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1 TITLE:

2  Sample Preparation and Transfer Protocol for In-vacuum Long-wavelength Crystallography on

3 Beamline 123 at Diamond Light Source

4

5 Ramona Duman?, Christian M. Orrl, Vitaliy Mykhaylyk!, Kamel El Omari!, Robert Pocock?,

6  Vinay Grama!, Armin Wagner?!

-

8 !Diamond Light Source Ltd, Harwell Science & Innovation Campus, Chilton, Didcot OX11 ODE,

9  United Kingdom
10
11  SUMMARY:
12  Here, we present a protocol for cryogenic sample preparation and transfer of crystals into the
13 vacuum endstation on beamline 123 at Diamond Light Source, for long-wavelength
14  macromolecular X-ray crystallography experiments.
15
16  ABSTRACT:
17  Long-wavelength macromolecular crystallography (MX) exploits the anomalous scattering
18 properties of elements, such as sulfur, phosphorus, potassium, chlorine, or calcium, that are
19  often natively present in macromolecules. This enables the direct structure solution of
20  proteins and nucleic acids via experimental phasing without the need of additional labelling.
21 To eliminate the significant air absorption of X-rays in this wavelength regime, these
22  experiments are performed in a vacuum environment. Beamline 123 at Diamond Light Source,
23 UK, isthefirst synchrotron instrument of its kind, designed and optimized for MX experiments
24 in the long wavelength range towards 5 A.
25
26 To make this possible, a large vacuum vessel encloses all endstation components of the
27  sample environment. The necessity to maintain samples at cryogenic temperatures during
28 storage and data collection in vacuum requires the use of thermally conductive sample
29  holders. This facilitates efficient heat removal to ensure sample cooling to approximately 50
30 K. The current protocol describes the procedures used for sample preparation and transfer of
31  samples into vacuum on beamline 123. Ensuring uniformity in practices and methods already
32  established within the macromolecular crystallography community, sample cooling to liquid
33  nitrogen temperature can be performed in any laboratory setting equipped with standard MX
34  tools.
35
36  Cryogenic storage and transport of samples only require standard commercially available
37  equipment. Specialized equipment is required for the transfer of cryogenically cooled crystals
38 from liquid nitrogen into the vacuum endstation. Bespoke sample handling tools and a
39 dedicated Cryogenic Transfer System (CTS) have been developed in house. Diffraction data
40 collected on samples prepared using this protocol show excellent merging statistics,
41  indicating that the quality of samples is unaltered during the procedure. This opens unique
42  opportunities for in-vacuum MX in a wavelength range beyond standard synchrotron
43  beamlines.
44
45 INTRODUCTION:
46  Long-wavelength X-ray diffraction is used to harness the anomalous scattering properties of
47  specific light atoms natively present in macromolecules. This helps to solve the
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crystallographic phase problem and to unambiguously confirm the identity and location of
such elements within macromolecules. While in the early days of macromolecular
crystallography, de novo structures were solved by multiple isomorphous replacement?, with
the advent of tunable X-ray beamlines at synchrotrons, experimental phasing based on multi-
wavelength and single-wavelength (SAD) anomalous diffraction techniques have become the
dominant methods?. Both methods have historically relied on the isomorphous or anomalous
signal from heavy metals, which need to be artificially introduced into the crystals by co-
crystallization or crystal soaking® . The trial-and-error approach and unpredictable outcome
can make these experiments frustratingly time-consuming. The incorporation of seleno-
methionine during protein expression? is a very elegant way to overcome these limitations
and exploit anomalous diffraction at short wavelengths, although it can be very challenging
in eukaryotic protein expression systems.

Long-wavelength MX is extremely appealing for structure determination by native SAD
experiments®>® due to the convenience of using crystals directly from a successful
crystallization trial without further treatment. Additionally, access to the absorption edges of
elements of high biological importance, such as calcium, potassium, chlorine, sulfur, and
phosphorus, opens the opportunity to directly identify the positions of these elements in
macromolecules’ 1%, At medium and low resolution, element assignment based on the 2Fo-F.
electron density and chemical environment can be difficult, particularly for elements with
similar number of electrons or weakly bound ions with partial occupancies. These ambiguities
can be resolved by collecting data below and above the absorption edge of the element of
interest and interpretation of the resulting model-phased anomalous difference Fourier
mapsilt2. Locating sulfur atom positions in these maps can also aid model-building into low-
resolution electron density maps!3. The absorption edges of these light elements are
observed at wavelengths between A = 3 and 6 A (see Figure 1, top). This wavelength range
has been well beyond the capabilities of any synchrotron MX beamline, and efficient
operation in this range requires overcoming several technical challenges, as outlined below.

Beamline 123 at Diamond Light Source, UK, is a unique instrument, specifically designed to
facilitate long-wavelength MX experiments, tunable in a wavelength range between A =1.13
and 5.9 A (energy range between E = 2.1 and 11 keV). By operating in a high-vacuum
environment'4, air absorption and scattering are eliminated, consequently enhancing the
efficiency of diffraction experiments and the signal-to-noise ratio. A large vacuum endstation
encloses all the components of the sample environment, including the semi-cylindrical Pilatus
12M detector, a multi-axis goniometer, the on-line viewing and collimation systems, as well
as the bespoke equipment for sample transfer and storage (Figure 2). Each piece of
equipment has been optimized to ensure that the best-quality long-wavelength data can be
collected. The curved Pilatus 12M detector can collect to diffraction angles of 26 = +100°,
resulting in sufficiently high-resolution diffraction data even at longest wavelengths (Figure
1, bottom). The 120 detector modules have been specifically selected for low-energy
compatibility and calibrations for an additional ultra-high gain mode have been provided.

The lowest possible detector threshold is 1.8 keV, leading to increased corner and edge
effects for energies lower than 3.6 keV and compromised data quality at the longest
wavelengths, particularly for low mosaicity crystals, can be observed. This effect in
combination with the decrease in the detector quantum efficiency!® needs to be taken into
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consideration when planning an experiment. The multi-axis goniometer enables reorientation
of crystals to allow for data collection strategies that maximize the quality and strength of the
anomalous signal, as well as the completeness of the anomalous data collected. Sample
absorption is a limiting factor for the experiments, particularly at longest wavelengths.
Absorption corrections, as implemented in commonly used MX processing software
packages'®17, are working well to wavelengths around 3 A. Longer wavelengths will require
analytical absorption corrections based on tomographic reconstructions®® or laser ablation to
remove non-diffracting material and cut the crystals into well-defined shapes®. The latter will
also assist in reducing the size of larger crystals as X-ray diffraction experiments at longer
wavelengths are more efficient for smaller crystals!*. The challenge of keeping samples at
cryogenic temperatures during data collection is addressed by conductive cooling, as using
open-flow cold gas stream devices is not compatible with a vacuum environment. Hence,
thermally conductive materials, such as copper, are needed for connecting the sample to a
pulse tube cryocooler. The stainless steel SPINE standard pins used throughout MX, as well as
any other commercially available sample mounts, are not suitable for in-vacuum long-
wavelength MX because of their poor thermal conductivity.

The sample holders (SHs) for in-vacuum MX must be an essential part of the heat removal
thermal pathway (Figure 3A). As such, they consist of a thermally conductive copper body
and pin and include two important features: a strong magnet base to ensure an adequate
thermal link to the cold goniometer head, and a sample mount, made from polyimide, to
minimize X-ray absorption and scattering®®. Efforts were made to ensure that the user
experience of crystal-harvesting and flash-cooling is almost identical to that associated with
standard MX practices. As the dedicated 123 SHs are not directly compatible with other
synchrotron beamlines, a stainless steel adaptor is used for compatibility with the crystal-
harvesting magnetic wands and existing goniometer interfaces on other MX beamlines
(Figure 3B). The adaptor is also important for making use of the automation facilities on other
Diamond MX beamlines, which are based on ALS-type robot gripper heads?! and unipuck-
style base layouts??, if sample variation requires fast pre-screening for selection of the best
diffracting crystals. The sample preparation and loading protocol can be broken down into
two stages:

Stage 1: Harvesting crystals and flash-freezing performed by users in their own laboratories

Following assessment of the project suitability for 123 data collection, sample holders with
loops matching the crystal sizes (pre-assembled with adaptors) are sent to user labs for crystal
harvesting. To prevent any damage, SHs and adaptors should not be separated and are to be
used as one unit for the purpose of fishing crystals with appropriately sized loops using
standard crystal-harvesting magnetic wands. As is common in MX, this task is performed
manually under the microscope, and crystals are immediately flash-cooled in a foam dewar
with liquid nitrogen?3. Due to a mismatch of magnetic forces, the SHs are currently not
compatible with unipucks. Storage and shipping are realized using combipucks (see the Table
of Materials), which are available to users upon request, along with the compatible dry
shipper inserts (Figure 3C). These pucks share the same base plate with the widely used
unipucks and allow fast pre-screening of samples at other Diamond MX beamlines. Loaning
this equipment to users is currently the best arrangement, until the bespoke sample holders
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are commercially available. Transport to the beamline requires the standard dry shippers
used in the MX community.

Stage 2: Transfer of cryo-cooled samples into the vacuum endstation

Once the samples arrive on the beamline, they are prepared for transfer into the vacuum
endstation. This involves removal of SHs from combipucks and separation from adaptors.
Introducing biological samples to vacuum is routinely performed in the field of cryo-electron
microscopy. Some of the well-established concepts were adapted for the 123 sample transfer.
In short, SHs are transferred under liquid nitrogen onto transfer blocks (Figure 3D). These
blocks have excellent thermal conductivity and a significant thermal mass, preventing the
crystals from reaching the glass-transition temperature when in vacuum. Up to four blocks,
with a capacity of four samples each, are loaded under liquid nitrogen into a block puck
(Figure 3H), which is used either for transferring samples to the Cryogenic Transfer System
(CTS) or for storage in liquid nitrogen dewars between experiments.

The Cryogenic Transfer System developed at Diamond Light Source comprises of two
subassemblies, the Sample Station and the Shuttle (Figure 4A). The Sample Station consists
of a liquid nitrogen bath for temporary storage of protein crystals and has specific features to
ensure safety and allow a user-friendly experience (Figure 5). The CTS is controlled by a
programmable logic controller via a user-friendly touchscreen interface. The Sample Station
has light-emitting diodes built in for better visualization and a set of heaters controlled in
close-loop to automate the drying of the liquid nitrogen bath once the samples have been
transferred. It also has a variety of sensors to ensure safety and efficient functioning of the
system. The Sample Station has bespoke hardware to provide a reliable electrical interface to
interact with the shuttle for operations, such as pumping down, to rough vacuum for sample
transfer, as well as monitoring of liquid nitrogen levels and the temperature inside the shuttle.

The Shuttle (Figure 6) is a portable device used to pick up a transfer block from the Sample
Station liquid nitrogen bath and transfer it inside a cryogenic and vacuum environment to the
endstation. It includes a liquid nitrogen dewar to keep the samples cold during transfer, liquid
level monitoring in the dewar, and a variety of sensors for operation and user safety. The
transfer arm is equipped with a magnetic drive and includes machined grooves to guide users
in safely loading and unloading transfer blocks into the endstation. Transfer from the shuttle
to the vacuum vessel is conducted via an airlock. The airlock is an interface for the shuttle on
the endstation used to evacuate the interspace between the shuttle and the endstation,
before opening the shuttle and endstation vacuum valves. The pumping and venting
sequences are fully automated and can be operated via a large touchscreen with a user-
friendly interface (Figure 4C). The current protocol is used to transfer a thaumatin crystal to
the vacuum endstation for data collection.

PROTOCOL:
1. Crystal harvesting

NOTE: Use appropriate personal protective equipment: goggles and gloves, where possible.
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1.1. After the SHs arrive at the user lab in combipucks (Figure 3C) on request, separate the lid
from the base of the combipuck such that the SHs remain attached to the base, and vials are
retained in the lid.

1.2.  Immerse the lid with vials in liquid nitrogen. Attach an SH + adaptor (Figure 3B, right)
to a magnetic wand, and harvest crystals as usual.

1.3.  Flash-cool each sample directly into the combipuck, making note of the sample
position. To close the puck, use a puck wand to attach the base to the lid.

1.4. Transfer the combipuck from liquid nitrogen to the dry shipper or storage. Ship the
dry shipper to Diamond (https://www.diamond.ac.uk/Instruments/Mx/Common/Common-
Manual/Shipping-Samples.html).

2. Sample transfer to vacuum
2.1. Loading of SH from combipuck to the transfer block

2.1.1. Place the base of the block puck (Figure 3H) already populated with empty transfer
blocks (Figure 3D) onto its support base inside the liquid nitrogen in a foam container (Figure
3Jb).

NOTE: The orientation of the transfer blocks is important for the accuracy of sample transfer
inside the vacuum vessel. As such, the blocks should be placed onto the block puck base
making sure the pin marked with an arrow in Figure 3D is on the left of the block.

2.1.2. Place the vial puck in the foam container filled with liquid nitrogen, making sure the
base of the puck is secured to the magnetic holder inside the foam container (Figure 3J-a).

2.1.3. Pre-cool all necessary tools in liquid nitrogen. Use the puck separator tool shown in
Figure 3G on the high setting H to separate the lid from base, such that the base remains
attached to the magnetic holder and the SHs are exposed inside the liquid nitrogen.

2.1.5. To remove each SH from its adaptor, use the separator wand (Figure 3F) to pick up the
SH from the combipuck base, and place into the appropriate position of the transfer block in

the horizontal position of the carousel in Figure 3J-b (indicated by the dashed outline).

2.1.5.1. Place the separator wand over the SH + adaptor as far down as it can go, making sure
the wand is vertical, to avoid touching the sample.

2.1.5.2. Move the small lever on the separator wand down with the thumb until it clicks, to
secure the SH inside and pull the SH from the adaptor.

2.1.5.3. Lower the separator over the desired block position, making sure one of the three
prongs fit inside the central hole of the block.

2.1.5.4. Release the SH by moving the lever back up. Repeat these steps for each SH.



235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281

2.1.6. To load samples into the next sample block, use the carousel key tool (Figure 3E) to
rotate an empty block into the horizontal position.

2.1.7. Attach the puck separator tool shown in Figure 3G using the low setting L to the lid of
the block puck by screwing clockwise.

2.1.8. Once all SHs are transferred, to close the block puck, place the lid in liquid nitrogen and
wait for the temperature to equilibrate, then fit the lid over the base as in Figure 3I. With the
separator tool attached, lift gently to release from the carousel.

2.1.9. At this stage, the block puck can be transferred to the CTS (Figure 4B) or to a liquid
nitrogen storage dewar.

2.2. Loading of transfer blocks into the vacuum vessel

2.2.1. Ensure the shuttle is securely attached to the station. Open the nitrogen gas and air
valves, and ensure gases are flowing. Switch on the CTS.

2.2.2. If no warning messages are apparent on the display, proceed with cooling down both
the bath and the shuttle with liquid nitrogen. Place the supplied funnel in the filling port on
the shuttle, and slowly pour liquid nitrogen into the funnel whilst monitoring the level on the
screen. Stop when the indicator turns from red to blue.

NOTE: The shuttle is ready to use when the temperature of the cold seat displayed on the
touchscreen is below 100 K. The Sample Station bath can be filled simultaneously using the
correct funnel to the level marked on the wall of the bath or 100% on the liquid nitrogen level
display. Liquid nitrogen levels and temperature sensors should be monitored constantly
throughout operation; several top-ups will be required.

2.2.3. Once the shuttle cold seat temperature is below 100 K and liquid nitrogen levels on the
shuttle and bath stabilize, transfer a block puck from liquid nitrogen to the CTS bath using the
attached puck separator tool. Remove the lid of the block puck, and close the lid of the CTS
bath.

2.2.4. To introduce a block into the shuttle, open the CTS valve, if not already open, by
pressing the Open Shuttle Valve button on the display. Unlock the shuttle handle by rotating
90° clockwise, and advance it towards the bath so that the guided track on the handle
enforces the correct path of travel towards the bath. Once the block cover is visible inside the
bath, allow the cover to cool. After the bubbling of liquid nitrogen around the cover has
stopped, advance to the transfer block.

2.2.5. To lock the transfer block onto the shuttle, rotate the handle 180° clockwise.

2.2.6. Retract the handle to the original back position, and then ‘Lock’ it in place by rotating
90° anti-clockwise.
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2.2.7. Press Close Shuttle Valve & Pump on the display screen to start shuttle evacuation.

2.2.8. Once the message Shuttle ready to detach is displayed on the touchscreen, press the
lever underneath the shuttle, and carefully lift it using the handle at the top.

2.2.9. Carry the shuttle to the airlock on the vacuum endstation in an upright position.
2.2.10. Attach the shuttle to the airlock on the vacuum endstation.

NOTE: Once securely attached, the touchscreen on the endstation will confirm the status of
the shuttle and interlock.

2.2.11. Select an empty block position within the vessel by pressing the corresponding button
on the touchscreen and moving the sample hotel to the correct loading position.

2.2.12. Once the sample hotel is in position, the Open button will become active. Press this
button to initiate the vacuum interlock sequence.

NOTE: The pump will start, and the progress will be displayed on the monitor. This may take
up to two minutes to complete.

2.2.13. After the sequence is complete, the status will change to Airlock open, transfer in
progress. Twist the handle 90° clockwise to unlock the rod, and gently push the rod into the
vessel so that the guided track again enforces the correct path of travel towards the sample
hotel position. Using the video feed displayed on the screen for guidance, slowly insert the
block into the hotel, ensuring that the block position light on the touch display is activated.
Once activated, rotate the handle 180° anti-clockwise to release the block, and pull the rod
out of the vessel. Once fully retracted, rotate the handle 90° anti-clockwise to lock the rod.

2.2.14. Once the rod is locked, the Close button will become active. Press this to close the end
station vacuum valve, and vent the space between the shuttle and the vessel to atmospheric
pressure, waiting for up to 20 s for completion.

2.2.15. Wait for the display to show the status okay to remove shuttle once the sequence is
completed. At this point, remove the shuttle, and return to the CTS to repeat the process for
the next block.

2.2.16. To prepare the next block for transfer, rotate the block puck inside the bath. Push the
built-in rotation key on the top of the acrylic lid down into the lock in the center of the block
puck. Whilst holding it down, turn the key to position the desired block in the pick-up position.

2.2.17. Once all blocks have been transferred, ensure the shuttle valve is open whilst it is
mounted on the CTS. Press the bake button on the touchscreen, and select both bath and
shuttle, then press bake.
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NOTE: This warms up both the shuttle and bath to boil off the liquid nitrogen and
subsequently evaporate any accumulated ice/condensation before the next use. Once the
bake has started, the gas and air can be switched off.

REPRESENTATIVE RESULTS

A thaumatin crystal was introduced to the vacuum endstation using the protocol outlined
above. Diffraction data were collected at a wavelength of 2.7552 A (E = 4500 eV) as 3600
images with a rotation increment of 0.1° and 0.1 s exposure per image. The beam size was
adjusted to 150 um x 150 um and reduced to 10% transmission, with a corresponding flux
measurement of 7.1 x 10° photons/s. The choice of A = 2.7552 A is based on a compromise
between the increase in anomalous signal and sample absorption effects and the decrease in
resolution to longer wavelengths. Although not close to the theoretical absorption edge of
sulfur (A= 5.0095 A), at this wavelength, the imaginary contribution to the scattering factor of
sulfur f” is 1.57 e, a factor of 1.6-2.1 larger compared to wavelengths between 1.7 and 2 A.
The resulting stronger anomalous signals allow successful S-SAD phasing for more challenging
projects.

A variety of difficult phasing experiments have already been carried out on beamline 1232427,
with data collected at this wavelength. While phasing by S-SAD is possible using much shorter
wavelengths, this often requires building up anomalous signal through merging data from
many isomorphous crystals to reach multiplicity values over 100%%. Due to the enhanced
anomalous signal at longer wavelengths, most phasing projects solved on 123 only required
data from one crystal. A representative diffraction image is shown in Figure 7, left. Data
processing using Xia2-3dii?° produced excellent merging statistics, as outlined in Table 1.
Figure 7, right, shows part of a representative diffraction image from the thaumatin data set
and illustrates the low background surrounding the Bragg reflections, which contributes to
the large 1/o(l) values typically observed in the vacuum setup, ensuring that only X-rays
scattered by the sample reach the detector.

The maximum achievable resolution of 1.8 A is due to the detector geometry and the chosen
wavelength of the X-ray radiation. The dataset yielded very strong anomalous signal, reflected
in the mid-slope of anomalous normal probability parameter of 2.677, facilitating structure
solution by the automatic phasing pipeline CRANK2. The high quality of the resulting electron
density map enabled successful automatic model building by the Buccaneer3® module within
CRANK23!, with correct placement for 100% of the amino acid sequence of thaumatin. The
phased anomalous difference Fourier map, calculated with ANODE!!, reveals 16 very well-
ordered sulfur atoms and one sulfur atom from Cys159 with two alternative conformations,
as confirmed by the 18 significant heights of the peaks at the positions of the anomalous
scatterers in Table 2. The 16 cysteine residues within thaumatin form 8 disulfide bridges,
which are all clearly visible in the 2Fo-Fc map (Figure 8).

FIGURE AND TABLE LEGENDS:

Figure 1: High-resolution diffraction data from long-wavelength MX experiments. (A) Plot
of f” values against energy, indicating absorption edges of light elements accessible on
beamline 123. (B) Maximum resolution achievable at the corners of the P12M detector against
energy. Abbreviation: MX = macromolecular crystallography.
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Figure 2: Horizontal section through the vacuum vessel with all the components of the
endstation. Abbreviation: OAV = on-axis viewing system.

Figure 3: Sample handling tools. (A) 123 Sample holder. (B) MX spine-standard pin (left) next
to an 123 sample holder with adaptor (right). (C) Combipuck lid and base with 123 sample
holders (blue). Block puck lid and base with two transfer blocks (gold). A dry shipper cane,
compatible with both combipucks and block pucks, is visible at the back. (D) Transfer block
with four 123 sample holders. (E) Key tool used for rotation of the block puck base. (F)
Separator wand. (G) Puck separator tool with two arrows showing the high and low settings.
(H) Block puck base with four empty Cu blocks. (I) Lid for the block puck. (J) Foam container
with all necessary tools for transferring sample holders from combipuck bases to copper
blocks.

Figure 4: Cryogenic Transfer System. (A) CTS Sample station with shuttle attached and the
funnels used for filling. (B) A block puck with two transfer blocks positioned inside the CTS.
(C) CTS control software touchscreen. Abbreviation: CTS = Cryogenic Transfer System.

Figure 5: Cryogenic Transfer System Sample Station. Abbreviations: LEDs = light-emitting
diodes; LN2 = liquid nitrogen.

Figure 6: Cryogenic Transfer System Shuttle. Abbreviations: LEDs = light-emitting diodes; LN2
= liquid nitrogen.

Figure 7: Diffraction images. Left, a diffraction image from the dataset collected on the
thaumatin crystal. Right, a diffraction spot surrounded by low-count background pixels.

Figure 8: Structure solution of Thaumatin with automatic pipeline CRANK2 (default settings,
no subsequent refinement). (A) Overview of thaumatin with 2F,-Fc map at 1.60 (blue) and
phased anomalous difference Fourier map at 5o calculated in ANODE (green). (B) Overview
of thaumatin showing only the phased anomalous difference Fourier map at 5c. (C) Close-up
view of a disulfide bridge present in thaumatin with 2Fo-Fc map at 1.60 (blue) and phased
anomalous difference Fourier map at 50.

Table 1: Data collection and processing statistics for Thaumatin at 2.755 A wavelength at
beamline 123, DLS. For resolution, completeness, Rmerge, Rmeas, Rpim, CCi/2, 1/o(l), and
multiplicity, high-resolution shells are shown in parentheses. Abbreviation: DLS = Diamond
Light Source.

Table 2: Anomalous difference Fourier map peak heights as calculated by ANODE using the
phased and automatically built model from CRANK2.

DISCUSSION:

The current protocol has been developed to comply with the sample preparation
requirements for in-vacuum long-wavelength MX experiments on beamline 123. It has been
in use on the beamline for the past year and has contributed to the successful completion of
multiple projects. As indicated by the results presented here, the protocol enables a safe and
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reliable transfer of samples to the vacuum end-station while preserving their diffraction
quality. It is an important aspect for the beamline operation and will be accompanied by in-
person user training by beamline staff. Some of the steps are worth being highlighted as
critical to the successful and safe completion of the procedure: the transfer of samples from
combipuck bases to sample blocks requires accuracy and attention to avoid damaging
samples (see step 2.1.5); monitoring of the liquid nitrogen level at all stages is important to
prevent samples being exposed to air or being in close contact to parts that are not properly
cooled (2.1.3 and 2.2.2); waiting until the Close sequence (2.2.14) is completely finished,
before removing the shuttle from the endstation (2.2.15), to avoid degradation of the
endstation vacuum.

The conception of the protocol was initiated together with an engineering effort aimed at
developing purpose-built equipment for the transfer of protein crystals to the vacuum
environment. The final products of this project were the CTS and the associated sample
handling tools described above. The CTS is a significant improvement on its predecessor, the
Leica EM VCT100*, and removes multiple limitations, such as the lack of sample shielding and
vacuum environment during transfer, ice build-up inside the liquid nitrogen bath, and the
absence of an intuitive user interface and safety features. Additional features of the CTS that
improve the user experience are temperature and liquid nitrogen level monitoring inside the
shuttle and sample station; a larger capacity bath accommodating four blocks simultaneously,
rather than one; and a self-guided mechanism for the shuttle operation. The CTS is fully
integrated into the beamline control system with a user-friendly touchscreen interface and
enhanced vacuum and mechanical safety when interfacing with the endstation.

Beamline 123 is the first long-wavelength MX synchrotron instrument of its kind and, as such,
introducing protein crystals to a high-vacuum environment and storing them at cryogenic
temperatures, has required considerable efforts. Improvements to the sample preparation
tools and protocol, as well as efforts to streamline processes, are on-going. As part of user
support, beamline staff are always available to assist with troubleshooting. An example of
one such scenario would be issues that compromise the integrity of the vacuum system,
leading to difficulties in attaching or removing the shuttle to/from either the CTS or
endstation airlock. Different levels of tests are performed on a weekly and daily basis, and
user training will cover additional checks to avoid potential failures, like visual inspection of
the O rings on the interfaces the shuttle attaches to. While the vacuum environment opens
the opportunity to perform diffraction experiments in a wavelength range not accessible at
other beamlines, the additional transfer step reduces the overall sample throughput.

The manual transfer with only four samples per transfer block and up to five blocks inside the
vacuum vessel limits the total capacity to 20 samples. Hence, for projects with a large sample
to sample variability, samples should be pre-screened at the Diamond high-throughput
beamlines, and then only the most promising samples should be transferred for the
subsequent optimized long-wavelength experiment. While the sample holders and the
transfer blocks are unchanged from their initial introduction a few years ago, the handling
tools presented here are all new developments. The 123 dedicated sample holders are
immutable due to their role in the cooling concept for the beamline. As such, the design of
the sample handling tools aimed to create a link between this new type of holder and
standard commercially available tools that the MX user community had adopted for a long

10
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time, such as combipucks, crystal harvesting wands, and the dry shipper transport system.
Their design involved significant consultation with the user community and required several
iterations to complete. The equipment, tools, and protocol presented here represent a simple
and robust system for the transfer of user samples for experiments at beamline 123 at
Diamond Light Source. This instrument for in-vacuum long-wavelength macromolecular
crystallography opens new opportunities for structural biology.
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Table 1

Name

Thaumatin

Data collection wavelength

(A) (energy (eV)) 2.7552 (4500)
Number of images x wedge
size (°) 3600 x 0.1
Spacegroup P4,2,2
Unit cell constants
57.856,
(a=b,c)(A) 150.219
(a=6=y)() 90
150.22-1.80
Resolution (A) (1.84-1.80)
Completeness 96.3 (81.1)
1Sa 36.48
R pmeas 0.042 (0.118)
R pim 0.01 (0.049)
cCy, 1(0.989)
1/ o(l) 57.9 (14.7)
Multiplicity 15.0 (5.4)
Mid-slope 2.677
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Table 2

Nearest atom

Peak height (sigma)

CYS9 25.83
CYS56 25.03
MET112 24.54
CYS149 24.37
CYS126 24.21
CYS145 24.2
CYS134 23.6
CYS177 23.48
CYS204 23.43
CYS66 23.17
CYS164 22.54
CYS193 22.15
CYS158 21.51
CYS77 21.21
CYS121 20.8
CYS71 19.17
CYS159 1 12.27
CYS159 2 8.34
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Table of Materials

Name of Material/ Equipment
12M detector
CombiPuck
Crystal-harvesting magnetic wand
Dry Shipper (CX100)
Dry shipper insert (CombiPuck Transport Cane)
Kapton polyimide

Perpsex lid

Thaumatin powder

Company
Dectris, Switzerland
MiTeGen
Molecular Dimensions
Molecular Dimensions
MiTeGen

Sigma-Aldrich

Catalog Number

SKU: M-CBP-P1
MD7-411
MD7-21
SKU: M-CBP-PTC1

T7638
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Comments/Description
single-photon-counting X-ray detector
Cryopucks used for cryogenic storage and transport of 123 samples holders and sample
Used for harvesting crystal
Used for cryogenic storage and transport of 123 samples holders and samples
Used for cryogenic storage and transport of 123 samples holders and samples
sample mount made of Kapton polyimide
acrylic lid with built-in rotation key
Used for production of thaumatin crystals by vapour diffusion



Rebuttal Letter Click here to access/download;Rebuttal Letter;Answers to
reviewers.docx

Dear all,

Thanks a lot for both editorial and referees comments. We have changed the manuscript to cover all
the aspects. Like referee 2 we struggled with the format and have added on her/his request
additional background of the beamline, hopefully to an acceptable degree as some of the requests
were beyond a simple introduction and already covered in previous publications.

We have also changed the title to indicate that this protocol covers the sample transfer.

Please find detailed answers below.

Best regards,

Armin Wagner

Editorial comments:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues.

done

2. Please provide an institutional email address for each author.

Done

3. Please provide the complete addresses of the affiliations.

done

4. Please provide at least 6 keywords or phrases.

Macromolecular crystallography, structural biology, native phasing, sample handling, long-
wavelength crystallography, cryogenic sample transfer, in-vacuum crystallography

5. Please rephrase the Summary to clearly describe the protocol and its applications in complete
sentences between 10-50 words:

We have added the following sentence as Summary to the manuscript:

Here, we present a protocol for cryogenic sample preparation and transfer of crystals into the
vacuum endstation on beamline 123 at Diamond Light Source, for long-wavelength macromolecular
X-ray crystallography experiments.

6. Please adjust the numbering of the Protocol to follow the JOVE Instructions for Authors. For
example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary. Please refrain from using
bullets or dashes.


https://www.editorialmanager.com/jove/download.aspx?id=1301667&guid=10bf644b-a372-4366-8106-687d7062cf00&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1301667&guid=10bf644b-a372-4366-8106-687d7062cf00&scheme=1

Corrected

7. Line 166: Please elaborate on the step of harvesting crystals. Please include a reference if
necessary.

Details added to the paragraph on ‘Crystal harvesting’

8. Line 186/193: Please ensure the Figure number references provided in the manuscript text are
consistent with the details provided in the Figure to avoid confusion. Is the Figure number “Figure
3JA” or “Figure 3Ja”?

Corrected

9. Line 289: For time units, please use abbreviated forms for durations of less than one day when the
unit is preceded by a numeral. Examples: 5 h, 10 min, 100 s, 8 days, 10 weeks

Corrected

10. Please include a one-line space between each protocol step (Done) and highlight up to 3 pages of
the Protocol (including headings and spacing) that identifies the essential steps of the protocol for
the video, i.e., the steps that should be visualized to tell the most cohesive story of the Protocol.
Remember that non-highlighted Protocol steps will remain in the manuscript, and therefore will still

be available to the reader.

Our protocol is just one paragraph longer than the 3 pages (I. 190 — 332) and hence we consider all
of it essential to be featured in the video.

11. Please move all the Figure legends in the manuscript to a separate section “Figure and Table
Legends” after the Representative Results section. The information provided in the Figure Legends
after the Representative Results is sufficient.

Corrected

12. Please remove the embedded Table from the manuscript. All tables should be uploaded
separately to your Editorial Manager account in the form of an .xls or .xIsx file. Each table must be
accompanied by a title and a description after the Representative Results of the manuscript text.

Done

13. As we are a methods journal, please revise the Discussion to also include:
a) Critical steps within the protocol

We have added more information to 1°* paragraph of discussion.
b) Any modifications and troubleshooting of the technique.
We have added a new paragraph to the discussion starting with “Beamline 123 is the first ...”.

c¢) Any limitations of the technique

We added a new paragraph: “While the vacuum environment...”



The manual steps in the sample transfer can destroy samples. Only one block of 4 samples can be
transferred at one time, it takes 30 minutes to transfer 16 samples. OPnly 16 samples in the sample
storage inside vacuum vessel. No labelling of sample positions on the combipuck base and sample
block means that users need to be very careful about sample tracking to avoid errors. The long time
it takes to bake bath and shuttle, preventing transfer of next samples.

d) The significance with respect to existing methods.

Beamline 123 is a unique instrument in the field of MX and, while the applications, like experimental
phasing and element identification are not needed for the majority of MX projects, it opens these
two aspects to more projects. We have strengthened this message in the Introduction and felt that it
is not needed to repeat in the discussion.

14. Please ensure that the references appear as the following: [Lastname, F.l., LastName, F.1.,
LastName, F.I. Article Title. Source. Volume (Issue), FirstPage — LastPage (YEAR).] Already using this
format. For more than 6 authors, list only the first author then et al. Title case and italicize journal
titles and book titles. Do not use any abbreviations. Article titles should start with a capital letter and
end with a period and should appear exactly as they were published in the original work, without any
abbreviations or truncations.

done

Reviewers' comments:

Reviewer #1:

Review of Duman, et al.

This is a groundbreaking synchrotron beamline, and a welcome addition to the repertoire of
synchrotron endstations for macromolecular crystallography. Please find below the following
suggestions to improve the manuscript.

For some who have not read the previous journal articles about 123, it would be useful to have a
figure illustrating the overall architecture of the 123 beamline, as it is good to have some context as
to where the shuttle system and detector are in relation to one another.

We have added a new Figure 2, which shows a section through the 123 end station. We were
considering a set of photographs, but the system is so complex that we considered this view as the
easiest way to present the relevant components and their location in respect to each other.

Introduction, first paragraph:

It would be worth mentioning the following as well, A) that the most commonly used de novo
phasing method currently used, SeMet incorporation, is generally impractical with eukaryotic
expression systems. B) MIR methods are rarely used these days. C) Also the atoms / ions are often
mistakenly identified in crystal structures due to their similar number of electrons, and sometimes
masked by unusual B factors.

We have modified the introduction cover these aspects.

Introduction:
Describe the useful energy spectrum of 123 (wavelength and energy range),



We have added this information to the 2™ paragraph of the Introduction.

are there issues with the QE of the Pilatus 12M detector at these wavelengths? The absorption edges
of the elements mentioned in lines 61-64 should be collated into a table.

We have added details about the detector to paragraph 2 of the Introduction. and have added a new
Figure 1 which shows the absorption edges of the elements mentioned in the text.

Lines 92-97: The authors mention the issue of compatibility with other MX beamlines, so are the 123
sample pins compatible with other synchrotron beamlines

Added explanatory sentence in paragraph starting with ‘Efforts were made to ‘ (I. 116-123)

Lines 101-109: Are standard copper pins for cryo-crystallography suitable for use at 123, such as the
ones sold by Crystal Positioning Systems, and in wide circulation in many structural biology labs? If
not, this should be emphasized in the text

The text has been changed to say that no commercially available pins are compatible with the 123
setup.

Lines 101-109: Define CX100.

Name of manufacturer Worthington Industries added (l. 144). There are only two standard dry

shippers used in MX, both supplied by Molecular Dimension, Mitegen and others: CX100 and
CXR100, the latter being a version of the first with replaceable absorbent material.

Lines 101-109: The authors write that the sample holders are shipped to the labs performing the
experiments- if this is the preferred / only arrangement possible, this should be mentioned. In other
words, is there any tolerance in terms of pucks / pins, or is this specific to 123?

Additional explanations have been added to the paragraphs dedicate to harvesting crystals.

Line 106: Combipuck, this is apparently a trademarked name- "CombiPuckTM", and maybe a
manufacturer name, like MiTeGen, should be associated with this. Each synchrotron seems to use a

different system.

Added name of supplier, MiTeGen.

Lines 143: Should be "transfer arm is equipped".

Corrected (l. 177).

Line 318: "Large | / sigma | values demonstrate. . ." This could also reflect the fact that the crystal
probably diffracted X-rays to far higher resolution than could be collected on that particular



combination of X-ray wavelength and detector geometry as mentioned on lines 320-322. So it may
not just be attributable to the vacuum in the hutch. This paragraph probably should be re-worded.

Paragraph re-worded to acknowledge that the vacuum set up contributes to high 1/sig(l) values,
rather than determines them (1.355).

Figure 3: Not readable as it stands, the labels are probably better in white rather than black.

Figure modified.

Figure 6: Also unreadable. Thinner electron density cage lines for 6A and 6C, please.

done

Reviewer #2:

Review of "Experimental protocol for in vacuum long-wavelength crystallography experiments on
beamline 123 at Diamond Light Source" by Duman et al.

This paper describes the experimental protocol for performing protein crystallography in a vacuum
environment at long X-ray wavelengths, primarily for performing experimental phasing
measurements. The focus of the paper is on the sample delivery and loading procedures, with only a
cursory description of the experimental station and some results from a single measurement
presented.

1 will preface my review with the general statement that I'm not quite sure how to treat this paper, as
it will presumably be accompanied by a video component which will contain substantial
complementary information. My over-all summary would be that | think the paper would benefit
from some additional general information on the 123 beamline. If | assume this video is meant to
introduce future users to the sample loading protocol at 123, it would make sense to perhaps
summarize the station parameters (X-ray focus, flux, wavelength range it can cover) and some
specifics on the effect of the instrument geometry (e.g. achievable resolution over the wavelength
range of the 12M). Essentially more context would be useful for future users in one place (as opposed
to maybe needing to check 2 or 3 publications to find out a few more details).

We have added additional context to the introductions as requested by the reviewer. As the
beamline is conceptually different to other beamlines we felt that it would be out of scope of this
publication to go into further detail as the most of the information is already published.

Now relating to the phasing question | think here some context perhaps should be included. For
example | believe it is somewhat rare for measurements to be performed above and below and
absorption edge in this range due to the experimental complexity, the lack of available
instruments/facilities and, most importantly, because it isn't necessary.

As mentioned in the 1% paragraph of the Introduction, the collection of data above and below the
absorption edges of elements is useful in ion identification experiments. The paragraph has been
reworded as well, for more clarity.



Phasing has been demonstrated at much shorter wavelengths, so reaching the absorption edges
mentioned here isn't actually always needed. So what what might be included in the paper is how the
increase in the anomalous signal strength by reaching longer wavelengths directly affects the
measurement ?

Addressed in 2" paragraph of Results by explaining that longer wavelengths give larger anomalous
signal and enable phasing from low multiplicity data and one crystal as opposed to several.

Also If | assume this video is meant to be shown to future 123 users, than it would make some sense
to provide relevant details on peripheral aspects of the preparation. For example if there's an optimal
crystal size for long-wavelength phasing at 123 that might not be generally known due to lack of user
experience with similar instruments/beamlines ?

We have added more information about the aspects like absorption and crystal size to the 2™
paragraph of the Introduction including additional citations.

I would also suggest that perhaps it would help if this was put into context of other MX instruments
at Diamond, perhaps addressing sample shipping, whether this is an instrument where a user is
expected to mount and measure their own crystals etc. This is more for practical reasons, where if
perhaps 123 wants to move towards full remote measurement (or to absolutely avoid this I), this
would be an important topic in the context of this paper.

This publication is dedicated to sample preparation and transfer for 123. We have highlighted in the
manuscript, which parts differ from standard MX protocols and where existing tools and equipment
can be utilised. As highlighted in the Harvesting Crystals section, users are expected to mount their
crystals and based on this protocol to transfer them into the vacuum vessel. The actual experiment is
beyond this protocol, but due to the fact that the samples are in a vacuum environment after being
transferred using the described protocol, every experiment could be considered as a remote
experiment.

My last comment is related to my initial statement, which is that the Protocol section is difficult to
evaluate without the accompanying video. This isn't related to the review of the paper, more to
checking the clarity of the instructions. The figures themselves are also not very high resolution (e.g.
Fig. 4 C which shows the touch panel control is not easy to read) but again the video may resolve
these issues.

The Figures have been addressed and should be now in sufficiently high quality.

Reviewer #3:

The paper is very nicely written and informative. The referee only regrets that the presented example
does not show a real interest for the use of this challenging technology. Detecting sulfur signals is
very important. However, other light-sources are able to do that. Did the authors try to collect
anomalous signals of other species that may or may not be present in the crystal such as for example
Cl-. Since the authors do not provide experimental details it is difficult to know which species could
have been detected/described in the thaumatin crystals.

The thaumatin crystal does not bind any of the lighter ions mentioned in the manuscript bound to
the protein. Identification of light ion species is indeed a unique feature of the beamline. We
reference four papers focused on identification of ion species, one involving iodine and the rest



focused on potassium (Lolicato et al, 2020; Rozov et al, 2019; Langan et al, 2018). The latter
experiments cannot be performed at any other synchrotron beamline.



