a rounded plate-shaped morphology.
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4.5 Confirming SERCA is catalytically active under crystallisation
conditions
In order to demonstrate that SERCA retains its activity under the conditions used to produce
the microcrystals of the Ca2E1-NPE-ATP form, and is able to hydrolyse the ATP released when
the photocaged nucleotide is exposed to UV, an experiment was devised in which batch
solution was either protected from or exposed to 360 nm light. The batch solutions were then
incubated for half an hour before the reaction was stopped with an ascorbic acid solution.
SERCA-mediated hydrolysis of ATP determined by the reaction of liberated inorganic
phosphate with ammonium molybdate. This generates molybdenum blue, which can be
quantified by measuring absorbance at 860 nm. Batch solution exposed to 360 nm light,
showed evidence of ATP hydrolysis following photolysis of the protecting NPE group.
Importantly, the batch solution which had not been exposed to UV light showed little sign of
ATPase activity (Figure 4.7). This indicates that SERCA remains catalytical active under these
crystallisation conditions and that illumination with 360 nm light should initiate the SERCA
autophosphorylation reaction.

Figure 4.7 | SERCA hydrolyses ATP following its photolytic release from caged nucleotide under
crystallisation conditions. Batch solution exposed to 360 nm light (well B2) shows evidence of ATPase
activity (indicated by the presence of molybdenum blue). In contrast, batch solution which was protected
from 360 nm light (well B1), shows virtually no sign of ATP hydrolysis. The batch solutions consisted of
12.7 mg ml-1 Ca2E1-NPE-ATP form mixed with 7 % w/v PEG 6 000, 10 % v/v glycerol, and 400 mM
Mg(OAc)2 in 100 mM Tris-HCl pH 7.4 precipitant solution in a 1:1 ratio. The phosphate standard (wells A112) contained Na2HPO4 ranging from 0-5000 µM.

Furthermore, to demonstrate that Ca2E1-NPE-ATP form microcrystals are able to retain
their structural integrity following illumination with UV light and subsequent reaction with
liberated ATP, a sample of microcrystals was exposed to 360 nm light, before being visually
inspected. There was no apparent change between crystals subjected to the exposure and
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crystals which were not (Figure 4.8). This indicates, based on visual inspection at least, that
the crystals are able to withstand UV illumination. Furthermore, assuming that the
phosphorylation reaction proceeded (which, considering the evidence presented in Figure 4.7,
is a reasonable assumption) the protein would be trapped in the E1~P state. This relies on the
fact that the E1-E2 transition involves a large rotation of the A-domain - the observation that
the crystals survived suggests this motion was prevented by crystal packing. If the E1-E2
transition had proceeded, it would likely have resulted in the cracking or destruction of the
crystal.
This would be consistent with that seen for the when crystallising the Ca2E1-AMPPNP
form, where phosphoryl transfer occurring within crystals resulted in production of the
Ca2E1~P-AMPPN state without compromising the crystals integrity or diffraction properties.
This was also found to be the case for the p21-GDP structure [115], which was obtained by
first producing crystals of p21-NPE-GTP, then allowing GTP hydrolysis to proceed after its
photolytic release. Again, the crystals underwent phosphoryl transfer and were trapped in the
product state without damage.

Figure 4.8 | Exposure of SERCA-NPE-ATP crystals to 360 nm light. Microcrystals imaged before
exposure to UV light (initial). Crystals subjected to 360 nm light for 2:30 min (360 nm) showed no visual
change compared with crystals which were not exposed (dark).

4.6 Serial X-ray analysis of the Ca2E1-NPE-ATP form microcrystals
Microcrystals of the Ca2E1-NPE-ATP form prepared in Section 4.4.1 were analysed at EMBL
beamline P14.EH2 as per Section 4.2. However, of all the samples tested, only one appeared
to show protein diffraction at all. Though some crystals within this sample appeared to diffract
up to a resolution of ~4 Å, the number of indexable images was very low and was well below
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that required for a complete dataset to be obtained. Complicating matters is the different crystal
form of the Ca2E1-NPE-ATP microcrystals. As only a single diffraction image from each
individual crystal is collected, and few images with protein diffraction were obtained, the data
was unable to be successfully indexed.

4.7 Considerations for future experiments
As mentioned above, X-ray analysis of Ca2E1-NPE-ATP form microcrystals has proved
difficult so far due to inconsistent diffraction along with currently unknown space group and
unit cell parameters. Hence, we are now working towards both characterising and improving
the diffraction quality of the current microcrystals. With respect to the former, it is hoped to
determine space group/unit cell parameters by collecting X-ray diffraction data at cryogenic
temperatures with sample rotation. While existing conditions are unlikely to offer optimal
cryoprotection, obtaining a partial, low-resolution dataset should be sufficient to successfully
characterise the crystals. At the same time, attempts will be made to increase diffraction quality
by further exploring crystallisation conditions.
Once the Ca2E1-NPE-ATP are characterised and diffraction improved (allowing serial
datasets to be readily collected and analysed), time-resolved experiments may begin. In this
respect, in order to acquire X-ray structures of SERCA at multiple timepoints along its
phosphoryl transfer reaction, one needs to know the timescale over which the reaction
proceeds. Previous investigations into the kinetics of the SERCA functional cycle, using
quenched-flow techniques, determined the rate of the phosphorylation step, i.e., the rate
between the Ca2E1-ATP and Ca2E1~P-ADP states to be ~200 s-1 [113, 116]. However, a
similar study by Petithory & Jencks [117] reported a phosphoryl transfer rate of 1000 s-1. The
authors argued that data from reactions performed in the presence or absence of ADP
affects equilibrium position through the reverse phosphoryl transfer reaction

which

indicated that

the ~200 s-1 rate included a rate-limiting conformational change of the Ca2E1-ATP complex
preceding autophosphorylation, which they proposed as being an alignment of the ATP phosphate. In any case, these rate constants correspond to a reaction timescale of the order of
a few milliseconds or lower (a rate constant of 200-1000 s-1 gives a reaction half-life in the
range of 0.7-3.5 ms).
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Another factor to be considered when calculating the pump-probe delay required for the
proposed time-resolved experiment is the uncaging time of the photolabile nucleotide.
Additionally, as the binding of NPE-ATP within the active site may be affected by the blocking
group, some addition time may be necessary for the liberated ATP to reorientate into a reactive
conformation. In the case of the former, the uncaging rate of NPE-ATP is on the order of 90 s1 [118], corresponding to a reaction half-life of ~8 ms. Regarding the latter, in their study which
used NPE-ATP to initiate the SERCA functional cycle, Hartung, Froehlich, and Fendler [113]
noted that the observed kinetics were consistent with the caged nucleotide being already-bound
to the active site in a manner which required little or no rearrangement of the enzyme and
substrate following photolysis. This factor can be expected to proceed quickly, i.e.,

1 ms.

Therefore, assuming reactions rates are not substantially impacted by the significantly
different conditions within crystals, capturing structures of the pre-state (i.e., the state
immediately after the release of the caging group and any necessary realignment of ATP) and
the phosphoryl transfer intermediate will most likely require a delay time of a few milliseconds
and a time resolution in the picosecond/nanosecond range. These demands preclude the use of
synchrotron monochromatic beams, which provide a time resolution on the order of
milliseconds [105]. However, by relinquishing the monochromator and making available
essentially the full polychromatic pink beam , enough flux is provided to reduce exposure
time and hence time resolution down to the ~100 ps duration of a single X-ray pulse [119].
Alternatively, the extraordinary brilliance and femtosecond-duration pulses provided by X-ray
free-electron lasers allow offer even higher time resolutions [120]. Determining the product
state structure however is certainly feasible using the standard, monochromatic beams provided
at synchrotron facilities, as protein is expected to become trapped in the high-energy aspartylphosphoanhydride intermediate conformation due to the restrictions of the crystal lattice.
Thus, a time-zero structure (i.e., prior to photolysis of the NPE-ATP caging group) and a
product state structure can first be collected on at the P14.EH2 T-REXX beamline using the
standard monochromatic beam. Should this prove successful, experiments can transition to a
pink beam or XFEL setup in order to attempt capturing the pre- and transition-state structures.
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4.8 Role of Glu439 in the SERCA functional cycle
The alternate conformation adopted by the Glu439 side chain in the serial Ca2E1-ADP-AlF4structure presented here (and in the RT Ca2E1-AMPPCP structure presented in Chapter 3),
provides new insight into a longstanding hypothesis in which the residue plays an important
role in nucleotide modulation throughout the SERCA functional cycle. In an E2(TG)-AMPPCP
structure (PDB ID: 2C88) reported by Jensen et al. [26], representing the E2-ATP state
immediately preceding calcium binding and formation of the Ca2E1-ATP state, Glu439 was
found to be associated with bound AMPPCP by means of a Mg2+ located at the - and phosphates (corresponding with the second Mg2+ ion site found in the Ca2E1-ADP-AlF4structures) [26]. As noted by the authors, Glu439 had previously been implicated in Mg 2+nucleotide binding/catalysis by numerous studies: an Fe2+-catalysed cleavage study by
Montigny et al. [121]; a proteolytic cleavage study by Ma et al. [122]; and a mutational study
by Inesi et al. [123]. However, the then recently solved Ca2E1-AMPPCP (PDB ID: 3N8G) and
Ca2-ADP-AlF4- (PDB ID: 1T5T) structures
states

representing the next two proceeding functional

revealed a dissociated Glu439 side chain turned away from the bound metal ion-

nucleotide complex. Based on these observations, the Jensen et al. [26] proposed a model for
Glu439 in catalysis where once the Ca2E1~P-ADP state is formed following phosphoryl
transfer, the residue attracts the ADP leaving group via the second Mg 2+ ion, thus facilitating
its removal from the active site and initiating the E1~P to E2P transition. Furthermore, they
pointed out that while Glu439 is a semi-conserved residue among many animal P-type ATPases
(typically an aspartate), it is uniquely a glutamate in SERCA. They postulated that the longer
side chain of Glu439 provides the flexibility needed to facilitate separation of the ADP product,
citing that ATP modulated acceleration of the E1~P to E2P transition had only been observed
in SERCA [124] but not in other P-type ATPases.
Subsequently, the genuine Ca2E1~P-AMPPN product structure (PDB ID: 3BA6) was
solved, which interestingly, did not display the aforementioned predicted arrangement whereby
Glu439 would be attracting the nucleotide leaving group via a Mg2+ ion coordinated at its and -phosphates. Instead, the residue was disassociated and turned away in the same manner
as the other two Ca2E1 structures (Figure 1.5). This discrepancy can be resolved by the RT
Ca2E1-AMPPCP and Ca2E1-ADP-AlF4- structures presented in this thesis, which both
demonstrate a direct association between Glu439 and the metal ion-nucleotide complexes not
present in their cryogenic equivalents. This finding suggests that Glu439 is involved in Mg 2+-
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ATP coordination from when the substrate first binds in the E2-ATP state, through the Ca2E1ATP and Ca2E1-ADP-PO3- states, and to the Ca2E1~P-ADP state (on the reasonable
assumption that the residue would maintain its position is a RT structure of the Ca 2E1~PAMPPN state). Thus, rather just than facilitating clearance of the ADP product following
phosphoryl transfer as suggested, Glu439 likely plays a role in positioning ATP into a reactive
conformation for hydrolysis. With this in mind, it is noteworthy that in both the H +/K+-ATPase
and Na+/K+-ATPase the equivalent residue Asp549 and Asp443 respectively was identified
as being in close proximity to Mg2+-ATP in an Fe2+-catalysed cleavage study by Shin et al.
[125]. Additionally, in a crystal structure of the Na+/K+-ATPase in the Na3E1-ADP-AlF4- state
(PDB ID: 3WGU) [126], Asp443 forms the same hydrogen bond with ADP (2.7 Å distance)
that Glu439 does in the serial Ca2E1-ADP-AlF4- structure. It is therefore likely that the position
occupied by Glu439 in the 437VGEATE motif is important for nucleotide binding and catalytic
function in other P-type ATPases.
Finally, it is worth mentioning the nature of the interaction between Glu439 and the
nucleotide observed in the RT Ca2E1-AMPPCP and Ca2E1-ADP-AlF4- structures. In both
cases, Glu439 directly coordinates N6 of the AMPPCP/ADP base (Figure 3.2 and Figure 4.4)
rather than the - and -phosphates via the second Mg2+ ion as in the case of the E2(TG)AMPPCP structure (in the case of the Ca2E1-AMPPCP structure, there is no second ion). This
indicates that in the model proposed by Jensen et al. [26], the second Mg2+ ion may not be
necessary for product separation, as Glu439 can pull the ADP leaving group directly by its
adenine base. This is consistent with that observed in the Ca2E1~P-AMPPN structure, in which
the AMPPN leaving group was notably metal ion free (though the this may not be the case
should Glu439 be in its interactive position and/or an ADP leaving group is present).

4.9 Role of the second Mg2+ ion in the SERCA functional cycle
While the question of whether the presence of the second Mg2+ ion in the SERCA TS complex
is an experimental artefact or not can only be addressed by a time-resolved experiment, its
presence in the serial Ca2E1-ADP-AlF4- structure lends further support to its involvement in
the catalytic cycle. Given it has been >15 years since the original SERCA transition state
structure was solved, the potential role for a Mg2+ ion bound at site II is worth a brief updated
discussion. As discussed in the previous section, in the ATP-bound E2 analogue state it
mediates the interaction between Glu439 and AMPPCP. Thus, the site II Mg 2+ appears
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important for modulatory mode ATP binding, which facilitates the E2 to E1 transition in part
by destabilising the interface between the N- and the A-domains (a hydrogen bond between
Glu439 and Ser186 is disrupted) [26].
Moving to the ATP- and calcium-bound E1 analogue state structure, site II is unoccupied
while Glu439 now positioned such that in directly interacts with AMPPCP. The site II Mg2+
ion then briefly reappears in the TS analogue structure, before vanishing again in the Ca 2E1~PAMPPN product state structure. Assuming these structures are true representatives, two
general conclusions can be drawn about the role of a site II Mg2+ ion in catalytic mode
nucleotide binding. First, as detailed in the preceding section, the ion does not appear to be
involved in ATP binding/ADP clearance per se, as it no longer mediates interaction between
Glu439 and the nucleotide. Second, as the ion is only seen in one Ca2E1 state, its binding
appears to be a very brief, transient phenomenon necessary for stabilising the TS complex. In
this regard, the specifics of its function depend on whether phosphoryl transfer in SERCA is
electronically associative or dissociative in nature. Under an associative scenario, the Mg 2+ ion
could directly stabilise the TS as the non-bridging oxygens of the transferring -phosphate
undergo an increase in negative charge [46]. On the other hand, in a dissociative mechanism
the Mg2+ could either serve to correctly position the ATP substrate for catalysis or counteract
build-up of negative charge on the -phosphate non-bridging oxygens [46]. With the current
information, it is not possible to determine to whether SERCA operates by an electronically
associative or dissociative mechanism, though one would expect a site II Mg 2+ ion more closely
associated with the - and -phosphates than the transferring -phosphate to be more supportive
of the latter.
An alternate possibility is that the presence of a site II Mg2+ ion in the TS analogue structure
is an experimental artefact resulting from the use of ADP-AlF4-, which will slightly differ both
electronically and geometrically from the genuine TS. Under this scenario, and starting from
the protein in the E2 state, a single Mg2+ ion at site II mediates ATP binding to Glu439, helping
facilitate the E2 to E1 transition (modulatory mode). As calcium binds and the protein has
enters the Ca2E1-ATP state (catalytic mode), at some point Glu439 switches from coordinating
ATP via the site II Mg2+ ion to coordinating it directly by means of hydrogen bond to N6 of
the adenine base. Rearrangement of the ATP phosphates disrupt site II, and the Mg 2+ moves
over to the canonical Mg2+ binding site (site I) situated between the -phosphate and
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Asp351.Phosphorylation then proceeds through a TS complex stabilised by the single Mg 2+ ion
at site I, with ADP product removal facilitated by Glu439.

4.10 Conclusion
While relatively well understood, certain details regarding the SERCA phosphoryl transfer
mechanism remain ambiguous. Are one or two Mg2+ ions required for the ATP hydrolysis
reaction. And is the TS associative or dissociative in nature? To address these questions, a time
resolved crystallographic study is needed to obtain pre-state, transition state, and product state
structures without the use of nucleotide and phosphate analogues.
As a proof-of-principle, we were successful in producing microcrystals of the SERCA TS
of the size and quality required, with serial X-ray analysis resulting in a 3.3 Å resolution
structure. Crucially, the structure proved sufficient to resolve two Mg 2+ ions within the TS
complex, justifying the pursuit of time-resolved studies. Furthermore, a small but important
deviation from the original cryogenic TS structure was observed

an alternate conformation

of the Glu439 side chain it which it forms a hydrogen bond with the bound nucleotide,
providing structural evidence for its role in catalytic mode ATP binding. Consequently, we set
about crystallising SERCA in complex with photocaged ATP. Though microcrystals of the
required dimensions were able to be produced, serial X-ray analysis of samples produced so
far has proved difficult due to inconsistent diffraction along with currently unknown space
group

and

unit

cell

parameters.

Hence,

we

are

currently

working

towards

characterising/optimising the SERCA-photocaged ATP crystal form. If a diffraction quality of
~3.5 Å or less is able to be achieved, time-resolved experiments should be immediately
feasible. First, we demonstrated that SERCA retains its catalytic activity under the conditions
used to produce the microcrystals and NPE- ATP appears to function as desired releasing the
blocking group and initiating hydrolysis only upon exposure to 360 nm light. Second, the caged
nucleotide is likely already bound to the SERCA active site in a reactive conformation [113].
Thus, if minimal reorientation is needed following release of the photocage group, the
hydrolysis reaction should proceed essentially simultaneously throughout the crystal. Third,
exposing microcrystals to activating 360 nm light did not result in their destruction, with the
enzyme being ostensibly trapped in the E1~P-AMPPN state due packing restrictions.
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A successful time-resolved crystallography experiment has the potential to definitively
answer whether an additional Mg2+ transiently bind as site II to stabilise the TS complex.
Though a more challenging proposition, it also may provide new insight into the electronic
nature of the SERCA TS, and by extension, insight into the nature of enzyme catalysed
phosphoryl transfer reactions in general. While further work needed to performing the planned
experiment, here both demonstrate its feasibility and lay its foundations.

76

5 First-generation photoswitchable SERCA inhibitors
The following section details work performed with novel azobenzene-TG inhibitors, aimed at
assessing their photoswitching ability and elucidating binding of the azobenzene group at the
SERCA TM domain. Accordingly, the effect of photoisomerisation on the ability of each
compound to inhibit SERCA is reported and two structures of SERCA-compound complexes
which detail different binding modes of azobenzene are presented.

5.1 Azobenzene-TG derivatives
Several azobenzene-TG (AzTG) derivatives, kindly synthesised by the Trauner research group
(Prof. Dirk Trauner, Department of Chemistry; New York University) were provided to our
lab for functional and structural investigations. These compounds consisted of an azobenzene
photoswitch incorporated into O-8 of TG by means of a carbon linker of varying length. In
addition, otherwise equivalent compounds that instead incorporated red-shifted, tetra-orthochlorinated azobenzene (red-AzTG) were also provided. Tetra-ortho-chlorinated azobenzene
undergoes cis-isomerisation upon exposure to 560 nm (green) light and trans-isomerisation
upon exposure to 400 nm (violet) light.
As noted in Section 1.4.3, the ability for TG-derivatives to bind SERCA is dependent on a
long flexible linker allowing bulky terminal groups to be accommodated. By using relatively
short linkers to attach the photoswitch group to the TG skeleton, it was hoped to induce a steric
effect between the azobenzene and the SERCA TM domain that can be modulated by
photoisomerisation. An initial functional investigation, performed by other members of the lab
(results not shown), highlighted four compounds (Figure 5.1) for the further work presented
here.
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Figure 5.1 | Chemical structures of A) TG and B) the azobenzene-TG derivatives.

5.2 Functional investigation of the AzTG derivatives
To determine the effect of these compounds on SERCA function, their ability to inhibit ATPase
activity was assessed by measuring the release of inorganic phosphate from ATP hydrolysis in
the presence of varying inhibitor concentrations (detailed in Section 2.3). Photoswitching
ability was assessed by performing the above for both the trans- and the cis-state for each
compound.
5.2.1

Inhibitory activities and photoswitchability of the AzTG derivatives

The calculated IC50 and normalised inhibition for each compound in the trans and cis
conformation are shown in Table 5.1, while the dose-inhibition curves are shown in Figure
5.2. Importantly, each AzTG compound displayed some photoswitching ability, with a ~2-fold
difference in IC50 between their trans- and cis- conformation. All of the derivatives were
significantly less potent than TG however, with cis-AzTG-4 comparing most favourably. In
general, the compound possessing the greatest inhibitory effect was AzTG-4, with AzTG-6
(longest linker) being less potent. Interestingly, AzTG-2 (shortest linker) was less potent than
both AzTG-4 and AzTG-6. Another curious finding is that with AzTG-4 and AzTG-6, the cisconformations are the most potent, while the opposite was found for AzTG-2.
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Table 5.1 | Inhibitory activities of the AzTG derivatives.
a

Compound

IC50

TG
AzTG-2 (trans)
AzTG-2 (cis)
AzTG-4 (trans)
AzTG-4 (cis)
AzTG-6 (trans)
AzTG-6 (cis)
red-AzTG-2 (trans)
red-AzTG-2 (cis)

87
4400
10000
3800
1500
5900
3000
83000
50000

aIC
50

Normalised
b
SERCA inhibition
1
0.020
0.009
0.023
0.058
0.015
0.029
0.001
0.002

values were calculated using GraphPad Prism, from GraphPad Software.

bRelative

potencies are stated (IC50 TG/ IC50 AzTG).

Notably, the compound possessing a tetra-ortho-chlorinated azobenzene moiety (redAzTG-2), possessed significantly lower potency in both the trans- and cis-state than any of the
compounds possessing canonical azobenzene. This is likely due to the chlorides present on the
photoswitch group, which represent an increase in bulk/polarity that appears to be of significant
detriment to binding.
The overall low potency of these compounds in comparison to TG may be explained by
their more complex binding modes, which requires accommodation of the photoswitch group.
Given the relatively short duration of the activity assays (1.5-hour total exposure time), the
compounds may have lacked sufficient time to fully bind the protein. It is worth noting that a
TG derivative possessing bulky substitutions (Boc-8ADT) was reported to possess slow
binding kinetics compared to native TG, but possessed similar affinity [127]. The compound
required substantial incubation times (i.e., 24 hours) in order to bring its measured IC 50 down
to a level comparable with that of TG. Indeed, overnight incubation with AzTG-4 and AzTG6 in the trans-state, resulted in submicromolar IC50s, indicating that these two compounds at
least are slowly binding, high-affinity inhibitors of SERCA (experiments performed by other
members of the lab; results not shown).
Another notable feature between the two conformations was that the inhibition curve slopes
for the trans-isomers were significantly less than -1 (-3.7 for AzTG-4). Slopes of similar
magnitudes have been observed for SERCA inhibitors before, e.g., 2,2 -Methylenebis(6-tertbutyl-4-methylphenol) (BP), and are proposed to reflect differences in cooperatively [128]. It
is possible that the longer and more flexible trans-isomer affects an increase in cooperativity
between the TG skeleton and the photoswitch group.
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Figure 5.2 | Dose-inhibition curves for the AzTG derivatives. Differences in behaviour between the cis
and trans states can be seen for the A) AzTG-2, B) AzTG-4, C), AzTG-6, and D) red-AzTG-2 compounds.
Activity is relative to that of DMSO-only.
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5.3 Structural investigation of the AzTG derivatives
To gain insight into the binding mode(s) of the AzTG derivatives, it was decided to crystallise
SERCA in complex with AzTG-4 and AzTG-6, the compounds showing the highest affinity
for the protein.
5.3.1

Crystallisation of SERCA-AzTG derivative complexes

Initial crystallisations were inspired from previously published results [26] and utilised a
hanging drop vapour diffusion format. Precipitant solutions containing 12-17 % w/v PEG 2000
MME (1 % increments), 50 mM NaOAc, 10 % v/v glycerol, and 4 % v/v MPD were prepared
and transferred into the reservoirs
per column
1

300 µl per reservoir, one PEG 2000 MME concentration

of a 24 well plate. Drops were prepared by depositing 2 µl of either 10.0 mg·ml-

E2(AzTG-4) or 10.6 mg·ml-1 E2(AzTG-6), then 2 µl of reservoir solution, directly onto

siliconized glass coverslips. The coverslips were immediately placed on top of their respective
wells (sealed with immersion oil) and the plates left to incubate at 14 °C. Over the next 7 days
large amounts of crystalline material appeared within the drops but no single crystals formed.
Consequently, a repeat of the above was performing using diluted protein solutions in an
attempt to move into the phase space where single crystals result. Solutions of 9.1, 8.1, 7,1,
and 6.1 mg·ml-1 E2(AzTG-4) were prepared by diluting 10.1 mg·ml-1 E2(AzTG-4) stock with
increasing amounts of solubilisation solution (100 mM MOPS pH 6.8, 80 mM KCl, 20 % v/v
glycerol, 3 mM MgCl2, 2 mM EGTA pH 7.25, 5 mM BME, 125 µM of 5 mM AzTG-4).
Solutions of 9.5, 8.4, 7.4, and 6.3 mg·ml-1 E2(AzTG6) were prepared by diluting 10.5 mg ml1

E2(AzTG-6) stock with increasing amounts of solubilisation solution (as above except with

125 µM of AzTG-6). Plates were set up as before except each row contained a different
concentration of E2(AzTG-4) or E2(AzTG-6) and were left to incubate at 14 °C. Over the next
7 days, numerous single crystals developed within the plates of both the SERCA forms, with
crystals decreasing in number and increasing in size as protein concentration dropped.
5.3.2

Data collection and processing

The square plate-shaped crystals were mounted directly from the mother liquor in bent
LithoLoops (Molecular Dimensions) to orient the expected ~600 Å long c-axes perpendicular
to the rotation axis of the goniostat

and were flash-cooled in liquid nitrogen. X-ray analysis

of crystals took place at the P14 Beamline at the PETRA III storage ring, DESY (Hamburg,
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Germany) using an EIGER detector. Three data sets were collected from a single crystal for
both the E2(AzTG-4) and E2(AzTG-6) forms. For each SERCA form, each dataset was
indexed and integrated separately in XDS [129], before being scaled and merged into a single
reflections file using the scaling module aP_scale [130]. Phases for both structures were
obtained by molecular replacement (Phaser-MR) [110] using the PDB deposition 2C8L as a
search model. Both structures underwent initial rounds of refinement in phenix.refine [111]
absent the inhibitors. The AzTG-4 and AzTG-6 compounds were built as mol files using Lidia,
the internal ligand builder within Coot [112], then coordinate and restraint files generated using
the Grade Web Server (http://grade.globalphasing.org). The compounds were placed within
their respective complexes in Coot [112], using unbiased FO-FC electron density maps and the
complexes refined further. Statistics for the collected data and refinement of both structures are
shown in Table 5.2.
Table 5.2 | Data for the E2(AzTG-4) and E2(AzTG-6) X-ray structures.
Wavelength (Å)
Resolution range (Å)
Space group
Unit-cell parameters (Å, °)
Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/ (I)
Wilson B factor (Å2)
Rmerge
Rmeas
Rp.i.m.
CC1/2
CC*
Reflections used in
refinement
Reflections used for Rfree
Rwork
Rfree
CC(work)
CC(free)
No. of non-H atoms
Total
Macromolecules
Ligands
No. of protein residues
R.m.s.d., bonds (Å)
R.m.s.d., angles (°)
Ramachandran favoured (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore
Average B factor (Å2)
Overall
Macromolecules
Ligands
No. of TLS groups
a

E2:AzTG-4

E2:AzTG-6

70.79-2.851 (2.953-2.851)
P 41 21 2
71.31 71.31 586.81 90 90 90
750801 (54684)
37158 (3582)
20.2 (15.3)
99.89 (99.83)
20.90 (2.41)
91.20
0.08663 (0.9977)
0.08895 (1.032)
0.01982 (0.2624)
1 (0.901)
1 (0.974)
37124 (3577)

73.46 - 3.025 (3.133 - 3.025)
P 41 21 2
71.14 71.14 587.67 90 90 90
644007 (65550)
31237 (3037)
20.6 (21.6)
99.94 (99.93)
12.92 (2.52)
93.83
0.3808 (1.583)
0.3916 (1.621)
0.0895 (0.3469)
0.995 (0.815)
0.999 (0.948)
31222 (3036)

1821 (176)
0.2224 (0.3376)
0.2392 (0.4085)
0.869 (0.882)
0.912 (0.761)

1498 (136)
0.2172 (0.3549)
0.2421 (0.4246)
0.851 (0.788)
0.834 (0.467)

7592
7528
64
976
0.004
0.86
98.04
1.96
0.00
0.73
5.58

7633
7567
66
982
0.003
0.55
96.50
3.50
0.00
0.96
6.34

106.68
106.54
123.12
3

100.98
101.02
97.17
3

Values in parentheses refer to the highest resolution shell.
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5.3.3

X-ray structures of the SERCA-AzTG derivative complexes

Crystal structures of the E2 form of SERCA in complex with the photoswitch inhibitors AzTG4 and AzTG-6 were determined at maximum resolutions of 2.85 Å and 3.02 Å respectively
(Table 5.2). FO FC maps calculated before the addition of AzTG-4 and AzTG-6 into the model
clearly revealed the positions of the TG skeletons and azobenzene groups, thereby allowing the
inhibitors to be unambiguously placed in the electron density maps. The inhibitors were not
UV-treated, and in accordance of this, the azobenzene group was in both cases found to adopt
the trans-configuration.

Figure 5.3 | Binding modes of the AzTG derivatives. Close up view of the A) AzTG-4 and B) AzTG-6
binding sites at the SERCA TM domain (light blue). The position of the inhibitor TG skeletons and
azobenzene groups are revealed by unbiased sigmaA-weighted 2FO FC electron density maps (blue mesh,
1 level).

Overall, the E2(AzTG-4) and E2(AzTG-6) structures are similar to that of the E2(TG) form
(PBD ID: 2C8L [26]), and the TG skeletons occupy the underivatised TG binding pocket.
However, local differences arise due to the presence of the azobenzene groups. In both
E2(AzTG-4) and E2(AzTG-6), a rotation of Leu253 in the M3 helix allows the azobenzene
moiety and its linker to insert between M3, M4, and M5 (Figure 5.3). But interestingly, the
AzTG-4 and AzTG-6 photoswitches occupy different locales within the SERCA TM domain.
In the case of AzTG-4, the azobenzene moiety forms van der Waal interactions with Leu249,
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Leu253 and Phe256 from M3, Ile315 from M4, Ile761 and Ile765 from M5, and Leu828 from
the M6-M7 loop (Figure 5.4). To accommodate the bulky azobenzene group, Leu249 of the
M3 helix is displaced slightly (Figure 5.5). In contrast, the AzTG-6 azobenzene moiety lies
further inside the TM, within a hydrophobic pocket located between the M1, M3, and M4
helices, where it forms van der Waal interactions with Leu61, Val62 and Leu65 from M1,
Leu253 and Phe256 from M3, as well as Ile307, Pro308, Leu311, and Pro312 from M4 (Figure
5.3). Unlike AzTG-4, the binding of AzTG-6 does not affect the position of Leu249 and the
upper M3 helix (Figure 5.4).
That the AzTG-4 and AzTG-6 azobenzenes occupy different positions can be attributed to
the 2 carbon difference in their linker length (the only difference existing between the two
analogues). It is important to note that structural refinement seemed to rule out the possibility
for AzTG-4 to adopt the AzTG-6 binding mode and vice versa; placement of the AzTG-4
azobenzene in the AzTG-6 azobenzene pocket and placement of the AzTG-6 azobenzene in
the AzTG-4 azobenzene pocket were discounted by the electron densities. Thus, the shorter
linker of AzTG-4 restrains its terminal group and prevents it from reaching the pocket occupied
by the AzTG-6 azobenzene. Conversely, the length of the AzTG-6 linker forces its terminal
group to extend beyond the pocket occupied by the AzTG-4 azobenzene. Residual positive
densities in the FO FC map following placement of the inhibitor, in both structures, can be
explained as bound phospholipid [131].
Furthermore, to gain insight into the binding of AzTG-4 and AzTG-6 in the cis-conformation,
a structure of cis-azobenzene was modelled in place of each compound s photoswitch group
(Figure 5.6). Notably, in both structures the cis-form of the photoswitch appears able to be
accommodated without steric interference.
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Figure 5.4 | Interactions between the azobenzene moiety and the SERCA TM domain. Residues within
4 Å of the A) AzTG-4 and B) AzTG-6 photoswitch group are shown. TM helices are coloured as follows:
M1-M2 (residues 44-122) in pink, M3-M4 (residues 231-345) in light green, and M5-M10 (residues 740994) in light blue.

Figure 5.5 | Comparison between the TG, AzTG-4, and AzTG-6 structures. Local differences between
the E2(TG) (light pink, PDB ID: 2C8L) and A) E2(AzTG-4) (wheat) or B) E2(AzTG-6) (light blue) arise
due to the placement of azobenzene. Accommodation of the AzTG-4 azobenzene leads to a small shift in
the cytoplasmic end of the M3 helix, likely resulting from the displacement of Leu249. Conversely,
accommodation of the AzTG-6 azobenzene does not lead to any distortions in the adjacent helices. Structural
alignments were performed on the M5-M10 helices (residues 740-994).
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Figure 5.6 | Potential accommodation of cis-azobenzene. The cis-state of both the A) AzTG-4 and B)
AzTG-6 compound appear able to be easily accommodated by the SERCA TM domain (light blue).
Coordinates for the cis-state of azobenzene were obtained from the Cambridge Structural Database (CSD
ID: AZBENC).

5.1 Considerations for future experiments
To assist in developing future iterations of these compounds, it will be useful to improve and
expand upon the experimental work performed so far. One issue to be improved when using
the ATPase activity to determine the inhibitory activity of these compounds is minimising
exposure to hydrophobic surfaces. In the experiments reported here, as a result of practicalities,
compound-containing solutions were exposed to polypropylene surfaces during handling.
Thus, non-specific binding was likely to be a confounding factor, though great care to perform
each experiment in the same manner, in an attempt to make comparisons valid. An additional
complication however, may arise from the increased polarity of the cis-isomer of azobenzene.
It is possible that the reduction in hydrophobicity associated with photoisomerisation results
influences how the compound is affected by non-specific binding, and that this contributes to
the differences seen between the cis- and trans-conformations. It therefore may be worth
repeating the experiments using glass hardware throughout to mitigate this confounding factor.
As previously mentioned, earlier work performed at our lab involving overnight incubation
with the trans-conformation produced much lower IC 50s, indicating these compounds are slowbinding. Hence, while the experiments presented here were sufficient to differentiate the AzTG
compounds and their isomers, a proper assessment and comparison should include significantly
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longer incubation times. Given that both azobenzene and tetra-ortho-chlorinated azobenzene
possess stable cis-conformations, having thermal half-lives of 75.5 and 20.7 hours in DMSO
at 25 °C respectively [132], incubation times may be increased considerably without significant
amounts of cis-isomer spontaneously reverting back to the trans-isomer. This would give a
more accurate picture of the affinity of each compound and its isomers, particularly for the redAzTG compounds whose binding kinetics may be severely impacted by their increase steric
bulk.
To-date, these compounds have only been evaluated by their ability to inhibit the ATPase
activity of SERCA. While this provides an efficient means to assess each compound and it s
photoswitching ability, it needs to be demonstrated that these compounds are capable of
inducing apoptosis in a photoisomerisation-dependant manner. Previous work investigating the
ability of long-chain O-8 TG derivatives to induce apoptosis in LNCaP cells found that even
limited (12 hour) exposure to the slowly binding Boc-12ADT compound was sufficient to
cause the irreversible death of virtually all cells over the next 3 weeks [127]. As
aforementioned, this is within the timeframe in which a significant portion of the
thermodynamically unstable isomer is able to exist before spontaneous conversion back to the
stable isomer is completed. Thus, it is feasible for promising compounds identified by ATPase
studies (where the unstable isomer was the most inhibitory) to have both their cis- and transconformation be assessed for cytotoxic and apoptotic effects.

5.2 Structural insights into AzTG derivative inhibitory activity
As seen in the E2(AzTG-4) and E2(AzTG-6) structures, the azobenzene groups of both
compounds are able to be accommodated without affecting binding of the TG skeleton to the
SERCA TM domain, allowing inhibition through the canonical TG interaction [133]. However,
the different binding modes of the photoswitch group helps to explain differences seen between
the compounds where AzTG-4 was the most potent, followed by AzTG-6, AzTG-2, and then
red-AzTG-2. In the case of AzTG-4, its azobenzene occupies a more accessible hydrophobic
pocket than AzTG-6 (Figure 5.3 A), and hence is able to bind more rapidly to the protein.
Conversely, the longer linker of AzTG-6 forces its azobenzene group into a hydrophobic
pocket located further within the TM domain (Figure 5.3 B), which can be expected to increase
binding kinetics. For AzTG-2, the shorter linker may limit the ability of its azobenzene to fit
into these hydrophobic pockets, resulting in clashes between the photoswitch group and the
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surrounding residues. Finally, with red-AzTG-2, this steric hinderance would be further
amplified by the tetrachlorinated photoswitch group.
The structures also provide insight into the possible mechanism as to why the cis-state of
AzTG-4 and AzTG-6 display a two-fold increase in potency compared the trans-state. Naively,
one might expect the trans state to better bind and inhibit the protein as the in-line and in-plane
geometry of the azobenzene phenyls would allow the photoswitch to insert more easily
between the M3 and M5 TM helices. However, looking at the E2(AzTG-4) and E2(AzTG-6)
structures, it appears the cis-state of each compound is just as easily accommodated (Figure
5.6). Consequently, the more compact and rigid nature of the cis-state likely enhances binding
rate compared to the longer and more flexible trans-conformation. Meanwhile, the converse
behaviour seen with AzTG-2 might be explained by the cis-state compounding the steric effects
imposed by its shorter linker. In the case of red-AzTG-2, which possessed greater inhibitory
activity when in the cis-conformation despite also having a 2 carbon linker, clashes may
actually be reduced in this state due to the peculiarity of the tetrachlorinated photoswitch,
which adopts a twisted rather than an in-plane geometry when in the trans-conformation [132].

5.3 Designing the next generations of photoswitch-TG inhibitors
The AzTG compounds featured here conform to the general binding mechanism observed for
other TG derivatives with bulky terminal groups attached via a flexible side chain at O-8 (such
as Boc-12-aminododecanoyl-TG; Boc-12ADT [71]). In this mechanism, inhibitory activity is
preserved as a rotation of the Leu253 side chain allows substituent groups to insert between
the M3 and M5 helices and be accommodated by various pockets within the TM domain.
Successful development of light-activated SERCA inhibitors (for O-8 derivatives of TG at
least) requires that this mechanism be initiated by photoisomerisation. For AzTG compounds,
this means possessing a substituent group that is unable to enter the TM domain while the
photoswitch is in the default trans-state, but that is when the cis-isomer is adopted.
While AzTG-4 and AzTG-6 in particular displayed some promising behaviour,
experiencing a ~2-fold difference in IC50 in response to photoisomerisation with the default
isomer being less potent, they were able to bind and inhibit SERCA in both the trans- and the
cis-state. Nonetheless, it is hoped that the E2(AzTG-4) and E2(AzTG-6) structures can help
guide future iterations of these inhibitors possessing a large (i.e., an order of magnitude or
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greater) difference between the trans- and cis-conformations. While weak-binding in both
conformational states, the much lower potency of red-AzTG-2 compared to the other
compounds demonstrates the significant effect azobenzene modification has on binding. Thus,
with carefully considered design, we speculate that side chains may be added to the azobenzene
phenyls in such a manner that the photoswitch is prevented entry into the TM domain in the
trans-state, but not when in the cis-state. This strategy may prove to be difficult, as under most
circumstances, steric hindrance is likely to increase with the photoswitch in a bent
conformation. Therefore, an alternative may be to modify the azobenzene group such that is
stabilised in a cis-conformation unable to bind SERCA, but becomes inhibitory when the inline geometry of the trans-state is induced. Indeed, derivatives of azobenzene have been
synthesised in which the cis-conformation is the thermodynamically stable state [134], and
may be worth exploring.
Another consideration for future photoswitchable SERCA inhibitors is the wavelength of
light required for photoisomerisation. The most potent compounds tested here used
underivatised azobenzene, which is cycled between its cis- and trans-configurations using 360
nm and 450 nm light respectively. Such short wavelengths are unsuitable for inducing
photoisomerisation in vivo as, in addition to the damaging effects associated with light in the
UV range [135, 136], they are ineffective at penetrating biological tissue. With respect to the
latter, a bio-optical window exists between 650-900 nm, with wavelengths <650 nm and >900
nm being absorbed by haemoglobin and water respectively [137]. Ideally then, one would want
incorporate a photoswitch which operates within this range. While tetra-ortho-chlorinated
azobenzene was switched to its cis-conformation using 560 nm light in this study, this can also
be achieved by illumination with high-intensity 652 nm light for extended periods of time (i.e.,
hours) [138]. The recent derivative di-ortho-fluoro di-ortho-chloro azobenzene presents as an
improved version of the aforementioned, offering: a reduced steric bulk; a trans-isomer which
adopts a more planar geometry; and, in its para-substituted form, more rapid photoswitching
kinetics in response to deep red (660 nm) light [132]. The caveat of course whether these redshifted derivatives are compatible with SERCA in any isomeric state due to their increased
steric bulk compared to azobenzene.
Another avenue that may be further explored is the site at which the photoswitch is
incorporated in TG. TG-based derivatives have long relied on substitutions at O-8, as
extensions at this position are afforded accommodation via the aforementioned mechanism.
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However, it is important to note that AzTG and red-AzTG compounds, again kindly
synthesised by the Trauner research group, were provided in which photoswitches were
incorporated into the O-3 position (these compounds possessed shorter, 1-3 carbon linkers).
When bound to SERCA, the hydrophobic O-3 side chain occupies a shallow pocket between
the M3, M4 and M5 helices, where it is situated between Val769 and Leu260. By attaching a
photoswitch at this position, TG binding may potentially be modulated by the conformational
change induced by photoisomerisation. Unfortunately, preliminary results (experiments
performed by other members of the lab; results not shown) failed to show any significant
SERCA inhibition or photoswitching ability. However, these experiments should be repeated
before a conclusion can be drawn regarding the feasibility of photoswitchable O-3 TG
derivatives.
Finally, should an AzTG derivative be successfully designed, i.e., one that is ineffective against
SERCA in its thermodynamically stable state but becomes relatively potent following
photoisomerisation with light within the bio-optical window, it may possess unsuitable
pharmacological properties. In this regard, there are several areas of potential concern. First,
the compound must be sufficiently water soluble [65]. This is an issue for TG derivatives,
which tend to be highly hydrophobic in nature (in the prodrug G202, this problem is mitigated
by containing acidic residue repeats [55]). Thus, the overall solubility of the photoswitchable
compounds with have to be considered during the design process. Second, the compound must
be metabolically stable. For instance, it is possible for azobenzene groups to be degraded to
hydrazobenzenes by enzyme- or glutathione(GSH)-mediated reduction, with the latter being of
particular concern due to the high (mM) concentrations of GSH present inside cells [139-141].
Susceptibility to this reaction can be influenced by the nature of the photoswitch s substituents,
where in general, electron-donating groups protect the azo group from nucleophilic attack by
thiols by decreasing its electrophilicity [65]. In any case, is it worth assessing the stability of
any promising AzTG derivatives under conditions containing mM concentrations of GSH.
Third, the photoswitchable compound has to show general non-toxicity in its native state.

5.4 Conclusion
The ability of TG to inhibit SERCA has attracted significant amounts of attention due its ability
to induce death in aberrant cells resistant to conventional therapies [63, 142]. The challenge
however, has been devising strategies which afford control over TG s inhibitory activities, as
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the non-selective nature of the compound makes it toxic to all cells. While there has been
considerable success in producing protease-activated TG derivatives selective for some types
of cancers [55, 64], in this work we explored the novel concept of controlling TG-mediated
SERCA inhibition using a molecular photoswitch. We assessed the functionality of several of
these first-generation compounds by testing the effect of photoisomerisation on their ability to
inhibit SERCA ATPase activity. This was complimented with a structural investigation into
two of the compounds.
Results revealed a modest, ~2-fold difference in IC50 in response to photoisomerisation,
indicating that (at least during the timescale of these experiments) the binding of TG to SERCA
was indeed affected by conformational/polarity changes in the incorporated photoswitch.
Furthermore, X-ray structures of the SERCA-compound complexes revealed the binding
mode(s) of the azobenzene group. This information will be valuable for designing future
iterations of the compounds, in which azobenzene substituents can be added in an attempt to
diverge the binding affinities of the cis- and trans-conformations. Towards this end, an
improved understanding of each compound s affinity for SERCA and its photoswitching
ability can be gained by increasing the incubation time of the activity assays and using
hardware more amenable to hydrophobic compounds throughout, with the results in turn
informing initial studies involving cells.
The prospect of a truly functional photoswitchable inhibitor of SERCA is highly appealing,
as it could potentially offer a new avenue for treatment drug resistant cancers. While this reality
is still far away (if it is possible at all), herein lies an early proof-of-principle study upon
which this concept can be developed further.
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6 Concluding remarks
In the field of biology, certain mechanistic questions are only able to be answered by structural
investigation, i.e., looking at the mechanism in question in atomic detail. While X-ray
crystallography had long been the gold standard, recent and dramatic improvements in CryoEM have essentially now made it the go-to technique for determining protein structures.
However, while Cryo-EM appears set to dominate structural biology for the foreseeable future,
crystallography is set to remain relevant for addressing certain key problems. While currently
relegated to being a technique on the fringes of structural biology due to its harsh requirements,
the step increase in performance offered by upcoming next-generation NMX instruments will
lead to vast increases in accessibility. Upon this improvement, for those proteins which readily
crystallise at least, NMX will likely provide the only means by which hydrogen positions are
able to be determined experimentally. Likewise, recent advancements in the field of timeresolved crystallography (e.g., serial data collection and analysis, femto- and picosecond
exposure times) are allowing structural investigations to be performed into dynamic processes
themselves (e.g., enzyme catalysis), providing unprecedented insight into their mechanisms.
Finally, standard X-ray crystallography provides a rapid and effective method for determining
specific ligand-protein interactions at atomic resolutions, providing the information required
to perform structure-based design.
In this thesis, we performed a series of multifaceted crystallographic investigations into the
SERCA pump. In order to determine protonation states and water networks via NMX, we set
out to maximise crystal size by employing a wide variety of crystallisation modes and
techniques. While we were able to increase the volume of SERCA crystals by approximately
an order of magnitude, they were well short of that required by NMX today. Significantly,
crystal size appeared to be impeded due irreversible precipitant formation and impurity
incorporation. The implication is that it not practical to increase the size of SERCA crystals
much beyond this point while maintaining crystal quality, and therefore that obtaining
hydrogen maps by neutron diffraction studies is not currently feasible. However, the crystal
sizes obtained here should be compatible with the NMX instrument at the ESS once it comes
online in 2023, and the work presented here will prove valuable for informing any future
experiments at the facility.
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Additionally, we endeavoured to perform a time-resolved crystallographic study to elucidate
details regarding the Mg2+-catalysed phosphoryl transfer reaction in SERCA. Towards this end,
we were successful in performing a proof-of-principle study in which microcrystals of the
SERCA phosphoryl TS structure were produced and analysed by serial X-ray analysis. The
resulting structure was of sufficient quality to reveal the Mg2+ ions associated with the TS
complex located within the nucleotide binding site. Furthermore, the structure highlighted the
advantage of room temperature data collection, with a glutamate adopting an altered
conformation compared to the equivalent cryogenic structure in which it directly coordinates
the ADP leaving group. Subsequent attempts to crystallise the protein in complex with
photocaged ATP however failed to produce well-diffracting microcrystals (though it was
demonstrated that SERCA is catalytically active under these conditions). Nonetheless, this
work provides a foundation for future time-resolved studies with SERCA, with experiments
ready to be performed upon further optimisation of the microcrystals. Once this is achieved,
structures at multiple timepoints along the SERCA autophosphorylation reaction can begin to
be obtained.
Finally, we explored the potential to control SERCA activity with light by assessing several
azobenzene-thapsigargin derivatives. While the effect was subtle, the compounds did exhibit
some photoswitching ability, with photoisomerisation effecting an approximately two-fold
change in their measured IC50s. Importantly, X-ray structures of SERCA in complex with two
of the compounds were obtained which revealed the binding mode of each compound s
photoswitch group, giving insight into the behaviour of the compounds. Following on from
this work, additional functional studies are needed to better gauge the performance of each
compound, while the structural information presented here can help guide next-generation
design.
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Neutron macromolecular crystallography (NMX) has the potential to provide
the experimental input to address unresolved aspects of transport mechanisms
and protonation in membrane proteins. However, despite this clear scientific
motivation, the practical challenges of obtaining crystals that are large enough
to make NMX feasible have so far been prohibitive. Here, the potential impact
on feasibility of a more powerful neutron source is reviewed and a strategy for
obtaining larger crystals is formulated, exemplified by the calcium-transporting
ATPase SERCA1. The challenges encountered at the various steps in the
process from crystal nucleation and growth to crystal mounting are explored,
and it is demonstrated that NMX-compatible membrane-protein crystals can
indeed be obtained.

1. Introduction
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Neutron macromolecular crystallography (NMX) has so far
featured on the fringe of structural biology as a technique with
the potential to identify the individual protons integral to
catalytic processes and reveal how H atoms shape interaction
sites (Blakeley et al., 2015). Considering how unassuming the
H atom is, it has a huge influence on the processes that
constitute life. Understanding the protonation state of aminoacid residues and the transfer of protons between them, or to
cofactors and substrates, is key to understanding catalytic
processes in biology (Oksanen et al., 2017). Determining
H-atom positions in enzyme active sites or at drug-binding
sites may enhance our prediction power in a structure-based
drug-design process (Weber et al., 2013; Gerlits et al., 2017).
Through NMX, we can gain a better understanding of
membrane-protein mechanisms that we currently only assume
from modelling. A range of membrane proteins are dedicated
to moving protons up or down their electrochemical gradients.
Prime examples are the various complexes in photosynthesis
and oxidative phosphorylation that generate the proton
gradient utilized by F1Fo-ATPase to synthesize ATP (Walker,
2013), and the P-type ATPases such as the fungal H+-ATPase
(Buch-Pedersen et al., 2009) and mammalian H+/K+-ATPases
(Sakai et al., 2016) that transport protons across the membrane
in an ATP-consuming process. Finally, a whole host of
secondary transporters tap into the energy stored in the
proton gradients to transport essential building blocks such as
amino acids and sugars across the membrane (Newstead,
2015). Common to all these processes is that we only have
circumstantial structural evidence for the actual processes, as
the protons elude us in the electron-density maps obtained by
X-ray macromolecular crystallography (MX).
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However, the current price that must be paid for the insight
that NMX provides is high and can only be met by producing
large, well diffracting crystals. Since the diffracted intensity is
directly proportional to that of the incident beam (O’Dell et
al., 2016), these large crystals are required because of the
inherently lower neutron flux at a neutron-source instrument
(<108 neutrons per mm2 per second) compared with the
photon flux that the MX community is used to at standard
synchrotron beamlines (>1012 photons per 100 mm2 per second
and generally stronger scattering cross-sections) (Blakeley et
al., 2008). If we further consider the recent trends in MX
towards smaller crystals, microfocus X-ray beams, in situ
studies and serial data collection (Jaeger et al., 2016), the price
of NMX appears to have increased even further over current
state-of-the-art X-ray crystallography.
At the time of writing, the Protein Data Bank (PDB)
contains 142 protein structures of 52 different proteins
obtained by NMX, and so far there are no membrane-protein
structures on the list. This may be about to change. The
European Spallation Source (ESS), which is currently under
construction in Lund, Sweden, will house a new NMX
instrument connected to what will become the world’s most
powerful neutron source (https://europeanspallationsource.se/
instruments/nmx). In ideal cases, the NMX instrument
planned for the ESS is expected to deliver enough neutrons to
make it possible to collect a diffraction data set to 2 Å resolution with >90% completeness from a crystal of 0.1 mm3
volume and unit-cell dimensions of up to 150 Å in a day. For
smaller crystals or larger unit-cell dimensions, data collection
should remain possible, although requiring data-collection
times of the order of days, but will certainly open the field of
opportunity to include membrane-protein crystals.
More than a decade ago, we reviewed the state of
membrane-protein crystallography at the time (Sørensen et
al., 2006). The various crystallization techniques used in MX
have been extensively reviewed elsewhere (McPherson, 2017;
Gavira, 2016) and here we will briefly comment on key
approaches in light of the specific challenges of NMX and give
examples of how we have used these approaches to obtain
large crystals of the calcium-transporting ATPase SERCA1.

2. Ideal membrane-protein targets
Membrane proteins are challenging structural biology. The
ratio of membrane-protein to soluble-protein structures
amongst the more than 140 000 structures in the PDB
in 2018 is roughly 1:60. This clearly illustrates the added
complexity of solving membrane-protein structures, where the
path from target selection to structure is often akin to a
winding and treacherous mountain pass. Several elements
inherent to membrane proteins generally contribute to the
difficulties: low levels of expression, the additional requirement for detergents, and poor protein stability when solubilized. These three factors ultimately mean less protein for
crystallization. Fortunately, automation and denser crystallization formats have enabled the reduction of crystallization
volumes for a typical vapour-diffusion experiment to 100–
Acta Cryst. (2018). D74, 1208–1218

200 nl per condition. Hence, with only 10 ml of a precious
membrane-protein sample, a 96-well crystallization-platesworth of crystallization experiments can be set up (Kang et al.,
2013; Moraes et al., 2014).
To provide new detailed information about protonation, the
resolution of an NMX structure should ideally be better than
2.5 Å. Of the membrane-protein structures in the PDB, only
about 40% are at a resolution of 2.5 Å or better, compared
with about 75% for the entire PDB. The numbers are skewed
by the high impact of new membrane-protein structures,
making lower resolution structures more readily publishable,
but it also reflects the fact that membrane-protein crystals
typically contain a larger fraction of solvent, which may also
include disordered lipids and detergents.
Several membrane-protein structures have been determined at high resolution from fairly large crystals and with
reasonable unit-cell parameters, such as the photosynthetic
reaction centre, bacteriorhodopsin, many aquaporins and the
ammonia transporter. Supplementary Table S1 lists examples
of membrane proteins with reported crystal forms that it
would be feasible to pursue for NMX based on their unit-cell
parameters, crystal size potential and the resolution obtained
in the studies referenced.
2.1. SERCA as an NMX candidate

The calcium-transporting ATPase from the sarco-endoplasmic reticulum (SERCA) is a difficult but conceivable
target for an NMX experiment, and there are key questions
concerning the protonation and hydrogen-bonding patterns of
side chains at the calcium-binding sites in the membrane, the
counter-transport of protons and the catalytic properties of
the phosphorylation/dephosphorylation site, where NMX
could provide important information on how SERCA and
P-type ATPases in general work, are affected by diseasecausing mutations and are regulated by inhibitors, lipids and
other cofactors.
SERCA transports calcium and protons in opposite directions across the endoplasmic reticulum membrane, utilizing
energy derived from ATP hydrolysis to fuel the process. The
general physiological role of SERCA is to perform (re)uptake
of cytoplasmic calcium to internal stores of the ER, and
specifically to terminate calcium-induced muscle contraction
in myocytes (Møller et al., 2010). As illustrated in the simplified reaction scheme for SERCA in Fig. 1, once two calcium
ions have been released inside the ER, two to three protons
bind to residues in the transmembrane region and are countertransported as part of the process to revert the orientation of
the membrane-located ion-binding site. The protons are likely
to reduce excess negative charge at the binding site, thereby
lowering the energy barrier for the conformational changes
that make up the reorientation of the binding sites. Protonation remains undetermined at the resolution of the MX
structures obtained so far. Another puzzle is the route that the
protons follow through SERCA as they are released towards
the cytoplasm. Mutational (Sørensen & Andersen, 2000) and
structural (Bublitz et al., 2013) analyses have identified a
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potential hydrated pathway through the C-terminal transmembrane region of the protein. Recent structural analysis
and MD simulations (Espinoza-Fonseca, 2017) have identified
additional hydrated pathways through the transmembrane
region of SERCA which may form a pore that allows bidirectional proton transport during enzyme turnover. In
conclusion, the determination of an NMX structure of
SERCA would help us to address the potential path(s) and the
underlying transport mechanism unambiguously.
The PDB currently contains 72 structures of SERCA
captured in various intermediate conformations in the
presence of a range of different inhibitors. A quarter of the
deposited structures are at 2.5 Å resolution or better, and
Supplementary Table S2 summarizes SERCA crystal forms
with unit-cell parameters amenable to NMX data collection
and structure solution. Not all crystal forms will work well with
neutrons, one example being PDB entry 2c8l and many related
entries representing a proton-occluded E2 state crystallized in
a P41212 crystal form with a c axis of almost 600 Å, i.e. well
outside the range that can be resolved on a neutron detector
(Toyoshima & Nomura, 2002; Jensen et al., 2006). Some
structures are similar but are solved in different crystal forms.
An example is found in PDB entries 3n5k and 1xp5, both of
which are structures of SERCA captured in the dephosphorylating proton-occluded E2-Pi-like intermediate with
aluminium fluoride and the inhibitor thapsigargin (Bublitz et
al., 2013; Olesen et al., 2004). The form reported in PDB entry
1xp5 has not been pushed to higher resolution to date, but this
would seem to be possible as it has been achieved for the
aforementioned PDB entry 3n5k and also for a P21 form
(PDB entry 1wpg; Toyoshima et al., 2004), both of which
displayed a related packing of molecules. Another possible
case for SERCA NMX studies relates to the calcium-occluded
E1-ATP forms obtained with, for example, AMPPCP,
ADP:AlF4" and AMPPNP analogues (Sørensen et al., 2004;
Toyoshima & Mizutani, 2004; Jensen et al., 2006; Olesen et al.,
2007). The unit-cell dimensions are manageable (Table 2) and
diffraction has currently reached 2.4 Å resolution in published
structures.

Figure 1
Schematic of the SERCA enzyme cycle. The net outcome of each reaction
cycle is the transport of two calcium ions from the cytoplasm to the lumen
of the SER in exchange for n protons per ATP molecule hydrolysed.
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3. SERCA crystallization
The crystal structures of SERCA deposited in the PDB have
all been obtained by either vapour-diffusion or dialysis crystallization experiments. In our hands, vapour diffusion has
been the most successful approach. Here, we have also
pursued counter-diffusion crystallization to get a handle on
the best way to obtain large well diffracting crystals suitable
for NMX.
The protein used for our crystallization trials in this study
was solubilized SERCA1 from native membranes isolated
from homogenized muscle tissue by differential centrifugation
(Møller et al., 2002). This means that SERCA1 is in the
presence of excess detergent and native lipids during crystallization. This approach has been termed the HiLiDe method
(Gourdon et al., 2011) and has proved to be very successful in
our hands for obtaining the stable, solubilized membrane
protein needed for crystallization trials. Batches of SERCA
were solubilized from a common stock of native protein used
for all crystallization trials. We see very limited batch-to-batch
variation.
3.1. Vapour diffusion

Vapour diffusion is the method of choice for crystallization
in MX. The principle is to mix protein and precipitant solutions in a droplet and equilibrate the mixture against a larger
volume of precipitant solution within a confined space
(McPherson, 2017). For SERCA, we typically set up 24-well
hanging-drop crystallization experiments by hand (Bergfors,
2007), with each well sealed with immersion oil, which has a
dramatic influence on crystal size and quality.
As previously reported (Sørensen et al., 2006), we often see
significant precipitation forming as the crystallization drops
are set up. After initial matrix screening we therefore adopt a
batch crystallization approach in which larger volumes of
protein and precipitant solutions are mixed, incubated for ten
minutes and centrifuged before being distributed as crystallization drops above solutions of increasing precipitant
concentration. This approach significantly reduced the amount
of nonproductive precipitation in our crystallization drops and
tended to produce large single crystals (#200 mm in the
longest dimension) within three days (Fig. 2a).
To obtain larger crystals, more protein and hence larger
crystallization drops were required. We first scaled the drop
and reservoir volumes from 4 to 20 ml and from 0.4 to 1.0 ml
respectively, and switched to a sitting-drop format to accommodate the increased drop size. However, the 20 ml drops
behaved differently and we mostly saw dark-coloured precipitate and fewer, smaller crystals (Fig. 2b). This result highlights how strongly the dynamics within the crystallization
drop are affected by changes in surface-area-to-volume ratios.
3.1.1. Crystal feeding. A potential solution is to allow
nucleation/early-stage crystals to develop as normal within
4 ml drops followed by the addition of a larger volume of
similar solution to the drop. With nucleation established, the
added protein should contribute to the growth of existing
crystals, with a lesser fraction being lost to nucleation
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(Manzoni et al., 2016). The results from experiments in which
4 ml drops were set up and left to nucleate for 24 h before 10 ml
of batch solution of the same composition as the initial drops
was added to each drop can be seen in Fig. 2(c). The results
show that the behaviour change associated with increasing
drop size is partially mitigated by this strategy. Crystal

formation now follows that of the initial 4 ml scale experiment,
and with larger crystals than the initial 4 ml drop and the 20 ml
drop experiment alone. Interestingly, the single well within
this plate that received an additional 10 ml of solubilized
SERCA only exhibited delayed-onset crystal appearance and
an extended growth phase, resulting in very large single
crystals (Fig. 2d).
Decoupling small-volume nucleation
from large-volume crystal development
is a powerful technique for increasing
crystal size. It also allows established
crystallization protocols to be scaled up
directly without significantly compromising crystal formation. Once nucleation has occurred, the mother liquor can
be kept in the metastable phase by
carefully selecting the composition and
volume of any solution added. The rate
of drop-volume change induced by
vapour diffusion can also be carefully
controlled by the volume and composition of the reservoir solution. The
principle for controlling this phase–time
pathway and the consequences for the
Figure 2
Effects of drop size on nucleation and crystal
growth. (a) Images (i)–(vi) show identical 4 ml
hanging drops suspended over 400 ml reservoir
solution varying in glycerol content only (8–
14%; 1.2% increments). The largest crystals
appeared using glycerol concentrations in the
reservoir in the range 10.4–11.6% (iii, iv).
Images were taken #72 h after setup. (b)
Images (i)–(vi) show identical 20 ml sitting
drops with 1 ml reservoir solution varying in
glycerol content only (8–14%; 1.2% increments). The largest crystals appeared using a
glycerol concentration in the reservoir in the
range 8.0–9.2% (i, ii). Of particular note are the
comparatively large quantities of brown precipitate seen within the 20 ml drops, a behaviour
that is antagonistic to crystal formation and
growth. Images were taken #72 h after setup.
(c) The drops in (i)–(vi) were allowed to
nucleate for 24 h before a larger volume of
protein/precipitate solution was added and
proceeded through both a minimized, but
nonzero, nucleation phase and an extended
growth phase over the three-week period
imaged. The crystal in (i) reached a final size
that was greater than that in any other
experiment so far, although the crystals in the
remaining wells grew to a comparatively
average size. (d) Finally, images (i)–(iii) track
a single 4 ml drop (6% PEG 6000) suspended
over a 400 ml reservoir solution consisting of
12% PEG 6000, 14% glycerol that was allowed
to nucleate for 24 h before protein only was
added. Although no crystals appeared 24 h
after protein only was added (i) or after 5 days
(ii), very large crystals appeared after three
weeks (iii). These crystals approached 1 mm in
the largest dimension, which was the result of a
more optimal phase–time pathway.
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crystallization of SERCA are summarized in Fig. 3. This
strategy is essential for increasing the crystal size while
maintaining or improving diffraction quality.
3.1.2. Crystal seeding. Another commonly used method for
growing larger crystals is seeding, in which a crystal is transferred into a fresh protein/precipitant solution (Thaller et al.,
1981; Bergfors, 2003). We have experimented with this technique, transferring high-quality single crystals from 4 ml
hanging drops (Fig. 2a) to either 25 ml of protein/precipitant
solution or 25 ml of protein solution only in glass crystallization plates. Although no reservoir solution was present and
the wells were sealed, protein and precipitant concentrations
within these large sitting drops increased over time as the
drops equilibrated with the enclosed space.
While crystals transferred to protein/precipitant solution
continued their growth, crystals added to protein-only solution dissolved in the unsaturated solution as expected. Interestingly, new crystals appeared in this condition after several
days, and these new crystals grew to a much larger final size
than those transferred into the batch solution. Examples of the
crystals obtained from the two seeding approaches are shown
in Fig. 4.
Further seeding experiments involved transplanting crystals
grown by hanging-drop vapour diffusion into capillaries
(0.5 mm, Glass No. 50; Hampton Research) to provide a more
protected environment for the crystals to grow in (Fig. 5).
Capillaries eliminate excessive vapour diffusion and emulate
the dynamics within hanging drops; the vertical column of
mother liquor provided by capillaries helps to simulate the
‘depth’ of hanging drops and promotes three-dimensional

Figure 3
Crystal size is dependent on the phase–time pathway. Otherwise identical
drops starting from the same point in phase space at time zero may
produce significantly different outcomes depending on how the phase
space changes over time. For example, a single drop (vapour-diffusion
format) starting in the nucleation zone may result in numerous small
crystals if the reservoir solution is too dilute, i.e. vapour diffusion
proceeds at an insufficient rate to counteract the drive towards the
solubility line as protein leaves solution as crystal or precipitate, and time
spent in the growth phase is minimized. A more optimal reservoir
composition results in fewer, larger crystals, as decreases in protein
concentration over time are balanced by concurrent increases in
precipitant concentration (owing to the equilibration of the drop with
the reservoir), prolonging the time spent in the growth phase. Finally, a
potent reservoir solution results in a large amount of protein precipitation and poorly developed crystals, as vapour diffusion provides a strong
drive towards higher precipitant concentrations within the drop, and the
time spent in the nucleation zone is extended.
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growth. While transplanted crystals did indeed grow within
the batch solution-containing capillaries, this approach also
highlighted that relocating and feeding an already established
crystal results in an undesirable increase in mosaicity, as also
evident by the growth defects that were clearly visible within
the transplanted crystal.
Based on these findings, the most promising strategy for
maximizing the size and the diffraction quality involves
decoupling the nucleation and growth phases, as outlined in
Supplementary Fig. S1. Allowing nucleation to occur naturally
in a drop and keeping the developed nuclei within that drop as
protein-rich solution is added means that the favourable
environment around the nuclei is preserved locally and
osmotic shock is prevented. In addition, it is also important
that the mother liquor has a high concentration of protein and
a low concentration of precipitant(s). This allows the drop to
stay in the metastable region as the protein concentration
decreases, which in turn enables extended crystal growth.
3.2. Crystallization within capillaries: counter-diffusion

Counter-diffusion (growing crystals in capillaries) offers a
different approach to crystallization and possibly several
advantages over vapour-diffusion methods when it comes to
growing larger crystals for NMX (Ng et al., 2003). Firstly,
chaotic mixing and evaporation-driven convection are largely
eliminated by the restrictive geometry of capillaries, providing
a stabilized environment for crystal development. Secondly,
the method is, to a certain degree, self-optimizing, with large
areas of phase space explored within a single experiment
(Otálora et al., 2009). Thirdly, the setup is one-dimensional
and hence is easily scalable by simply increasing the capillary
diameter once crystallization conditions have been identified
and the quest for large crystals starts.
We set up our counter-diffusion crystallization with solubilized SERCA1 along the length of the capillary, an agarose
plug at the end of the capillary and the capillary itself
immersed in crystallization buffer contained within a 1.5 ml
Eppendorf tube. Initially, a supersaturation wave moves
through the capillary, forming nuclei in a sporadic manner
along the length of the capillary. Once this wave passes, the
conditions stabilize and a supersaturation gradient, easing
towards the distal end of the capillary, remains. The gradient
produces a wide variety of local microenvironments across the
mother liquor, and nuclei evolve into crystal polymorphs.
Over time, the supersaturation gradient increases throughout
the capillary as the precipitants continue to diffuse, driving
crystal growth (see Supplementary Fig. S2).
Our initial results are promising, as can be seen in Fig. 6(a),
although further optimization is clearly required. One issue is
the inhibited diffusion of high-molecular-weight PEGs used as
a crystallization agent across the 1% agarose plugs, as PEG
diffusion through agarose reduces with increasing molecular
weight and agarose concentration (Weng et al., 2005). Trials
with lower molecular-weight PEGs (PEG 400 and PEG 2000
as opposed to PEG 6000) and a reduced agarose concentration (0.5%) have so far not improved the crystallization
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Figure 4

Seeding already established crystals. (a) Crystals grown in a 4 ml hanging drop (i) were transplanted into 25 ml batch solution (12.5 ml 14 mg ml"1 SERCA
+ 12.5 ml 9.33% PEG 6000, 8% glycerol) of equal composition (ii). Images of the transplanted crystals after 1, 3, 11 and 22 days show their evolution from
continued growth (iii, iv) to maximum size (v) to deterioration (vi). (b) Crystals from a 4 ml hanging drop (i) were transplanted into 25 ml 14 mg ml"1
SERCA (ii). The crystals largely disintegrated after one day in the protein-rich solution (iii) and remained largely unchanged by day 3 (iv). Interestingly,
new crystals that had appeared by day 11 (v) reached very large sizes by day 22 (vi).

Figure 5

In addition to the canonical setup described above, we
explored a free-interface diffusion setup with solubilized
SERCA carefully placed adjacent to crystallization buffer
inside the capillary with no separating agarose barrier. This
technique proved to be effective for quickly growing single
crystals as the diffusion of precipitants is not restricted by
agarose gel (Fig. 6b) and more closely follows the dynamics
within hanging and sitting drops. Although the setup may not
be useful for growing large crystals as the protein is stretched
too thinly, the wide range of protein:precipitant ratios that it
covers may prove to be useful for identifying crystallization
conditions for further consideration.

Comparison between a seeded and a native crystal. An established crystal
(i) was placed within fresh batch solution inside a capillary to promote
further growth compared with a crystal spontaneously arising from within
the same batch solution alone (ii). Note that while the major transplanted
crystal has achieved a larger size than the native crystal, stress fractures
can be seen at its centre and its diffraction quality is compromised.

4. Room-temperature X-ray diffraction

outcome. Another practical issue is the susceptibility of the
agarose plug to become dislodged from the capillary, allowing
chaotic mixing between the protein solution and the buffer.
Moving forward, adding agarose directly to the protein solution to a final concentration of 0.1–0.3% agarose might
address the issues that we have encountered so far.

To test their diffraction potential, large crystals (approximately
200 $ 150 $ 100 mm) were analysed at room temperature
(RT) using a laboratory home X-ray source. Although the
source was far less powerful than synchrotron sources, the
resulting data allowed us to assess RT X-ray diffraction
characteristics, being indicative of how well neutrons will
diffract under similar conditions. In addition, this test high-
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Table 1
Summary of individual data sets.
Data sets 1–7 were indexed and integrated separately in XDS, before all XDS_ASCII.HKL files were scaled and merged into a single reflections file using the
scaling module aP_scale (Vonrhein et al., 2011). Phases were obtained by molecular replacement using Phaser-MR (McCoy et al., 2007) with a refined Ca2E1AMPPCP structure (PDB entry 3n8g) as a search model. Model building was performed within Coot (Emsley et al., 2010) and refinements were performed with
phenix.refine (Afonine et al., 2012).
Unit-cell parameters

Resolution range† (Å)

Crystal

a (Å)

b (Å)

c (Å)

! (% )

" (% )

# (% )

Mosaicity (% )

Low

High

Wavelength (Cu K!)

1
2
3
4
5
6
7

165.17
165.68
165.66
165.47
165.57
165.54
168.10

77.50
77.44
77.50
77.30
77.43
77.41
80.13

151.42
152.31
152.33
151.75
151.84
151.76
154.22

90.00
90.00
90.00
90.00
90.00
90.00
90.00

109.174
109.241
109.314
109.296
109.384
109.312
109.279

90.00
90.00
90.00
90.00
90.00
90.00
90.00

0.195
0.168
0.204
0.235
0.160
0.127
0.185

45.05
45.05
45.05
45.05
45.05
45.05
45.05

3.538
3.790
4.019
4.222
3.953
3.711
3.589

1.5418
1.5418
1.5418
1.5418
1.5418
1.5418
1.5418

† The resolution limit of each data set was determined by aP_scale according to the criteria that Rp.i.m. & 0.600, I/$(I) '1.00 and CC1/2 ' 0.300.

lighted some important aspects of the practical and technical
challenges of isolating individual crystals within a sealed
capillary (essential for performing neutron diffraction
studies). An initial RT X-ray structure of the SERCA Ca2E1AMPPCP crystal form was solved.
4.1. Capillary mounting of crystals

Transferring a single crystal from a hanging or sitting drop
into a capillary, removing the mother liquor surrounding it and

then sealing the capillary at both ends without damaging the
crystal proved to be extremely challenging. Once a crystal had
finally been isolated and settled inside the capillary, some
mother liquor was kept adjacent to the crystal, ideally on both
sides, to maintain the vapour pressure inside the capillary to
stabilize the crystal. The final challenge of sealing the capillary
with wax also required great care.
The few crystals that managed to survive the process
displayed poor diffraction owing to the stress of the mounting
ordeal. This highlighted how fragile the SERCA crystals were,

Figure 6
Counter-diffusion crystallization. (a) Images along the capillary are from nearest the protein–buffer interface (i) to most distant from the protein–buffer
interface (iv). The capillary contained 15.9 mg ml"1 solubilized SERCA (plugged with #5 mm 1% agarose gel) and was immersed in crystallization
buffer consisting of 12%(w/w) PEG 6000, 4%(v/v) tert-butanol, 14%(v/v) glycerol, 5 mM "-mercaptoethanol, 200 mM sodium acetate. A wide range of
phase space is explored within this one capillary: largely uniform precipitate near the protein–buffer interface embedded with numerous twodimensional crystals and two small crystals of good morphology (i), heterogeneous precipitation with clear, spheroidal globular bodies (ii), less dense,
more homogeneous precipitation embedded with a few large two-dimensional crystals (iii) and almost fully solubilized solution with patches of light
precipitation and a few clear, spheroidal globular bodies (iv). Images were taken three weeks after setting up. (b) Liquid–liquid free-interface
crystallization within vertically orientated capillaries. Protein solution over crystallization buffer. Images along the capillary are from the bottom of the
capillary (i) to the top (iii). The capillary contained 5 ml 16 mg ml"1 solubilized SERCA above a crystallization buffer consisting of 12%(w/w) PEG 6000,
4%(v/v) tert-butanol, 14%(v/v) glycerol, 5 mM "-mercaptoethanol, 200 mM sodium acetate. A variety of supersaturation environments exist within the
capillary: protein-poor/precipitant-rich (i), protein-moderate/precipitant-moderate (ii) and protein-rich/precipitant-poor (iii). Images were taken three
weeks after setting up. (c) Crystallization buffer over protein solution. The capillary contained 5 ml 16 mg ml"1 solubilized SERCA below a
crystallization buffer consisting of 10.67%(w/w) PEG 6000, 4%(v/v) tert-butanol, 8%(v/v) glycerol, 5 mM "-mercaptoethanol, 200 mM sodium acetate.
The less dense protein solution rises through the crystallization buffer, covering a wide range of protein:precipitant concentration ratios as it is drawn
out. Single crystals occur at several points along the protein trail. The image was taken six days after setting up.
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Table 2
Crystal data and structure refinement for the room-temperature structure
(PDB entry 6hef).
Wavelength (Å)
Resolution range (Å)
Space group
Unit-cell parameters (Å, % )
Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/$(I)
Wilson B factor (Å2)
Rmerge
Rmeas
Rp.i.m.
CC1/2
CC*
Reflections used in refinement
Reflections used for Rfree
Rwork
Rfree
CC(work)
CC(free)
No. of non-H atoms
Total
Macromolecules
Ligands
No. of protein residues
R.m.s.d., bonds (Å)
R.m.s.d., angles (% )
Ramachandran favoured (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore
Average B factor (Å2)
Overall
Macromolecules
Ligands
No. of TLS groups

1.5418
45–3.54 (3.67–3.54)
C2
a = 165.84, b = 77.77, c = 152.22,
! = 90, " = 109.28, # = 90
111920 (11439)
22565 (1534)
5.0 (5.1)
94.91 (68.47)
4.63 (1.42)
85.1
0.3055 (1.111)
0.3433 (1.241)
0.1529 (0.5416)
0.933 (0.556)
0.983 (0.845)
21491 (1533)
1080 (84)
0.2228 (0.3169)
0.2595 (0.3443)
0.866 (0.769)
0.900 (0.493)

will ideally want to complement a neutron structure with an
RT X-ray structure to ensure equivalency and to allow joint
neutron/X-ray refinement (Afonine et al., 2010).
4.3. Room-temperature structure of SERCA1

92.66
92.65
93.06
8

and we focused on crystals grown directly inside the capillary,
as outlined above, for X-ray diffraction. Crystals grown in this
manner generally grew on the inner surface of the capillary
and hence were already immobilized. Therefore, crystals could
be isolated simply by removal of the liquid around them with a
smaller capillary and reforming the immersion oil seal
(Supplementary Fig. S3).
4.2. X-ray diffraction data collection

Sealed capillaries containing isolated crystals were mounted
directly onto an AFC10/11 CCD single-crystal structureanalysis system (Rigaku, Tokyo, Japan) goniometer with
modelling clay. Diffraction studies were performed at room
temperature using a cryostream set to 293.15 K to ensure
thermal stability. The maximum resolution seen in the
analysed crystals was #3.0 Å (Supplementary Fig. S4), indicating that the SERCA Ca2E1-AMPPCP form is suitable for
neutron diffraction studies as, with further optimization, a
resolution of 2.5–3 Å should be achievable at RT.
Another important result was the finding that this crystal
form was highly susceptible to radiation damage at RT
(Supplementary Fig. S5). This is worth keeping in mind, as one
Acta Cryst. (2018). D74, 1208–1218

Figure 7
Comparison of (a) cryotemperature and (b) room-temperature structures
of SERCA in the Ca2E1-AMPPCP conformation. The structures are
coloured according to B-factor value from 30 Å2 (red) to 150 Å2 (blue).

7760
7671
89
994
0.004
0.72
94.7
5.0
0.3
0.00
9.28

Diffraction data were collected from nine crystals. Data
from seven of these were scaled, merged and processed as
summarized in Table 1. This combined data set was used for
molecular replacement using PDB entry 3n8g as a search
model. Final refinement statistics are summarized in Table 2.
The overall differences between the RT structure and the
previously published structure collected at cryotemperature
(100 K) are small; the r.m.s.d. is 1.575 Å over all atoms and
1.049 Å over main-chain atoms. Comparing the distance
between each atom and the centre of mass for the two structures also shows a narrow and symmetric distribution, with
only a slight positive shift, indicating that the two structures
are similar with small variations and a minute temperaturedependent shift (Supplementary Fig. S6; Fischer et al., 2015).
The structures also show a comparable B-factor distribution,
suggesting that the presence of calcium and the nonhydrolysable ATP analogue AMPPCP indeed induces a tight
and well defined conformation that is stable at room
temperature (Fig. 7).

5. Discussion
Here, we have demonstrated that it is possible to obtain large
well diffracting crystals of SERCA that may be suitable for
NMX. This was possible because (i) milligrams of protein are
readily available from a natural source, (ii) we have well
established purification and solubilization protocols in place
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Figure 8
Overview of the workflow. Once initial crystallization conditions have been established, a number of paths are possible for increasing the crystal size. For
crystal feeding and seeding the growing crystal is kept in a crystallization drop, with the final crystal being transferred to a capillary for data collection.
For capillary seeding the growing crystal is transferred to a capillary. For counter-diffusion the crystal nucleates and grows in the capillary.

ensuring minimal batch variation and (iii) we have well
characterized crystal forms with unit-cell parameters compatible with NMX data collection. We have established that after
initial nucleation, several viable routes for obtaining large
crystals of SERCA exist. These are summarized in the
roadmap presented in Fig. 8. The finding that a large crystal
will grow even when adding protein-only solution to initial
crystal hits demonstrates that the metastable zone is very wide
with respect to protein and precipitate concentrations in the
case of SERCA. From a crystal-growth perspective, we are
free to choose any of the available techniques. We currently
favour growing crystals directly in capillaries, eliminating the
mechanical stress caused when transferring large crystals from
a drop to a capillary. This is a pragmatic decision that may
change if other mounting procedures for extensive roomtemperature data collection become easier.
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Across all of the crystallization conditions tested, we always
see precipitation in drops where we find nucleation. Batch
crystallization has helped us to overcome this and has made
the handling of crystals much easier. If, on the other hand, we
reduce the protein and/or precipitant concentrations to avoid
this initial precipitation, we do not see any nucleation. This
suggests that the formation of propagative nucleation is ratelimiting and that we need to be well into the nucleation zone
with many metastable clusters, and significant precipitation, in
the crystallization drop for a successful nucleation event to
take place (Vekilov, 2010). Alternatively, what we observe
may be that a fraction of the protein is more susceptible to
precipitation.
We also do not find any significant differences between the
RT structure presented here and the previously published
cryotemperature structures. This is in agreement with the
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findings from a previously reported RT structure collected
using a free-electron laser (Bublitz et al., 2015). The positive
shift of the peak seen in Supplementary Fig. S6 is small and
confirms a very limited and uniform temperature effect
between RT and cryotemperature structures.
When crystallizing membrane proteins, one is crystallizing a
mixture of protein, lipids and detergent depending on the
exact experimental conditions. As the function of SERCA is
affected by the presence of specific phospholipids (Lee, 2003),
we were anticipating that SERCA crystallization could be
selective for specific lipids and hence result in the accumulation of unfavourable lipids in the crystal-growth phase, which
in turn would render the crystal surface ‘poisoned’, inhibiting
further crystal growth. Here, we have demonstrated the
growth of large SERCA crystals; hence, a possible poisoning
effect does not appear to have any significant effect on crystal
growth.
It is essential to select the right crystal form for NMX and
this should be considered during initial screening. The recent
development of in situ screening facilities at synchrotrons
provides a useful tool enabling a thorough sampling of the
unit-cell parameters, symmetry and resolution of any initial
hits to fully explore crystallization space (Grimes et al., 2018).
Every protein target represents a unique crystallization
challenge, and our findings with SERCA described here
should serve as a guide to approaches that can tackle some of
the challenges of crystallizing membrane proteins for NMX.
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Abstract
Adding hydrogen atoms and protonation states to structures of membrane proteins
requires successful implementation of neutron macromolecular crystallography
(NMX). This information would significantly increase our fundamental understanding
of the transport processes membrane proteins undertake. To grow the large crystals
needed for NMX studies requires significant amounts of stable protein, but once that
challenge is overcome there is no intrinsic property of membrane proteins preventing
the growth of large crystals per se. The calcium-transporting P-type ATPase (SERCA) has
been thoroughly characterized biochemically and structurally over decades. We have
extended our crystallization efforts to assess the feasibility of growing SERCA crystals
for NMX—exploring microdialysis and capillary counterdiffusion crystallization techniques as alternatives to the traditional vapor diffusion crystallization experiment.
Both methods possess crystallization dynamics favorable for maximizing crystal size
and we used them to facilitate the growth of large crystals, validating these approaches
for membrane protein crystallization for NMX.
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1. Introduction
Membrane proteins are cellular gatekeepers conveying environmental
signals, translocating molecules, and generating electrochemical gradients
across the hydrophobic cell membrane. Understanding how membrane proteins work will enable us to explore the evolutionary technology they represent as well as target them to combat disease (Misawa, Osaki, & Takeuchi,
2018; Ng, Poulsen, & Deber, 2012; Schmit & Michiels, 2018). Membrane
proteins are very diverse with individual proteins having multiple domains
adapted to reside in hydrophobic/hydrophilic environments, intra- and
extracellularly. This multidomain structure make membrane proteins not
only scarce but also notoriously unstable and very challenging targets to
study both biochemically and structurally. But many impressive studies over
the last decade have demonstrated that it can be done (see https://blanco.
biomol.uci.edu/mpstruc/ for an updated list of membrane protein structures).
Numerous membrane protein structures have been determined using X-ray
crystallography—and more recently cryo-electron microscopy (https://www.
wwpdb.org). In combination with detailed biochemical characterization, these
structures have increased our understanding of how transport and signaling
across membranes work. But for many of these processes we are still short of
a fundamental mechanistic understanding as we do not normally resolve hydrogen atoms and protonation states in these structures. We can infer hydrogen
localization when circumstantial evidence provides a plausible model, although
the importance of protonation for a given reaction mechanism may not be clear.
Detailed structural views with “hydrogen resolution” would significantly
change this and allow us to address unanswered questions. The method of
choice for obtaining structures with “hydrogen resolution” is neutron macromolecular crystallography (NMX). Because neutrons scatter from nuclei, the
coherent scattering lengths of hydrogen (and deuterium) are similar in magnitude to carbon, nitrogen and oxygen (Sears, 1992). Hydrogen and deuterium
atoms can therefore be easily identified in the density maps derived from neutron diffraction data because of their increased contribution to diffraction.
NMX is not a new tool in structural biology, but it is a tool that in the coming
decade is going to experience a steep increase in performance once the
European Spallation Source (ESS) in Lund, Sweden becomes operational.
(https://europeanspallationsource.se/instruments/nmx).
In structural biology, ongoing technological advancements continue to
push the limit for what is possible. New synchrotrons (https://lightsources.
org) and free-electron lasers (Chapman, 2019) deliver beam sizes small
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enough and flux densities high enough to enable useful diffraction data to be
extracted from micron-sized crystals. Furthermore, recent advances in
detector technology has made it possible to capture the diffraction generated
from the very intense and short exposures of these tiny crystals (Forster,
Brandstetter, & Schulze-Briese, 2019). Also, software capable of processing
the vast amount of data generated during these experiments has now been
developed (Winter et al., 2018). Advanced detector technology has also
spawned the resolution revolution in cryogenic electron microscopy
(cryoEM) (Cheng, 2018), allowing atomic resolution models of larger biomolecules and their complexes to be generated without the requirement for
growing crystals at all (Cheng, 2015).
With the tiny beam sizes and high flux densities now available, X-ray
crystallographers have abandoned the pursuit of large crystals. Crystallization
itself still presents a significant challenge, but if small crystals analyzed by
micro-focused beams provide a high-resolution structure substantiating
the relevant scientific question(s), the crystallographic afterthought is minimal. Only once crystal quality is poor or data analysis challenging do biochemists have to venture into the world of crystal optimization—a realm
populated with empirical knowledge of dubious worth. This is also where
one needs to venture on the quest to grow the large crystals required for
NMX. To collect useful NMX data requires crystals that are hundreds of
microns in all dimensions, a result that requires extensive optimization of
the crystallization process. The reason that crystals need to be this large
for NMX is that the diffracted intensity measured is proportional to the
incoming beam intensity (O’Dell, Bodenheimer, & Meilleur, 2016).
Even with the predicted impressive performance of the ESS, the neutron
flux to be provided is high only relative to what is currently available and
will still be orders of magnitude less than the X-ray flux experienced at synchrotron facilities.
Will it then be feasible to use neutron crystallography for membrane proteins? We recently reviewed potential membrane protein targets based on
reported crystal sizes and cell parameters (Sorensen et al., 2018) and found
that membrane proteins should indeed be considered for NMX studies.
Over the years, we have produced many well-diffracting crystals for
X-ray crystallography from a number of different membrane-protein projects. Obviously, each project has presented a range of intricate challenges
and required resourceful insight and hard work for a successful outcome,
but in our experience, there is nothing per se limiting the size of membrane
protein crystals once an ample supply of stable protein has been organized.
We have had significant success with the P-type ATPases family of
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membrane proteins and a key facet to this success has been a thorough
understanding of the biochemical properties of this class of proteins
(Moller, Olesen, Winther, & Nissen, 2010).
In this chapter, we describe two of the methods that we have applied to
SERCA to increase crystal size—dialysis and counter-diffusion crystallization. These methods have been reviewed elsewhere (McPherson &
Gavira, 2014; Otalora, Gavira, Ng, & Garcia-Ruiz, 2009) and are known
to researchers in the neutron crystallography field. Ultimately, the goal is
to produce a large perfectly well-ordered crystal, but the reality may be quite
different. One intuitively considers the ability for a given crystal to grow to a
large size indicative of a “healthy” crystal form with a sound lattice that supports continuous growth without imperfections. But local order does not
necessarily propagate across hundreds of micrometers. As a crystal grows
in size so does the likelihood of crystal imperfections originating from lattice
variations between crystal domains as well as lattice variations within
domains (Nave, 2014).

2. Microdialysis crystallization
The principle for microdialysis crystallization is illustrated in Fig. 1.
The protein solution—either by itself or mixed with precipitant solution
(but remaining below the nucleation zone of the phase diagram)—
is separated from a larger volume of precipitant solution by a sizediscriminating membrane allowing free diffusion of all components except
the protein. Over time, precipitating agents diffuse across the membrane
into the protein solution, and at the correct combination of concentrations, the phase enters the nucleation zone. From here, the formation
and growth of nuclei results in the progressive reduction of protein concentration until the solubility limit is reached. At this point, growth is halted
and crystal size remains constant over time. However, further crystal growth
may be initiated by increasing the precipitant concentration within the
reservoir. As this extra precipitant diffuses across the separating membrane,
the protein solubility is further decreased, driving additional protein from
the solution into the crystal. Expanding upon this principle are doublecontained dialysis setups, in which an initial reservoir is itself dialyzed against
a larger, secondary reservoir containing higher concentrations of precipitants
(Thomas, Rob, & Rice, 1989).
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Fig. 1 Crystal phase-time pathway within microdialysis. The mother liquor starts in the
undersaturation/metastable zone and slowly moves toward the nucleation zone as precipitants diffuse across the dialysis membrane (i). As a few nuclei form, the mother liquid
begins its trajectory through the metastable (i.e., crystal growth) zone, stopping at the
solubility line (ii). Further grow can be induced by increasing the precipitant concentration inside the reservoir, slowly lowering the solubility limit of the mother liquor due
to the diffusion of additional precipitants across the membrane (iii). A maximal amount
of protein is added (ΔT [protein]) due to the contributions of two growth phases
(Δ1 [protein] and Δ2 [protein]), resulting in very large crystals.

The key advantage of the microdialysis technique is the ability to control
the phase-time pathway, which is essential for producing crystals of the size
needed for NMX studies. By contrast, the batch method offers very limited
ability for its saturation state to be slowly altered over time—the protein and
crystallization solution are mixed together and an equilibrium is quickly
reached. This most often results in uniform nucleation with many crystals
of equal size that do not undergo an extended growth period. Vapor diffusion on the other hand, does offer the ability to increase or decrease the saturation state of the mother liquor over time. However, this change cannot
be precisely controlled, i.e., the concentrations of each component within
the mother liquor cannot be estimated at equilibrium. Also, vapor diffusion
affects the concentrations of all components, with each non-volatile chemical species becoming more or less concentrated as drop volumes decrease or
increase. These excessive changes in chemical composition may result in
unwanted additional nucleation or osmotic shock, damaging or destroying
the crystal.
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Microdialysis allows each individual component within the mother
liquor to be reasonably estimated and controlled over time in terms of conditions at equilibrium. For example, to increase the size of a crystal once
equilibrium is reached, the polyethylene glycol (PEG) concentration of
the mother liquor can be increased such that: (a) only PEG concentration
significantly changes while the concentration of other components remain
constant hence avoiding osmotic shock; (b) the change in PEG concentration can be accurately controlled making it feasible to reproducibly increase
PEG concentration by steps of 1–2%, an increase that may extend crystals
growth without inducing additional nucleation; and (c) a gradual change
in PEG concentration (i.e., slow kinetics) that is conducive to the growth
of an ordered lattice and less likely to result in heavy precipitation and/or
nucleation.
An additional crystallization element offered by microdialysis is the ability to not just add, but to remove individual components from the mother
liquor. In the case of membrane proteins, lowering the concentration of the
solubilizing detergent could potentially promote crystal growth. In the case
of SERCA, removing solubilizing octaethyleneglycol dodecylether (C12E8)
may drive protein-containing micelles out of solution and into any growing
crystal lattice present. We have explored this to a limited extent, and indeed
crystals do appear to grow in response to the gradual removal of this detergent. However, further experiments to test the usefulness of this approach
are needed to assess effects on diffraction quality, as removing detergent may
affect crystal packing significantly.
A schematic presentation of the microdialysis setup we use to crystallize
SERCA is shown in Fig. 2. Protein or batch solution is dispensed into the
chamber of a microdialysis button, the volume of which can vary from five
to several hundred microlitres. A dialysis membrane with a suitable molecular weight cut-off is placed on top, locked and sealed with an O-ring. We
use PEG 6000 when crystallizing SERCA and hence use membranes with a
cut-off of 12–14 kDa to allow its free diffusion across the dialysis membrane.
The microdialysis button is then transferred into a reservoir chamber and
fully submerged with precipitant solution. Finally, the reservoir chamber
is sealed and the entire setup placed in a temperature-controlled
environment.
A typical microdialysis-grown SERCA crystal is shown in Fig. 3, displaying a diamond-shaped morphology similar to the morphology observed
for crystals obtained from hanging drop vapor diffusion experiments. The
size of the crystal in Fig. 3 is approximately 500 ! 500 ! 100 μm, although
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Fig. 2 Schematic of the microdialysis format. Buttons are placed inside 24-well crystallization plates, allowing for the easy setup of replicates and parallel experiments.
Reservoir solutions are able to be changed over time by first removing sealing
coverslips/tape, then either adding stock straight to the existing reservoir solution
(to increase component concentrations) or exchanging the entire reservoir with that
of another composition (to decrease component concentrations), then re-sealing.

Fig. 3 SERCA crystal grown using microdialysis. Protein chamber contained 5 μL of
batch solution (11.6 mg/mL solubilized SERCA, 1.33% (w/v) PEG 6000) and was initially
dialyzed against a reservoir solution containing 4% (w/v) PEG 6000. Crystal is shown
15 days after setup (the PEG 6000 concentration within the reservoir was increased
to 6% at day 8).

we have grown SERCA crystals up to 1 mm across the largest dimension
using this method. In this experiment, 12 mg/mL solubilized SERCA
was mixed in a 5:1 ratio with an 8% (w/v) PEG 6000 precipitant solution
creating an undersaturated batch solution as the starting point for the
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crystallization experiment. The 5 μL batch solution was dialyzed against
1300 μL of a precipitant solution containing 4% (w/v) PEG 6000. To further
increase the size of the crystal, the concentration of PEG 6000 within the
reservoir solution was increased from 4% to 6% eight days after the initial
experiment was setup.
When considering the use of microdialysis, there are a couple of challenges to keep in mind. First, microdialysis is much more challenging to
set up than the more straightforward batch and hanging/sitting drop vapor
diffusion crystallization formats. Particular care is needed when placing the
membrane, as even the slightest movement can result in air being introduced
at the protein-membrane interface. If the amount of air introduced is significant, diffusion across the membrane becomes greatly impeded as does the
ability to visualize the contents of the dialysis button itself. Bubble formation
is of particular concern when crystallizing membrane proteins, as the use of
detergents make the occurrence of bubbles far more likely. Also, while this
situation may normally be potentially reversed by removing the membrane,
restoring the protein meniscus, and repeating the process, this again is more
difficult when dealing with detergent-containing membrane proteins. The
general advice is to practice using the actual solutions (omitting protein) to
be able to handle detergent- and precipitant-containing solutions without
introducing air, thereby conserving valuable protein.
Second, as microdialysis crystallization involves changing the saturation
state of the mother liquor over time by dialyzing it against a reservoir of
much larger volume, it is required that any ions, ligands, or other components present in the protein solution also be added to the reservoir solution.
This includes additives used to stabilize the protein, to induce a specific
functional state, or to generate a protein-ligand complex. These inclusions
are necessary to prevent the additives from slowly diffusing out of the protein
chamber over time and maintain protein stability and/or the desired functional state or complex. Again, this issue is more complicated for membrane
proteins, as they often require more complex chemical mixtures to remain
stable and soluble. Detergent is a key additional component that has to be
included in the reservoir mixture when setting up a membrane protein
microdialysis crystallization experiment. Often detergents are present in
concentrations above the critical micelle concentration (CMC) to prevent
the protein-containing micelles within the button from disintegrating and
the protein precipitating. Consequently, expensive and highly purified
detergents are often added to reservoirs in large quantities, meaning microdialysis consumes far more resources than other methods.
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Finally, crystals grown within microdialysis buttons can be more difficult
to harvest than crystals obtained using other methods, as the button wall surrounding the protein chamber restricts access to any crystals located inside.
This is exacerbated by the fact that membrane protein crystals typically
contain high levels of solvent and are therefore very fragile, making them
particularly susceptible to damage during the crystal harvesting process.
Again, it is worth emphasizing that practice is important, as this will maximize the chance that any prize crystal grown can be recovered safely.
Despite these challenges, microdialysis is a crystallization technique with
a unique advantage in terms of the control that it offers over the crystal
phase-time pathway. Results with SERCA so far indicate that it is feasible
to grow NMX-compatible crystals using microdialysis. Future experiments
will continue to explore this method, using protein/batch volumes of
100 μL and greater.

3. Capillary counter-diffusion crystallization
The principle for crystallization within the capillary counterdiffusion
format is illustrated in Fig. 4. One end of the protein solution, confined
within a capillary, is brought in contact with a precipitant solution, either
confined within the same capillary or within a separate chamber.
Immediately following setup, the two solutions begin to mix by diffusion,
with the precipitating agents generally diffusing faster into the protein than
vice versa. The high precipitant concentration at the liquid-liquid interface
immediately results in large amounts of crystalline precipitate, and the local
protein concentration begins to decline. The precipitant, which is not consumed in this process, continues to move further into the protein solution,
where protein solubility is again reduced and another round of precipitation
and/or nucleation occurs. As this progressively weakening process repeats, a
temporally and spatially varying supersaturation gradient forms along the
length of the capillary. Farthest away from the interface, low levels of
supersaturation (featuring low concentrations of precipitant and high concentrations of protein) result in fewer crystals of larger volumes (Otalora
et al., 2009).
As a crystallization technique, capillary counterdiffusion possesses several
inherent advantages. A major advantage with respect to diffraction data collection is that crystals, once grown, can be analyzed in situ with no additional
handling required (Ng et al., 2003). This is very useful, as membrane protein
crystals, at least in our hands, only become more fragile and difficult to
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Fig. 4 Crystal phase-time pathways within capillary counterdiffusion. (A) The protein and
precipitate solutions are initially fully separated within a capillary with either the two liquids in direct contact or separated by a gel barrier. The two solutions then proceed to
diffuse into one another, resulting in a wide range of conditions (and outcomes) that vary
along the length of capillary (Ng, Gavira, & Garcia-Ruiz, 2003). (B) In terms of phase space,
conditions at/near the interface immediately following setup consist of high precipitant
and high protein concentrations, resulting in precipitate formation and the associated
local reduction of [protein] (i). Farther away from the interface, the precipitant continues
to diffuse into the protein (both solutions are at slightly lower concentrations as the precipitant dilutions as it is extending and the protein is both extending and precipitating/
nucleating) resulting in high density nucleation (ii). As the weakening precipitant front
continues to advance, nuclei continue to form at a progressively reduced rate (iii and
iv). Far into the protein solution, only few nuclei form from the now diminished precipitant
wave. These nuclei spend an extended time within the metastable zone as precipitant
continues to arrive over time, becoming large crystals (v) (Otalora et al., 2009).
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handle with increasing crystal size. Another unique advantage of capillary
counterdiffusion is that its dynamics are inherently favorable for generating
large crystals and hence it is useful for growing crystals for NMX. Though it
does not offer the precise control that microdialysis affords, the wide range of
conditions and kinetics explored in each individual experiment often results
in a section where only a few nuclei form, with these nuclei undergoing
extensive growth to become large crystals (Otalora et al., 2009). The fact
that a wide range of conditions are covered per experiment means this
method in particular is able to compensate for variations between protein
batches. Given the highly complex mixtures involved in membrane protein
preparations, this class of proteins is particularly susceptible to batch-tobatch variations and results are often challenging to reproduce.
There are several methods for setting up capillary crystallization experiments (for a detailed review, refer to the comprehensive article by Otalora
et al. (2009), with the most common setups often involving the precipitant
and protein solutions being separated by a physical buffer, usually a gel such
as agarose, in order to delay the onset of diffusion or avoid osmotic shock. An
example is the Gel Acupuncture Method (Garcia-Ruiz, Moreno,
Viedma, & Coll, 1993), where a capillary filled with protein is embedded
in agarose gel. Precipitant solution is added on top of or in the gel, which
then proceeds to diffuse into the protein solution and up the capillary. For
SERCA, we have noted that the PEG 6000 precipitant we use to crystallize
is unable to diffuse through this physical buffer at a sufficient rate to induce
nucleation, and as such we have opted for a setup where both the precipitant
and protein solutions are contained within the capillary and a free liquidliquid interface exists between the two.
The setup typically used to crystallize SERCA is shown in Fig. 5. It is
important to note that this particular procedure works best when using

Fig. 5 Schematic of the capillary counterdiffusion format. First protein, then an equal
volume of precipitant solution is carefully aspirated into a capillary (such that the
two liquids are touching). Both ends of the capillary are then sealed with silicone
sealant/clay and the entire setup moved into a temperature-controlled environment
to incubate.
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capillaries with relatively narrow diameters ("0.5 mm), where geometries
are restrictive enough to limit convective mixing of the protein and precipitant solution and preserve the supersaturation gradient. We are also performing experiments in large diameter capillaries (#1 mm) in which
solubilized SERCA or undersaturated batch solution is mixed with molten
low-melting point agarose such that the mixture contains between 0.1 and
0.3% (w/v) agarose. This solution is then injected into the capillary and
allowed to set before the precipitant solution is added adjacently.
Results from a capillary counterdiffusion experiment with SERCA are
shown in Fig. 6. In this experiment, equal volumes of 12 mg/mL solubilized
SERCA and a 12% (w/v) PEG 6000 precipitant solution were placed in
liquid-liquid interface setup within a 0.5 mm diameter glass capillary.
After 6 days, the supersaturation gradient characteristic of capillary counterdiffusion can be seen, with heavy precipitant becoming a few well-formed
crystals as one moves along the length of the capillary.
There are a few issues to be aware of when considering capillary counterdiffusion crystallization experiments using membrane proteins. First, setting up capillary experiments require more careful handling than other
crystallization methods due to the fragile nature of glass and quartz capillaries
(a typical wall thickness is 0.01 mm). It is possible for capillaries to break

Fig. 6 SERCA crystals grown using capillary counterdiffusion. A 0.5 mm glass capillary
was filled with 4.5 μL of 12.6 mg/mL solubilized SERCA and 4.5 μL of precipitant solution
containing 12% (w/v) PEG 6000, imaged 6 days after setup. Though the crystals shown
are relatively small, the advantageous behavior of capillary counterdiffusion is clearly
demonstrated. Heavy precipitate is seen at the liquid-liquid interface, where concentrations of both protein and precipitate were at their peak (i). Moving along the capillary
one can see the results of a supersaturation gradient, with large numbers of small crystals (ii), becoming fewer in number while simultaneously increasing in size (iii–v). The
final section of the capillary contains protein-rich solution free of nuclei, which over
time, can serve as a protein source to grow the few single crystals adjacent.
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during and after setup, resulting in the loss of significant amounts of precious
protein. Second, to prevent chaotic mixing and convection from occurring
within in capillaries, the protein solution sometimes needs to be gelled
(Biertumpfel, Basquin, Birkenbihl, Suck, & Sauter, 2005; Gavira, de
Jesus, Camara-Artigas, Lopez-Garriga, & Garcia-Ruiz, 2006; Otalora
et al., 2009). However, gelling the protein solution requires mixing and dispensing at temperatures high enough to maintain the agarose in a molten
state. While SERCA is able to withstand these elevated temperatures of
up to 30 °C for short periods, a significant number of membrane proteins
may not, and the thermal stability of your membrane protein should be demonstrated before proceeding with this technique.
Finally, it is important to keep the diffusion properties of the precipitants
being used in mind. In the case of SERCA, we use high molecular weight
PEGs which require extremely long equilibration times due to their relatively low diffusion coefficients (Carter et al., 1999). As previously mentioned, we found diffusion kinetics to be insufficient for SERCA
nucleation when using setups employing a physical buffer between the precipitant and protein solutions and consequently focused on setups with a free
liquid-liquid interface. This is an important issue one should consider when
deciding upon the experimental setup best suited for one’s particular system.

4. Crystallization of SERCA by microdialysis and
capillary counterdiffusion
4.1 Equipment
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

Analytical balance (VWR)
TLA 100.3 rotor (Beckman Coulter)
Optima MAX-XP Ultracentrifuge (Beckman Coulter)
UV/visible spectrophotometer (ThermoFischer Scientific)
12–14 kDa dialysis membrane discs (Hampton Research)
30 μL dialysis kit including buttons, O-rings, and applicator (Hampton
Research)
24 well, VDX crystallization plate without sealant (Hampton Research)
High vacuum grease (Dow Corning)
22 mm siliconized glass coverslips (Hampton Research)
0.5 mm and 1 mm glass or quartz capillaries (Hampton Research)
1 mL luer syringe (Chirana)
Parafilm
1.5 mL microtubes (Sarstedt)
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14. 250 mL Schott bottle
15. 250 mL beaker
16. Mounting clay (Hampton Research)

4.2 Chemicals
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

BME (β-Mercaptoethanol; Sigma Aldrich)
C12E8 (octaethyleneglycol dodecylether; Nikko Chemicals)
CaCl2 (Sigma Aldrich)
KCl (Sigma Aldrich)
AMPPCP (β,γ-Methyleneadenosine 50 -triphosphate disodium salt;
Sigma Aldrich)
SR vesicles (sarcoplasmic reticulum vesicles from rabbit fast twitch
skeletal muscle; prepared as per Andersen, Lassen and Moller (1985)
Glycerol (Sigma Aldrich)
MgCl2 (Sigma Aldrich)
MOPS (3-(N-Morpholino)propanesulfonic acid; Sigma Aldrich)
PEG 6000 (polyethylene glycol 6000; Sigma Aldrich)
Sodium acetate (Fluka BioChemika)
tert-butanol (Sigma Aldrich)
Low-melting point (LMP) agarose powder (Invitrogen)

4.3 Protocol
4.3.1 Preparation of solubilized SERCA Protein (Ca2E1-AMPPCP form)
1.1. Prepare the detergent and buffer solutions. Calculate the volumes of
stock needed to prepare a
370 mM C12E8 detergent solution and a
100 mM MOPS pH 6.8, 80 mM KCl buffer.
1.2. Working on ice, add 1 mL of the 100 mM MOPS pH 6.8, 80 mM KCl
buffer to the SR vesicles vial (containing 4.7 mg of protein) and suspend the vesicles by gently pipetting up and down. Transfer the mixture into a 2 mL polyallomer ultracentrifuge tube.
1.3. Wash the vial with another 1 mL of the 100 mM MOPS pH 6.8,
80 mM KCl buffer and add the wash to the ultracentrifuge tube (for
a total volume of 2 mL).
1.4. Balance the ultracentrifuge tube before placing them inside a TLA100.3
rotor. Place the rotor inside a Optima Max Ultracentrifuge and spin at
50000 RPM, 4 °C for 35 min.
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1.5. While the suspended SR vesicles are spinning, prepare the following
2! incubation mixture in a 1.5 mL microtube. Add the required
amount of each stock to produce 350 μL of solution containing the following: 2 mM AMPPCP, 10 mM BME, 20 mM CaCl2, 40% (v/v)
glycerol, 160 mM KCl, 6 mM MgCl2, and 200 mM MOPS pH 6.8.
Tip: An alternative SERCA state, the Ca2E1-ADP:AlF4$ form,
can be prepared by replacing the 2 mM AMPPCP with 0.67 mM
AlCl3, 10 mM NaF, and 2 mM ADP.
1.6. Recover the ultracentrifuge tube now containing a pellet of SERCA
microsomes. Discard the supernatant, then add 110 μL of the 100 mM
MOPS pH 6.8, 80 mM KCl buffer to the pellet and resuspend by
gently pipetting up and down.
Tip: To reduce the chance of introducing bubbles, reduce the
pipetting volume to %70 μL. This will prevent air from being aspirated
into the tip while drawing solution up and down over the SERCA
pellet.
1.7. Once the pellet has been fully resuspended, transfer 125 μL into the 2 !
incubation mixture along with 159 μL of H2O.
1.8. To complete the incubation mix, add 66.2 μL of the 370 mM C12E8
solution (final concentration of 35 mM) and mix by lightly vortexing.
The solution (final volume of 700 μL) should turn from translucent
to clear.
1.9. Allow the mixture to incubate on ice for 1 h, then ultracentrifuge again
at 50000 RPM, 4 °C for 35 min. Collect the supernatant and determine the protein concentration by measuring 280 nm absorbance with
a spectrophotometer. This solution can be used directly for crystallization experiments.
4.3.2 Crystallization of the SERCA Ca2E1-AMPPCP form by Microdialysis
2.1. Prepare the dialysis solution. Calculate the volumes of stock needed
to prepare 1.5 mL of the following: 4% (w/v) PEG 6000, 18% (v/v)
glycerol, 80 mM sodium acetate, 4% (v/v) tert-butanol, 100 mM
MOPS pH 6.8, 80 mM KCl, 3 mM MgCl2, 10 mM CaCl2, 0.5 mM
AMPPCP, 5 mM BME, and 15 mM C12E8.
2.2. Prepare a precipitant solution (to be mixed with the protein to form
an unsaturated batch solution). Calculate the volumes of stock
needed to prepare 1 mL of the following: 8% (w/v) PEG 6000, 8%
(v/v) glycerol, 200 mM sodium acetate, 4% (v/v) tert-butanol,
100 mM MOPS pH 6.8, and 5 mM BME.
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2.3. Mix the protein with the 8% PEG 6000 crystallization solution in a
5:1 ratio to produce an unsaturated batch. Make sure the volume prepared is in excess of the nominal button volume: e.g., aim to set aside
%35 μL of solution for a 30 μL microdialysis button to ensure a reasonable sized meniscus is able to be formed.
2.4. Half fill a 250 mL beaker with water and place a 12–14 kDa cut-off
dialysis membrane inside to soak.
2.5. Take a microdialysis button and carefully dispense the unsaturated
batch solution inside the protein chamber until a convex meniscus
rises above the button surface.
Tip: As the protein solution contains a high concentration of
detergent, take extra care when pipetting to avoid bubble formation.
An easy way to do this is to aspirate a larger volume of solution then
required and stop dispensing before the last of the liquid leaves the
pipette tip. Although this method will not deliver an accurate volume
of solution, this does not matter as a specific volume is not necessary
so long as there is a clear meniscus rising above the button surface—
minimizing bubble formation is more important.
2.6. Remove the dialysis membrane from the beaker with tweezers.
Using gloves, hold the membrane in both hands and carefully unfold
and straighten. Remove any excess water by dabbing the membrane
edge with a paper towel, then gently lower the membrane until it
touches the top of the protein meniscus. The protein solution should
“grab” the membrane. At this point slowly lower your fingers and
allow the weight of the membrane to drape itself over the button
top. Carefully release the membrane.
2.7. Take the applicator and place it over the top of the button. Holding
the applicator in position with one hand, take an O-ring and push it
down over the applicator and onto the button (making sure it locks
into the groove running along the side of the button and securely
holds the membrane in place).
2.8. Cut away the excess membrane around the sides of the button using
scissors, then transfer the button into the well of a 24-well crystallization plate. Dispense the dialysis solution into the well, making sure
the button is fully immersed in the liquid.
2.9. Seal the well using vacuum grease and a glass coverslip, then place the
tray in a 20 °C environment to equilibrate.
2.10. To increase the size of any crystals that form, increase the PEG concentration of the reservoir (i.e., dialysis solution). Increasing PEG
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concentration by %2% is a reasonable place to start. This can easily be
achieved by simply removing the well seal, adding PEG stock
directly, then gently mixing and replacing the seal.
Tip: The volume of PEG stock needed to be added to the reservoir to achieve the desired concentration increase can easily be calculated using the following formula:
!
!
"" !
"
VPEG ¼ VR = CiðPEGÞ $ Cf ðPEGÞ = Cf ðPEGÞ $ CPEG :

where VPEG ¼ volume of PEG stock to be added, VR ¼ current
volume of reservoir, Ci(PEG) ¼ current concentration of PEG in
reservoir, Cf(PEG) ¼ desired concentration of PEG in reservoir, and
CPEG ¼ concentration of PEG stock. This formula can of course be
applied to any precipitant used to crystallize your particular protein.
2.11. To harvest crystals from microdialysis buttons, first cut and remove
the membrane covering the protein chamber using a scalpel.
Crystals can now be fished and flash-cooled in liquid nitrogen using
a standard loop, however be aware that the high walls of the protein
chamber restrict access somewhat. Alternatively, crystals can be
mounted within a capillary for room temperature data collection.
A simple and effective method, described in detail by Mac
Sweeney and D’Arcy (2003), is to place clay around the base of
the magnetic cap holding the loop, then inserting the loop containing
the crystal into a capillary containing some reservoir solution (a seal is
formed as the capillary is pressed into the clay).
4.3.3 Crystallization of the SERCA Ca2E1-ADP:AlF42 form by Capillary
Counterdiffusion
3.1. Prepare the precipitant solution. Calculate the volumes of stock
needed to prepare 1 mL of the following: 12% (v/v) PEG 6000,
16% (v/v) glycerol, 200 mM Sodium Acetate, 6% (v/v) tert-butanol,
100 mM MOPS pH 6.8, and 10 mM BME.
3.2. Take a 0.5 mm glass or quartz capillary and open it just above the narrow sealed end (opposite of the bulb end) by scoring with a glass cutting stone and then snapping. Solutions are now able to be aspirated
into the capillary.
3.3. Dispense 5 μL of protein onto a siliconized glass coverslip. Holding the
capillary at the bulb end, aspirate the protein into the capillary by
touching the drop with the opened narrow end (through capillary
action).
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3.4. Dispense 5 μL of precipitant solution onto a clean section of the coverslip. Carefully aspirate the drop as per 3.3. The precipitant solution
should directly follow the protein solution, i.e., the two solutions
touching with no air between them. Both solutions should now be
contained within the capillary with a liquid-liquid interface existing
between the two.
3.5. Seal the opened narrow end of the capillary by pressing into clay (this
seal can be reinforced by applying silicone sealant on top of the clay to
make an air-tight seal that is stable over time).
3.6. Seal the bulb end of the capillary with silicone sealant and place the
capillary in a 20 °C environment to equilibrate (horizontal position,
with the bulb end slightly raised to allow any air pockets that form
to rise to the end of the protein solution away from the interface).
3.7. To prepare any grown crystals for data collection, first open the capillary at both ends (the silicone sealing the bulb end may be cut away
with a scalpel and other end may be cut through). Immobilize the
opened capillary and use another capillary of narrower diameter
(e.g., 0.1 mm) to remove the material surrounding the crystal to be isolated (keeping some solution on either side to maintain a stable environment for the crystal). The capillary can then be resealed at both
ends with clay and mounted directly onto a goniometer for X-ray/
neutron analysis.
4.3.4 Alternative method for crystallizing SERCA Ca2E1-ADP:AlF42 form
by Capillary Counterdiffusion (with gelled batch solution)
4.1. Prepare the precipitant solution. Calculate the volumes of stock
needed to prepare 1.5 mL of the following: 18% (w/v) PEG 6000,
15% (v/v) glycerol, 100 mM sodium acetate, 4% (v/v) tert-butanol,
100 mM MOPS pH 6.8, 40 mM KCl, 1.5 mM MgCl2, 5 mM
CaCl2, 0.5 mM ADP, 0.167 mM AlCl3, 2.5 mM NaF, and
7.5 mM BME.
4.2. Prepare another precipitant solution (to be mixed with the protein and
molten agarose to form an unsaturated gelled batch). Calculate the volumes of stock needed to prepare 1 mL of the following: 5.7% (w/v)
PEG 6000, 14.3% (v/v) glycerol, 286 mM sodium acetate, 11.4%
(v/v) tert-butanol, 100 mM MOPS pH 6.8, and 10 mM BME.
4.3. Prepare a custom syringe to dispense the solutions inside the crystallization capillary. First cut a small rectangular section of parafilm
(measuring approx. 10 ! 50 mm) and pre-stretch it to about twice
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its initial length. Attach one end of the parafilm to the end of a 1 mL
syringe and wrap it 1–2 times around the syringe end (leaving the
remaining length of the parafilm hanging). Take a 0.5 mm capillary
and cut off the narrow sealed end (removing as little length as possible). Hold the bulb of the capillary against the syringe end with one
hand. Use your free hand to carefully wrap the loose end of the parafilm around the capillary bulb while applying constant tension to
attach it to the syringe. To make sure the seal is airtight, pre-stretch
and wrap another piece of parafilm around the joint between the capillary bulb and the syringe end.
Prepare a 1% (w/v) solution of low-melting point agarose by adding
the agarose powder to a buffer of 100 mM MOPS pH 6.8, 80 mM
KCl in a Schott bottle. Dissolve the agarose by repeatedly heating
the solution in a microwave, stirring every 30 s until the liquid is
completely clear. Allow the solution to start cooling down.
Take another capillary (of 1 mm diameter) and lay it flat on the bench
next to a ruler. Using a permanent marker, make a mark 15 mm from
the narrow sealed end of the capillary. From this point make another
two marks along the capillary shaft, at distances of 20 and 40 mm
respectively. These mark the sections where the protein and precipitant solutions will be dispensed. Immobilize the capillary in a horizontal position, with the open bulb end slightly raised, using a portion
of modelling clay.
Mix 100 μL of the protein with 70 μL of the 5.7% PEG 6000 precipitant solution in a 1.5 mL microtube to create an undersaturated
batch, then place inside a 30 °C incubator. Also transfer the custom
syringe, a 200 μL pipette tip, and 30 μL molten agarose (within its
own pre-warmed microtube) into the incubator.
Once thermally equilibrated, remove the batch solution, the molten
agarose, and the pipette tip from the incubator. Using the warmed
pipette tip, add the batch solution to the molten agarose and mix
thoroughly by gently pipetting up and down. Remove the custom
syringe from the incubator and aspirate the batch-agarose mixture.
Quickly but carefully, insert the custom syringe inside the 1 mm crystallization capillary and dispense the mixture between the two marks
nearest the sealed end.
Allow the batch-agarose mixture to set, then use the cleaned custom
pipette to carefully dispense the 18% PEG 6000 precipitant solution
inside the crystallization capillary, from the gelled batch to the mark
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farthest away from the sealed ended. Make sure that there is no air
present at the interface between the gelled batch and the dispensed
precipitant solution.
4.9. Seal the open end of the capillary with silicone and place the capillary
in a 20 °C environment to incubate (in a horizontal position).
4.10. To prepare any grown crystals for data collection, first open the capillary at both ends (the silicone sealing the bulb end may be cut away
with a scalpel and other end may be cut through). Immobilize the
opened capillary and use a custom pipette of the variety previously
mentioned to remove the material surrounding the crystal to be isolated (keeping some solution on either side to maintain a stable environment for the crystal). The capillary can then be resealed at both
ends with clay and mounted directly onto a goniometer for
X-ray/neutron analysis.

5. Summary
Growing large membrane protein crystals is challenging, but here we
demonstrate that it is possible in the case of SERCA. Working toward producing crystals of membrane proteins for NMX, it is essential that we learn
from past experience and how the first membrane protein structures were
solved using MX. The early targets were available in sufficient amounts
and biochemically well-described. This highlights the importance of starting
with well-characterized targets to be able to take a systematic reproducible
crystallographic approach. Crystallographic success is most often built on a
foundation of biochemical insight, and for SERCA we have benefitted from
decades of biochemical characterization, which, combined with a good deal
of crystallographic understanding, has enabled a successful outcome. We
suggest that a similar approach is considered for other membrane protein
projects pursuing large crystals for NMX.
There are many approaches to solubilizing and purifying membrane protein for crystallization. The crystals of SERCA described here have been
solubilized directly from the native membrane and hence crystallized in
the presence of high concentrations of lipid and detergent (HILIDE)
(Gourdon et al., 2011). The technique has been described as mimicking solubilized membranes and appears to be able to “re-form” repetitive bilayers
in the crystal when stimulated by crystallization conditions. This approach
has worked in numerous cases and here we have demonstrated that it also is
compatible with microdialysis and capillary crystallization techniques.
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Other approaches are being explored and we are working to test the
applicability of other techniques for membrane protein crystallization.
There are aspects of crystallization space we do not explore in any great detail
during standard crystallization. For example, the effect of temperature on
crystallization is explored rather coarsely by placing duplicate experiments
at 4 °C and 20 °C. Recent studies ( Junius et al., 2016) have shown that continuous monitoring and adjustment of temperature enables careful control of
nucleation and crystal growth. Going forward, it will be attractive to further
explore continuous monitoring of parameters in crystallization space to
extend stable growth from MX- to NMX-sized crystals.
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