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28 SUMMARY:
29 The signal-to-noise ratio of data is one of the most important considerations in performing X-
30 ray diffraction measurements from microcrystals. The VMXm beamline provides a low-noise
31 environment and microbeam for such experiments. Here, we describe sample preparation
32 methods for mounting and cooling microcrystals for VMXm and other microfocus
33  macromolecular crystallography beamlines.
34
35  ABSTRACT:
36 The mounting of microcrystals (<10 um) for single crystal cryo-crystallography presents a non-
37  trivial challenge. Improvements in data quality have been seen for microcrystals with the
38 development of beamline optics, beam stability and variable beam size focusing from
39  submicron to microns, such as at the VMXm beamline at Diamond Light Source®. Further
40 improvements in data quality will be gained through improvements in sample environment
41  and sample preparation. Microcrystals inherently generate weaker diffraction, therefore
42  improving the signal-to-noise is key to collecting quality X-ray diffraction data and will
43  predominantly come from reductions in background noise. Major sources of X-ray
44  background noise in a diffraction experiment are from their interaction with the air path
45  before and after the sample, excess crystallization solution surrounding the sample, the
46  presence of crystalline ice and scatter from any other beamline instrumentation or X-ray
47  windows. The VMXm beamline comprises instrumentation and a sample preparation protocol
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to reduce all these sources of noise.

Firstly, an in-vacuum sample environment at VMXm removes the air path between X-ray
source and sample. Next, sample preparation protocols for macromolecular crystallography
at VMXm utilize a number of processes and tools adapted from cryoTEM. These include
copper grids with holey carbon support films, automated blotting and plunge cooling robotics
making use of liquid ethane. These tools enable the preparation of hundreds of microcrystals
on a single cryoTEM grid with minimal surrounding liquid on a low-noise support. They also
minimize the formation of crystalline ice from any remaining liquid surrounding the crystals.
We present the process for preparing and assessing the quality of soluble protein
microcrystals using visible light and scanning electron microscopy before mounting the
samples on the VMXm beamline for X-ray diffraction experiments. We will also provide
examples of good quality samples as well as those which require further optimization and
strategies to do so.

INTRODUCTION:

A major barrier for the determination of high-resolution structures of biological molecules by
macromolecular crystallography (MX) remains the production of well diffracting crystals at an
amenable size. There are many strategies for achieving this goal from recombinant protein
gene construct design through to large sparse matrix searches for chemical cocktails that may
generate initial crystals?. For the latter, it is often the case that the crystallographer will need
to optimize any initial hits to obtain crystals with sufficient diffraction quality and size for
structure determination studies3. Despite these options, some target molecules may never
generate large (>10 um), well diffracting crystals and as a result the crystallographer must
persevere with their microcrystals and the challenges that such samples present. These
include appropriately mounting and cryo-protecting the crystals, managing inherently weaker
diffraction and increased radiation sensitivity. Microcrystals are formed from fewer unit cells
and molecules than larger crystals and as such, the diffraction is not amplified to the same
extent compared to larger crystals, resulting in inherently weaker diffraction intensities. It is
important that the background signal does not mask these reflections, particularly at higher
resolution where weak reflection intensities can be lost*. In addition, microcrystals are more
sensitive to radiation damage and despite recording diffraction at liquid nitrogen
temperatures>, it may not be possible to collect complete data from a single crystal, making
it necessary to collect data from a very large number of crystals to produce a single complete
dataset®.

The increasing availability of X-ray free electron lasers (XFELs) and the evolution of serial
crystallography methods (SFX)’” have provided routes to collecting data from smaller
microcrystals. However, these are bespoke sample delivery methods, which require a
significant amount of hardware and software expertise, where experiments are limited to
room-temperature and typically sample consumption is high (hundreds of microliters) and
still may require further optimisation®. As such projects where only a limited quantity of
microcrystals can be made are not appropriate for SFX.

Meanwhile, synchrotron beamline technology over recent decades has progressed to
produce smaller, more stable beams® with a brilliance that has permitted data collection from
ever smaller crystals®!l, Microfocus beamlines such as FMX at NSLS-Il and 124 at Diamond
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Light Source have been able to determine novel structures from crystals with maximum
dimensions of ~3 um*? and demonstrate the ability to collect usable data from even smaller
crystals measuring ~1 um?3. The beamline must be precisely configured, with excellent, high
resolution on-axis-viewing optics, a minimal sphere of confusion for sample rotation and a
precisely aligned rotation axis that is coincident with the X-ray beam. It is important to closely
match the X-ray beam profile to the crystal volume and ensuring the crystal is precisely
aligned in the X-ray beam — a challenge for crystals <5 um'*. Meeting these experimental
conditions at the beamline is essential to recording the best quality data from microcrystals.

The remaining and possibly most important aspect of data collection from microcrystals is the
presentation of the crystal to the X-ray beam. Microcrystals have often been mounted on
micromesh sample mounts, manufactured from polyimide, a low X-ray scattering material
with apertures as small as 10 pm?®>16, The polyimide mesh is mounted on a standard pin that
is set into a magnetic SPINE base, making it compatible with most MX beamlines'’. The mesh
mount is used to fish crystals from the crystallization drop often following the same procedure
as mounting a 100 um crystal using a standard loop style mount. While the crystals may be
distributed across the mesh, a key disadvantage is that a relatively large volume of liquid can
be carried by the mesh and the pin while harvesting (Figure 1C,D). This volume of liquid, that
can be many times larger than the crystals themselves, will contribute to background noise
when illuminated with X-rays. This background scatter can be even stronger if the liquid forms
crystalline ice during flash cooling, diminishing the signal-to-noise ratio of already weak
intensities within the resolutions of ice diffraction. Therefore, it is key that excess liquid is
removed from the sample, to ensure that all possible signals can be recorded. This challenge
is even greater in the case of membrane protein crystals formed within lipid cubic phase (LCP),
where the LCP generates strong background scatter and is also difficult to remove from
around the crystals 8,

The new Versatile Macromolecular Crystallography microfocus (VMXm) beamline at Diamond
Light Source provides the conditions with which to collect data from crystals potentially
measuring less than a micron in size. The beamline has been designed to deliver a beam
profile measuring 0.3 pm x 0.5 um (VxH)?, a goniometer with a sphere of confusion no greater
than 60 nm and an in vacuo sample environment. These design features of the VMXm
endstation minimize the generation of background X-ray noise by the beamline apparatus
during data collection with the largest remaining source of background generated by the
sample!4,

Specific sample preparation methods designed for the VMXm beamline provide an
opportunity to reduce this background and further improve the signal-to-noise of diffraction
data, maximizing the quality of the data that can be recorded from microcrystals measuring
<10 um. Many of the requirements outlined here for low-background diffraction from
microcrystals are also common to cryogenic transmission electron microscopy (cryoTEM)?*?
and microcrystal electron diffraction (microED)%°. As a result, many of the tools that have
already been developed for the preparation of cryoTEM samples are suitable, with some
adaptations, for the preparation of microcrystals. In the preparation of samples for single
particle cryoTEM, the particles under investigation are embedded in very thin layers (typically
<100 nm) of vitreous ice such that electrons are able to transmit through the sample. The thin
uniform layer is achieved by blotting away excess liquid and vitrification of the sample is
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achieved by rapid cooling of the sample (~104 K s)?* through plunging into liquid ethane held
at ~93 K22, In contrast, liquid nitrogen, as used routinely for MX sample preparation, is a less
efficient cryogen than ethane and has a greater propensity for crystalline ice formation within
the sample?!. The formation of crystalline ice, which can degrade diffraction and generate
background noise, is normally mitigated through the use of cryo-protectant compounds?3.
Low molecular weight polymers such as poly-ethylene glycol (PEG) 400 and methyl-2,4-
pentanediol (MPD), sugars, oils or saturated salts can be added to an aliquot of crystallization
solution in low concentrations?* —there is not a ‘one size fits all’ solution to selecting the most
appropriate cryoprotectant and this often requires optimization?>. The crystal also undergoes
multiple manipulations during the harvesting and cryo-protecting process which may result
in damage to the crystal, the opportunity to utilize liquid ethane allows the omission of this
step and helps protect the integrity of the crystal.

While liquid ethane is an effective cryogen for microcrystals (<10 um) due to the thinness of
the sample, there are alternative methods for preventing crystalline ice formation,
particularly in larger crystals, including reducing the water content of the crystal by use of a
tightly controlled humid environment?®, or through the wicking of excess liquid away from
both the loop and surface of the crystal?’, however, these again require greater manipulation
of the sample. The use of automated blotting and plunge freezing with liquid ethane, as in
cryoTEM, together remove excess crystallization solution and provide a means to flash cool
microcrystals in a controlled manner while attempting to minimize manipulation.

Here, we present a protocol that can be utilized not only by both users of the VMXm beamline
and at other microfocus beamlines to collect high signal-to-noise diffraction data but may also
be useful to those preparing soluble protein crystal and detergent based membrane protein
crystal samples for microED experiments. While all of the facilities to prepare and assess
samples are available at VMXm, many structural biology laboratories are increasingly
equipped for cryoTEM sample preparation. As a result, we envisage that some users may wish
to use their own facilities to prepare their samples for beamtime at VMXm.

PROTOCOL:

1. Equipment setup

NOTE: The methods described here use a plunge freezing instrument with a single blotting
arm. Some instruments are equipped with two blotting arms and we advise the user to check

manufacturers’ instructions to adjust the instrument so only one blotting arm is in use.

1.1.  Ensure that a light microscope is positioned near to the plunge freezing instrument,
ideally so that the both the microscope and plunge freezer are in easy reach of the user.

1.2. Set up and cool the automated plunge freezer according to the manufacturers’
instructions.

NOTE: The sample chamber temperature should be set to the temperature at which the
crystals were grown. Do not place blotting paper in the sample chamber.
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CAUTION: Liquid ethane is highly flammable explosive and must only be used in a well-
ventilated area away from potential spark sources.

1.3.  Label grid boxes appropriately and cool them in a small dewar using liquid nitrogen.

1.4. Carefully, place grids, carbon film side up, on an appropriate carrier for glow
discharging (such as a glass microscope slide wrapped in parafilm).

1.5. Glow discharge cryoTEM grids for 25 s at 0.39 mBar, using a current of 15 mA. Glow
discharge just before grids will be used. Keep the glow discharged grids in a covered Petri dish
until ready; if 30 min lapses after glow discharge, repeat the glow discharging.

NOTE: With the plunge freezer ready and grids prepared, attention can turn to the sample.
2. Determining initial blotting parameters

2.1.  Set the relative humidity of the sample chamber to 90% and the blotting time to 5 s
and ensure that the plunge freezer is set to automatically plunge the sample after blotting is
complete.

NOTE: These starting parameters are most suitable for the Leica GP plunge freezer, other
parameters such as blotting force are available on the FEIl Vitrobot. However, in our
experience crystal integrity is more likely to be maintained by the use of a single blotting arm.
2.2. To be able to seal the crystallization tray once the well of interest is opened, cut a
small strip of tape and fold over one end to create a tab to ease opening of the seal and
carefully place to one side.

2.3.  Cut open the seal over the crystallization well, including the reservoir. Working
quickly, apply 2-5 uL of reservoir solution to the crystal containing drop to maintain liquid

volume in the drop.

2.4.  Use the tab of tape to then reseal the well and ensure that the crystallization drop
does not dry out.

2.5.  While momentarily holding open the tape over the crystallization well, transfer 10 pL
of the reservoir solution to a 0.5 mL tube to use for later steps.

2.6. Reseal the well.

2.7. Place a piece of pre-cut blotting paper on the blotting arm of the plunge freezing
instrument.

2.8. Place a single glow discharged grid in the plunge freezing forceps and load into the
instrument such that the carbon side faces away from the blotting arm.

2.9. Ensure that the relative humidity within the blotting chamber is at 90%.
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2.10. Rotate the forceps so the carbon-film side faces the blotting arm.

2.11. Using a 2.5 ulL pipette, apply 2 uL of reservoir solution from the 0.5 mL tube to the
non-support (shiny copper) side of the cryoTEM grid.

2.12. Rotate the grid so that the carbon support side is facing away from the blotting arm
and repeat the process, carefully applying the liquid to the carbon-film support side of the
grid. Avoid touching the carbon-film with the pipette tip so as to not damage the carbon-film.
The liquid should spread across the grid due to the charge deposited during glow discharging.

2.13. Initiate the blotting process while observing the grid. A viewing scope is available on
the Leica GP2 for this purpose.

2.14. Observe whether the liquid is drawn from the carbon surface of the grid during this
time, this starts with the majority of the liquid bolus on the grid flattening out as the liquid is
wicked through the grid. As the liquid in each grid square is reduced further, a wave of
‘popping’ across the surface of the grid can be observed. If this effect is observed, blotting
can be stopped within 2-3 s of the popping effect ending. It is not necessary to plunge the test
grid which can be discarded.

2.15. If the so-called ‘popping’ effect is not observed, repeat steps 2.11-2.14, each time
extending the blotting time by 1-2 s until the popping effect is observed just before the
blotting arm retracts from the grid. Note this time for step 3.

NOTE: It is important that blotting stops as soon as this popping effect has occurred to ensure
that during the process, crystals do not become dehydrated from over-blotting. Use the
crystallization solution from the reservoir for back blotting and dilution of the sample, as it
ensures that the crystals are subject to a consistent solution, reducing the risk of destabilizing
the crystals.

3. Harvesting crystals

3.1. Place the crystallization plate under the light microscope and position the target well
within the field of view.

3.2. Place a fresh, glow discharged grid in the plunge freezer forceps and mount the
forceps in the plunge freezer, with the carbon-film side facing away from the blotting arm.

3.3. Rotate the forceps so the carbon-film side faces the blotting arm.
3.4. Using a 2.5 pL pipette, apply 2 pL of reservoir solution from the 0.5 mL tube to the
non-support side of the cryoTEM grid and rotate the grid so that the carbon-film support side

is facing the sample port of the plunge freezer.

3.5. Peel back the temporary seal and with the pipette set to 2 uL, gently aspirate the
crystallization drop repeatedly to suspend the microcrystals (it is important to not introduce
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air bubbles to the drop).

NOTE: It is critical to observe this process under the light microscope to ensure that crystals
are released from any surface skin or the base of the well. If the crystals are stuck and not
drawn up with aspiration, either the pipette tip or other crystallization tools such as an
acupuncture needle, can be used to gently dislodge the crystals. Depending on the size of the
crystals and the depth of field of the light microscope, it is sometimes possible to view, using
the microscope, the crystals entering the pipette tip.

3.6.  Transfer 2 plL of the aspirated microcrystal slurry to the plunge freezer and apply all
the sample to the carbon side of cryoTEM grid.

3.7.  Blot for the time determined in step 2 and immediately initiate the plunge-freezing
step. While blotting, observe for the occurrence of a popping wave effect across the grid and
note whether this occurred completely across the grid. The presence of crystals can affect the
initial blotting time, and this may need to be adjusted for subsequent grids by 1-2 s.

3.8.  Working quickly, transfer the grid from the liquid ethane to the grid box immersed in
liguid nitrogen. Residual ethane can turn to an opaque white solid on the grid when it enters
liguid nitrogen. To reduce this, remove the grid steadily from the liquid ethane, then quickly
transfer to the liquid nitrogen reservoir.

3.9. Once 4 grids have been placed in the grid box, secure the lid of the box with the screw
and transfer it either to a foam dewar of liquid nitrogen to allow for further sample
assessment with a scanning electron microscope (SEM) or to a liquid nitrogen storage dewar
using an appropriate storage container.

4. Sample density assessment by light microscopy

CAUTION: This method is destructive. If there is limited availability of sample, such as only
one or two crystallization droplets, it is recommended that this step is skipped. After plunge
freezing samples (step 3.7) the distribution of crystals across the grid can be assessed.

4.1. Mount adry, room temperature cryoTEM grid in the plunge-freezer forceps and place
the forceps on their side on the light microscope, with the grid in the field of view. Set an
appropriate magnification and focus so that the whole grid and individual grid squares can be
resolved.

4.2. Follow steps 3.1-3.7.

4.3. Instead of transferring the grid to the grid box (step 3.8), retract the plunged grid from
the liquid ethane by resetting the plunge-freezer.

CAUTION: The grid and sample will warm to room temperature and cannot be used for further
diffraction experiments.

4.4. Remove the forceps from the plunge freezing instrument.
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4.5.  Whilst holding the grid within the forceps, place the grid under the light microscope -
the focus will already be roughly set.

4.6. Perform afine focus and assess the density of the crystals across the grid. A good grid
will contain several isolated crystals away from the grid bars within each grid square and
clumping of crystals is minimal.

4.7.  Where the density of crystals within the grid results in clumping of crystals with only
a few isolated crystals, further dilute the crystal slurry with reservoir solution and repeat step
3. Take care when diluting samples so that the dilution does not result in the dissolution of
the crystals.

4.8. Dilute the crystals in steps using small volumes of 0.5-1 pL.
5. Sample assessment by scanning electron microscopy

NOTE: Microcrystal preparation on cryoTEM grids is best assessed with a scanning electron
microscopy (SEM) under cryogenic conditions, this can be achieved with an SEM fitted with a
cryo-stage. At VMXm, a JEOL JSM-IT100 SEM (tungsten source) with a Quorum PP3006 airlock
and cryostage are utilized. To ensure minimal radiation damage when viewing samples on
VMXm?829 the following settings are used: 5 kV accelerating voltage; a spot size of 40
(arbitrary units on the JEOL JSM-IT100); 10 mm working distance. Images are recorded using
the secondary electron detector, for sample alignment and focusing a dwell time of 0.8 us is
used while high-resolution images of single crystals are captured using a dwell time of 16 ps.
It is important before loading a sample into the SEM that the microscope is aligned as per
manufacturer instructions. It is advised that only a single grid is loaded into the SEM while
any remaining grids prepared with the same parameters are reserved for X-ray diffraction
experiments.

5.1. Prepare the SEM by cooling the sample cryo-stage to -180 °C as per manufacturer’s
instruction. Follow the instructions for loading cryo-TEM grids into the specific system

available to them.

5.2.  With the sample loaded in the SEM, turn on the electron beam, align sample and set
focus using a high magnification (0.8 ps dwell time).

5.3.  First, perform the initial assessment with the whole of the grid in view at low
magnification (x45). Record an image at this magnification.

5.4. Increase the magnification to allow closer inspection of individual grid squares,
individual crystals should be very clearly observable.

5.5. Move around the grid, capturing still images (16 ps dwell time) of crystals ensuring
they meet the following requirements before proceeding:

5.5.1. Ensure that grids are flat, and the carbon support film is largely intact.
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5.5.2. Ensure that there are numerous single crystals with a narrow halo of vitrified liquid
surrounding the crystal.

5.5.3. Ensure that the holes in the carbon support film are visible.

5.5.4. Ensure that there are no large regions of vitrified liquid as defined by a dark and
smooth appearance.

5.5.5. Ensure that there is little or no hexagonal ice, or surface ice scattered across the grid.

5.5.6. Ensure that crystals are evenly distributed across the support film and are not
overlapping.

5.6. At this point, accurately measure the dimensions of a number of crystals to allow for
an accurate X-ray beam size correlation during later diffraction experiments.

5.7. Samples that can be reliably retrieved from the SEM and maintained at cryogenic
temperatures can be later used for X-ray diffraction experiments. If this is not possible,
dispose of these samples.

NOTE: While imaging both the whole grid and individual microcrystals (approximately x45 and
X700 magnification respectively), an assessment should be made on whether to proceed to
the beamline with grids prepared using the same parameters or whether some parameters
may need adjusting during step 3. The grids should meet the tests described in step 5.5. If the
grids do not meet these criteria, further optimization during step 3 is required before
repeating step 5.

6. Preparing grid for diffraction experiments at VMXm

6.1. Cool the required number of VMXm sample holders (Figure 4A) (up to 5) loaded into
the sample cartridge (with lid) with the sample loader in a large foam dewar (Figure 4B) using
liquid nitrogen — this can require a large volume of liquid nitrogen. The liquid nitrogen level
should be just above the sample position on the sample loader.

6.2.  Prepare circlips and tools.

6.3.  Place tools including clipping tool, forceps and VMXm sample forceps, into holes in
the sample loader to cool. It can be useful to arrange a spotlight above the dewar.

6.4. Swiftly transfer the grid box containing the microcrystal loaded grids to the grid box
recess on the sample loader and unscrew the lid such that it is loose and rotatable (do not
remove).

6.5. Under liquid nitrogen remove the lid from the sample cartridge with large forceps and
place underneath the sample loader.
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6.6. Use the VMXm sample forceps to lift the sample holder onto the sample loader,
ensuring that the holder is facing upwards so that it can accept a grid. When in the correct
position, a small pin on the sample loader will engage with the small hole in the middle of the
sample holder.

6.7.  With the cooled fine forceps, carefully lift the grid from the grid box and transfer close
to the grid opening on the sample holder. Rotate the grid so that it lays flat (it does not matter
which way the support film side is facing).

6.8. Gently lower the forceps so that the grid is as close as possible above the grid opening
(be careful to not bend the grid) and release the grid into the opening. If the grid does not
seat properly, carefully use the fine forceps to nudge the grid into position or gently tap the
sample holder with the larger forceps.

6.9.  Swiftly place the pre-cooled circlip tool over the grid in the grid opening and seat the
circlip by pressing the button. It can be helpful to apply 2 depressions of the button to ensure
the circlip is properly seated.

6.10. Top up the liquid nitrogen so the level is ~1.5 cm above the sample holder. Using the
VMXm sample forceps, carefully lift the loaded sample holder up and over the small pin on
the sample loader and back into the sample cartridge. Note the position number of the
sample holder in the sample cartridge.

6.11. Continue to load grids into the sample holders until all samples are loaded.

6.12. Return the grid boxes to the storage dewar if samples remain inside and remove the
sample loader from the dewar to create more space.

6.13. Replace the cartridge lid on the cartridge, ensuring that the pin on the top of the
cartridge engages with the hole in the lid.

6.14. Cool and fill the VMXm airlock dewar with liquid nitrogen and place next to the foam
dewar containing the loaded sample cartridge.

6.15. Using the VMXm cartridge tool, carefully engage the tool in the ridges on the side of
the cartridge and swiftly lift the cartridge into the airlock dewar.

6.16. Ensure that the liquid nitrogen level covers the cartridge.

6.17. Place lid on airlock dewar and proceed to the VMXm endstation with the loaded
sample cartridge.

NOTE: Loading of the sample cartridge into the VMXm endstation will be performed by
beamline staff.

REPRESENTATIVE RESULTS:
The aim of this protocol is to achieve vitrified microcrystals with a minimal volume of liquid



471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513

514
515

516
517

surrounding the crystal that enable X-ray diffraction experiments with minimal background
scatter to improve the diffraction signal. Example SEM images of microcrystals prepared on
cryoTEM grids for minimal background scatter are shown in Figure 1A,B and Figure 2. Grids
with evenly distributed single crystals will provide the most efficient use of the grid, with good
signal-to-noise. However, this is not usually possible across the entirety of the grid and some
regions may display some amount of clumping (Figure 2A,B). Despite this clumping, these
examples still display a useful number of single isolated crystals that will provide low-
background diffraction (Figure 5). The level of blotting that still maintains low-background
scatter can vary. Strong blotting such that the holes in the carbon support film are clearly
visible but the crystals remain hydrated is the aim (Figure 2C,D). However, good quality grids
can still display some liquid within the holes of the support film although the position of the
holes should still be identifiable (Figure 2A,B). Importantly, all of these examples display
single, isolated crystals with a vitrified halo of liquid surrounding the crystal to maintain
hydration between blotting and plunge freezing.

Many samples may require further optimization (Figure 3), which can include variation of the
blotting time or the concentration of the microcrystals. Grids overloaded with crystals will
demonstrate reduced blotting efficiency and can result in multiple lattices being recorded in
single diffraction images (Figure 3A,B). More viscous crystallization conditions, such as that
for trypsin which contains 8% PEG 4000 and 15% ethylene glycol (Figure 3C), can result in the
need for longer blotting times (>10 s). Conversely, crystallization conditions with very low
viscosity that blot very quickly, can suffer from distribution problems due to gravity causing
settling before blotting occurs, resulting in all the microcrystals settling along one side of the
grid (Figure 3D).

Optimum preparation of samples allows the full capabilities of VMXm to be exploited to
collect high quality X-ray diffraction data at the highest possible resolution with high signal-
to-noise (Figure 5). These samples benefit from being compatible with the in-vacuo sample
environment, resulting in very low or zero average background counts in diffraction images.
The use of liquid ethane, without cryo-protectant, results in an absence of ice-rings (Figure
5), although where crystals lay close to the copper grid bars, the X-ray beam can glance the
bars resulting in copper powder diffraction rings at ~2.1 A and ~1.8 A.

FIGURE AND TABLE LEGENDS:

Figure 1: Comparison of microcrystal mounting on micromesh mounts and cyoTEM grids.

Scanning electron micrographs of plunge frozen microcrystals of virus particles measuring 2.5
um across (A, B) 5 kV accelerating voltage, a spot size of 39 (arbitrary units) and dwell time of
16 ps. The grid is free from excess liquid (A), a narrow halo of liquid is observed surrounding
the crystals (B). The same samples mounted on a micromesh (20 um apertures) before flash
coolingin liquid nitrogen and observed using the on-axis-viewing system at beamline 124 face-
on (C) and side on (D). The optical distortions (C) when viewing face-on give an indication of
the extent of the liquid thickness across the micromesh, this is clearer when viewing the
micromesh side-on (D). The red target in C and D represents the X-ray beam position and size.

Figure 2: Examples of good quality samples.
Polyhedra crystals (A) observed across a single ~100 um grid square. While some of the
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crystals are slightly clumped and show some connectivity of the surrounding liquid, there are
a number of isolated single crystals with a small halo of liquid surrounding the crystal. Slightly
larger insulin crystals (B) measuring ~5 x 5 um also show some clumping but again there are
well isolated individual crystals. Needle crystals can have a very narrow dimension and
require a microbeam, such as these needle shaped lysozyme crystals (C). A narrow band of
liquid can be seen surrounding these crystals (light grey halo). Larger microcrystals up to tens
of microns also can be well mounted on cryoTEM grids, such as these ~7 um proteinase K
crystals (D). In both (C) and (D) and to a lesser extent in (A), the holes of the carbon support
film are clearly visible, demonstrating the presence of very little/no liquid. In example B, while
no empty holes are observed, the position of the holes can still be identified, indicating that
the liquid is only filling the holes in the support film. In all of these examples, a halo of liquid
can be seen around the edge of the grid square (a rounded inner square), where the holes
have a lighter grey appearance. This is a common feature of well-prepared grids.

Figure 3: Examples of samples requiring further optimisation.

Grids overloaded with microcrystals (A, B) can increase the background scatter as the samples
block the holes in the support film reducing the blotting efficiency, and with a higher surface
tension between the crystals more liquid remains. As well as a degradation in the signal-to-
noise resulting in a loss of information, it is likely that multiple lattices will be recorded. Using
a blotting time that is not long enough, or a highly viscous crystallization solution can result
in an overly wet sample (C), also producing low signal-to-noise. Crystallization conditions with
no precipitants, such as those for bovine insulin (D), have a very low viscosity. While this
results in a very short blotting time, it can also result in the movement of crystals across the
grid before and during blotting due to the effects of gravity. This usually results in a largely
empty grid with a high concentration of crystals along one edge (D). It can be advantageous
to add a viscous agent such as ethylene glycol to the crystal slurry shortly before applying
them to the grid to reduce crystal flow and improve the distribution of the crystals. This can
also lengthen the blotting time, making it easier to observe blotting.

Figure 4: Tools for sample loading at VMXm.

A bespoke set of tools has been designed to load the VMXm sample holders (A). The sample
loader (B) has space for a single VMXm sample holder, grid box and tool storage while
working. It is also designed to allow working just below the surface of the liquid nitrogen and
allow the sample cartridge to fit beneath (B). The airlock dewar (C), which fits the airlock
nitrogen gas box on the VMXm endstation, is used to take the loaded sample cartridge from
the lab to the beamline experimental hutch. To view samples in the offline SEM, a bespoke
shuttle (D) comprising of the VMXm sample holder without base has been made to enable
assessment in the sample holder that is used on the beamline.

Figure 5: Example diffraction from microcrystals at VMXm.

A single diffraction image recorded using a Pilatus 3 6M detector at VMXm of a ~3 um virus
polyhedral crystal mounted on a cryo-TEM grid using the plunge freezing method. Diffraction
is observed to beyond 1.7 A and a reflection (blue square) at 1.74 A is inset, demonstrating
the low background scatter, with a high number of pixels with zero counts. Ethylene glycol to
a final concentration of 50% v/v was added to the crystal slurry before applying to the grid.
The low background nature of the VMXm sample position is demonstrated by the constant
background across the image as shown by intensities plotted beneath the blue dashed line,
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even near the beam center. The plotted intensities show the background remains below 3
counts. Two faint rings are observed at 2.15 A and 1.86 A which are generated by powder
diffraction of the copper of the cryo-TEM grid. There are no detectable ice-rings,
demonstrating the effectiveness of blotting followed by cooling with liquid ethane.

DISCUSSION:

This protocol demonstrates how tools from cryoTEM sample preparation can be used for the
preparation of microcrystals for X-ray diffraction experiments at microfocus beamlines.
Standard beamline instrumentation is centered around a pin mounted sample and while
efforts have been made to provide a sample support on these mounts for microcrystals, they
are often challenging to load with sample whilst ensuring that the highest signal-to-noise is
achieved (Figure 1C,D). Many of these samples may also require optimization of the cryo-
protection conditions to ensure the sample is vitreous. The plunge freezing method provides
a repeatable manner to remove excess liquid and flash cool the sample in an efficient cryogen
(Figure 1A,B). While the grid can then be mounted on a standard beamline with a tweezer-
based pin mount, VMXm sample holders have been specifically designed to accept grids and
hold them below the glass transition temperature in a vacuum environment via conductive
cooling. The sample environment of VMXm enables low background data collection, where
the sample is the remaining source of background, and provides a microbeam that can be
used to match crystals with dimensions less than 10 um. This sample preparation method can
also be used to prepare nanocrystals for electron diffraction where there is also a
requirement for very little excess liquid and a vitreous sample due to the weak penetration
of electrons. While cryoTEM grids are fragile, those experienced in the harvesting of crystals
in loops will quickly adapt to the handling of the grids. With a small amount of experience,
few grids will be lost during the blotting, freezing and loading stages of the protocol. The
optimization steps are, however, critical to this success and careful preparation will reduce
the chances of losing crystals or reducing crystal integrity.

CryoTEM grids provide a relatively large single mount that can contain many hundreds of
crystals, thus improving throughput where it may only be possible to record a small wedge of
diffraction data. A single grid may also provide enough crystals to determine the protein
structure, particularly in crystals of high symmetry. Where only one or two single
crystallization drops have generated microcrystals, trial blotting of the crystallization
condition alone can help ensure that when the microcrystals are blotted, the times used are
as close as possible to those needed to generate initial good quality samples. The carbon-film
supports are invisible to X-rays and are available with differing hole spacing, which can be
used to suit a particular morphology. We most commonly utilize support films with 2 um holes
at a 2 um spacing, but smaller holes with greater spacing may be more appropriate for crystals
smaller than 2 um. Other support films such as those with 1 um holes with a 4 um spacing as
well as support films with different shaped holes are available, all of which will affect the
blotting time. A grid square mesh size of 200 (200 squares per inch) also provides enough
space (~100 um) between the copper grid bars so that the X-ray beam does not strongly
interact with the copper while providing enough structural support for the carbon-film loaded
with crystals. The use of liquid ethane negates the need for cryoprotectants, which in turn
reduces the requirement on sample volume that would have been used in the optimization
of cryoprotectant conditions.
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The main parameters to be optimized during the process are the blotting times and the
sample dilution. Blotting times should be long enough to observe the ‘popping’ effect across
the entirety of the grid before plunge freezing. Over blotting could result in the dehydration
of the crystals, however, control of the humidity within the sample chamber is used to
minimize this affect. While it is suggested that a relative humidity of 90% used, some samples
may benefit in optimization of humidity to speed up blotting as the humidity may affect the
blotting efficiency of the blotting paper which can slowly become saturated with water.
Additionally, humidity control within the sample chamber could be used to improve
diffraction quality of the crystals3C. It is recommended that small changes (<5%) in humidity
are made before checking diffraction integrity to ensure the diffraction quality is not
degraded.

Optimization of non-precious samples can be conducted using a light microscope in place of
an SEM. Although destructive, it is useful for assessing the density of crystals across the grid
and to enable decision making on whether a sample should be diluted or concentrated to
better disperse crystals across the grid. This step is most useful when there is a large number
of crystals available and particularly highly concentrated samples. Clumping together of
crystals should be avoided (Figure 3), as while it is not a significant problem if two crystals are
illuminated at the same time during data collection®, there will likely be a larger volume of
liguid surrounding the clump, thus reducing the signal-to-noise (Figure 5). While it is possible
to observe large excesses of liquid globally across the grid using a light microscope,
assessment of the volume of liquid surrounding the microcrystals and the presence of
crystalline ice can only be made using an electron microscope fitted with a cryogenic vacuum
transfer system and stage. Sometimes, after application of the crystals to the grid and before
blotting occurs, crystals in low viscosity solutions may settle along one edge of the grid. We
have found that adding up to a 50% final concentration of ethylene glycol can slow the
movement of crystals through the droplet, ensuring a better distribution of microcrystals
across the grid as well as providing greater control over blotting by increasing the blotting
time (Figure 3D).

Some crystallization solutions containing viscous precipitating agents such as high molecular
weight PEGs can prove challenging to blot, requiring increasingly long blotting times (>10 s).
In such cases, it can be helpful to reduce the volume of liquid deposited on the back of the
grid as well as the volume of the crystal containing solution to the support-film side of the
grid. Strategies such as using 2 layers of blotting paper or glass fiber may also aid blotting in
these difficult cases3!.

While this pipeline is suited to soluble protein crystals, those that form in very viscous
mediums such as membrane proteins in LCP present a different challenge for which this
protocol is not suited. However, strategies are emerging for preparing LCP crystals on
cryoTEM grids for microED which include reducing the viscosity of the samples by inducing a
phase change to the LCP. This permits the samples to be applied to grids in a similar manner
to that described in this article. Finally, the sample can be milled with a focused ion beam to
remove excess non-crystal material3234,

Overall, this pipeline will generally take 1-2 h (including equipment setup time) to follow from
the sample arriving at VMXm to providing optimized grids with well dispersed, vitrified
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samples, depending upon sample availability, the concentration of crystals and the viscosity
of the crystallization solution. The methods have already been successfully employed for the
preparation of microcrystals for X-ray diffraction experiments exploring radiation damage on
microcrystals where a minimal volume of liquid surrounding the sample was essential?3>. It
should be noted that the protocol can be applied to all soluble microcrystal samples, not just
to well diffracting samples that have already been optimized. A crystallization experiment
that produces microcrystalline material would traditionally be a target for optimization with
the aim of obtaining larger crystals, however, this sample preparation method and the
capabilities of VMXm may allow adequate data to be collected from such samples without
further optimization. Alternatively, if such microcrystalline samples diffract poorly, the data
collected from VMXm using this sample preparation method could still act as a useful guide
for further optimization of crystallization conditions. The tools for preparing grids, including
glow discharging and plunge freezing are now widely available in research institutes equipped
for cryoTEM experiments and will be available to many users enabling them to prepare
samples in advance of beamtime at VMXm.
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Materials

Name of Material/ Equipment Company

Automated  Cryo-EM plunge Leica or

freezing instrument ThermoFisher
Benchtop light microscope with

light source Various
Blade/Scalpel Fisher Scientific

CryoTEM Copper 200 mesh grids
with carbon support film with 2

pum holes Quantifoil
CryoTEM grid storage boxes Agar Scientific
ddH20 n/a

Ethane gas supply n/a

Ethylene Glycol Acros Organics
Glass microscope slides FisherBrand
Glass petri dish FisherBrand
Glow discharging device Pelco
Laboratory wrapping film

(Parafilm) Bemis

Large and small, fine forceps Agar Scientific
Liquid nitrogen supply n/a

Pipette tips Various
Pipetting devices Various
Sealing tape for crystallisation Molecular
plates. Dimensions
Small/medium liquid nitrogen

dewars Spearlab
Sprung circlip clipping tool Subangstrom

Whatmann No.1 pre-cut filter
paper Leica

Catalog Number

Various

Various
Various

N1-C16nCu20-50
AGG3727
n/a
n/a
146750010
12383118
455732
91000S

HS234526B
Various

n/a

Various
Various

MD6-01

Various
SCT08

16706440
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Dear Dr Bajaj,

Thank you for giving the opportunity to resubmit a revised manuscript for ‘A sample preparation pipeline for
microcrystals at the VMXm beamline.” We would like to thank the reviewers for taking the time to read the
manuscript and give thoughtful and detailed comments that have improved the manuscript as well as ideas to
improve our protocol. We have edited the manuscript to incorporate the minor comments provided by the
reviewers in addition to your editorial comments. Below | have outlined our responses and the changes we
have made to the manuscript to each of the reviewers’ comments.

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

Response: Manuscript has been proofread by the authors and a small number of spelling and grammar issues
have been corrected.

2. Please provide an email address for all authors.

Response: Email addresses have been checked and corrected for E.V. Beale and A. Stallwood.

no

3. Use “mL/uL” instead of “ml/ul”, “min” instead of “minutes/mins”, “s” instead of “seconds”.

Response: Formatting of units have been changes to mL/uL, min and s.

4. Line 196: What do you mean by “long period”?

Response: Wording for step 2.14 (previously step 2.7) has been changed to provide a time range of 2-3s.
5. Lines 279-286: Do not include secondary lists (other than the numbered steps) in the protocol.

Response: The secondary list has been moved to be part of the protocol in section 5.5, as part of imaging
process for the grids to assess their suitability and whether to proceed with the protocol.

6. Maintain a 0-inch left indent throughout the text and indicate new paragraphs using single-line spacing.
Include a single line space between successive protocol steps.

Response: Single line spacing has been added throughout the manuscript to indicate new paragraphs and
between protocol steps.

7. Please ensure that all text in the protocol section is written in the imperative tense as if telling someone how
to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense
in complete sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” and “would
be” throughout the Protocol. Any text that cannot be written in the imperative tense may be added as a
“Note.” E.g. Lines 201-205, etc.

Response: Language edited with the removal of “should” and “would be” to ensure use of imperative tense
throughout the protocol.

8. The Protocol should be made up almost entirely of discrete steps without large paragraphs of text between
sections. Please simplify the Protocol so that individual steps contain only 2-3 actions per step and follow the
JoVE Instructions for Authors for numbering the steps. For example, 1 should be followed by 1.1 and then 1.1.1
and 1.1.2 if necessary.

Response: The feedback has been taken on board and the steps have been broken down and simplified in
several places. E.g. Step 2 has been further split to ensure that each point is simplified.

L]
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9. Please ensure that the references appear as the following: [Lastname, F.I., LastName, F.I., LastName, F.I.
Article Title. Source. Volume (Issue), FirstPage — LastPage (YEAR).] For more than 6 authors, list only the first
author then et al. Do not abbreviate the journal name.

Response: References have been checked and full journal names added in place of previous abbreviations.
10. Please sort the Materials Table alphabetically by the name of the material.

Response: Materials have been sorted alphabetically.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

In this work the authors describe detailed procedures for VMXm beamline at Diamond. These procedures,
which are based on those used for single particle cryo-EM and microED have been tailored for X-ray diffraction
and will be very useful for users hoping to collect X-ray diffraction data from small crystals. The manuscript is
well written and | have no major concerns regarding the work. There are a few minor points and clarifications
on the text.

Response: We thank the reviewer for their positive comments regarding the manuscript and have attempted
to address their concerns below.

Minor Concerns:
-Figure 2: what are the crystals in figure 2 panel C and D? The sample is described for panel A and B, but is
missing for C and D. If possible, the names of the proteins in these images should be given.

Response: Descriptions of crystals in figure 2 panel C and D have been updated to include the names of the
proteins: lysozyme needles in panel C; proteinase K crystals in panel D.

-Page 4, line 11-112: "...and micro-electron diffraction (microED)". The more commonly used name for microED
is "microcrystal electron diffraction”.

Response: The wording for microcrystal electron diffraction has been corrected.

-Page 4, line 115: "...embedded in very thin layers (~100s nm) of vitreous ice..." The ideal thickness for single
particle cryo-EM just slightly thicker than the particle itself. Really great samples may have thicknesses on the
order of 20-50nm.

Response: The authors appreciate the comment regarding ice thickness for cryo-EM and have adjusted the
comparison of ice thickness in the text of the introduction. The sentence now reads “In the preparation of
samples for single particle cryoTEM, the particles under investigation are embedded in very thin layers
(typically <100 nm) of vitreous ice such that electrons are able to transmit through the sample.”

-Some clarification on Step 2.7 may be needed. While testing the blotting behavior without the sample, is the
sample actually plunged? The text states "If this effect is observed, the sample should be plunged as soon
after." Do you actually plunge with no sample on when screening blotting times? If you do plunge could you
clarify why and what is done later with these no-crystal grids to asses them. If you don't actually plunge the no-
crystal samples, it could be specially stated in the text near this section.

Response: The wording regarding initial blotting times and plunging in sections 2.14 (was 2.7) has now been
simplified as described in our earlier response. Plunging has been replaced with the notion of the blotting
being stopped, as it is the blotting time that is being optimised in this section and clarification has been made
that there is no requirement to plunge freeze these test grids.



Reviewer #2:

Manuscript Summary:

The authors have made a description of the workflow for the sample preparation, which they claim to assists in
optimizing the quality of the diffraction data from sub-10 micron crystals at VMXm beamline. The overall
article is interesting, logical and can be published with minor changes.

Response: We thank the reviewer for their supportive comments regarding the manuscript and have
attempted to address their comments in below.

Below are some minor comments on the article:

A) The article mainly discusses on the use of the sample preparation protocol for the crystals of water-soluble
proteins. No discussion on the feasibility of the method for non-water soluble proteins, the high-quality crystals
of which generally are grown in a very viscous medium, is made. A clear mention of this would help the reader
to quickly access if they can use this protocol for their sample preparation or not.

Response: Greater clarity has been made in the abstract, introduction and discussion that this protocol is
suited to soluble protein crystals. We have added a sentence in the introduction (end of 3™ paragraph) and a
brief paragraph to the discussion (penultimate paragraph) to address high viscosity samples such as LCP
membrane protein crystals and include references to recent work on the topic.

- “While this pipeline is suited to soluble protein crystals, those that form in very viscous mediums such
as membrane proteins in LCP present a different challenge for which this protocol is not suited.
However, strategies are emerging for preparing LCP crystals on cryoTEM grids for microED which
include reducing the viscosity of the samples by inducing a phase change to the LCP. This permits the
samples to be applied to grids in a similar manner to that described in this article. Finally the sample
can be milled with a focused ion beam to remove excess non-crystal material3-33,”

B) The protocol is proposed as an alternative to the existing highly robust standard sample "preparation and
mounting" protocols at synchrotron MX beamlines. How efficient is the protocol? From the sample at hand to
the optimized grid, how long would it take? Is the protocol suitable for testing and optimizing the quality of the
crystal or is it just suitable once you have well diffracting high quality crystals? These questions remains
unanswered in the manuscript. | would suggest authors to discuss these questions.

Response: Discussion of the throughput of the pipeline, its suitability in testing microcrystals and optimization
of the crystallisation has been added to the discussion.

- “Overall, this pipeline will generally take 1-2 hrs (including equipment setup time) to follow from the
sample arriving at VMXm to providing optimized grids with well dispersed, vitrified samples
depending upon sample availability, concentration of crystals and the viscosity of the crystallization
solution.”

- “It should be noted that the protocol can be applied to all microcrystal samples not just well
diffracting samples that have already been optimized. A crystallization experiment that produces
microcrystalline material would traditionally be a target for optimization with the aim of obtaining
larger crystals, however, this sample preparation method and the capabilities of VMXm may allow
adequate data to be collected from such samples without further optimization. Alternatively, if such
microcrystalline samples diffract poorly, the data collected from VMXm using this sample preparation
method could still act as a useful guide for further optimization of crystallization conditions.”

C) Success rate: For current sample preparation protocol at MX beamline, the success-rates are quite high. Even
when you have a single high-quality crystal of suitable size, you can collect the dataset. What is the success
rate of the proposed protocol? How often are the grids destroyed during blotting? How often is the sample lost
in the process of optimization of the grid? What are the chances that you over blot the sample and dry up the
crystal? The overall success rate needs to be quantified, at least from the general experience.

Response: Section has been added to the discussion to address the success rate of the process. ‘While
cryoTEM grids are fragile, those experienced in the harvesting of crystals in loops will quickly adapt to the
handling of the grids. With a small amount of experience, few grids will be lost during the blotting, freezing



and loading stages of the protocol. The optimisation steps are however critical to this success and careful
preparation will reduce the chances of losing crystals or reducing crystal integrity.’

D) Some other technical comments are:
1. A better reference for variable beam sizes would be https://doi.org/10.1038/srep24801. | suggest the
authors to include this as the reference.

Response: Thank you. The reference has been added to the introductory section discussing microfocus MX
beamlines.

2. In section 2.1. The blotting force, time and other relevant parameter are variant with the sample
environment, even with the instrument used for blotting. It would be good to rephrase this sentence and make
it more general. Although, there is an explanation of this at a later part of the manuscript, it gives false
impressions that the text written here are applicable and general to all sample environments.

Response: As we only use single sided blotting, we do not have parameters for blotting force. We find that as
long as the grid touches the blotting paper then blotting is generally consistent and efficient. We have added a
NOTE: after 2.1 to highlight this potential variability, however.

“NOTE: These starting parameters are most suitable for the Leica GP plunge freezer, other parameters such as
blotting force are available on the FEI Vitrobot. Single sided blotting offers consistent and efficient blotting of
the grids as long as contact is made between the blotting paper and the grid. Users should note that starting
parameters may need to be adjusted for their particular system.”

3. In section 5, Are the imaging conditions (parameters) for SEM generic? What kind of source did you use for
the SEM? Which SEM was used? It would be better to have this information over there.

Response: More information has been added to section 5 regarding the SEM and the type of source we use at
VMXm. “At VMXm, a JEOL JSM-IT100 SEM (tungsten source) with a Quorum PP3006 airlock and cryostage are
utilized”

s

4. What do you mean by arbitrary unit for electron current? A proper current value with proper dwell time and
other relevant information can provide user with the necessary information to grab the image of the crystal
before damaging them.

Response: Unfortunately, our JEOL JSM-IT100 does not report the exact probe current only a value on a scale
of 1-99, we have therefore corrected the text to reflect this, and the text now refers to a spot size of 40. The
dwell times for our image parameters have been added to section 5 which keep the exposure of the sample to
electrons well below the threshold for radiation damage and references have been added to support this
(Hattne et al., 2018; Beale et al., 2020).

5. The diffraction picture consist of "red" overlays on many of the spots. What are they? They are not explained
in any part of the text.

Response: These were an artefact from producing the image in Albula. The figure has been remade without
the red boxes.

6. By what factor the S/N ratio can be enhanced by using this protocol especially at high resolutions?

Response: VMXm has been designed to minimise all sources of background scatter generated by the beamline
apparatus, leaving the sample as the major source of X-ray scattering. The details of the contributions of
instrument and sample background scatter are the topic of a separate manuscript in preparation. The method
described here provides a means to minimise the background scatter from the sample by removing excess
liqguid and minimizing crystalline ice formation. The background X-ray scatter generated by the solution
surrounding the crystal as observed at the detector will be directly proportional to the volume of solution
intersected by the X-ray beam. This is illustrated in a paper that we have cited in the text. Figure 5 illustrates
the impact on the measurable X-ray background when this method is followed and a line plot across the
diffraction image has been added to the figure to demonstrate this. However, the solvent channels within the


https://doi.org/10.1038/srep24801

crystal itself still contribute to general X-ray background — dependent on crystal size and solvent content. We
have not presented a quantitative assessment given the many factors impacting measurable background —
however the message of minimising unwanted solvent surrounding the crystal is most critical.

Reviewer #3:

Manuscript Summary:

The author descried a protocol for preparing microcrystal samples for the VMXm beamline at Diamond Light
Source. The protocol utilizes an approach similar to those used in cryo-EM single particle analysis and MicroED.
The protocol is clear and the easy to follow. The representative results are very encouraging. Experiences learnt
at the VMXm beamline will be useful to other micro-focus beamlines, as well as labs working on MicroED.
Therefore, | recommend the publication of the protocol and | am looking forward to seeing the videos.

Response: We thank the reviewer for the comments and enthusiasm regarding the pipeline for preparing the
samples and the VMXm beamline.

Some minor comments:

- Page 5, Line 147. The current setup of the plunge freezing instrument uses a single blotting arm (ie. Leica EM
GP/GP2). Did the authors try double-sided blotting (ie. Thermo Fisher Vitrobot)? It may be useful to add
pressure assisted blotting (for viscous liquid) and ink-jet spraying (see http://scripts.iucr.org/cgi-

bin/paper?ic5114) to the setup in the future.

Response: We thank the reviewer for this suggestion, we have not extensively tried double-sided blotting with
the Vitrobot and therefore we have little experience of pressure assisted blotting, however, we recognise this
could be useful for particularly viscous samples. During double-sided blotting, the direct contact between the
blotting paper and the crystals may be detrimental to crystal integrity. Single-sided blotting, where the blotting
paper contacts the grid only may reduce the risk of mechanical damage to the crystals. The other advantage of
the Leica, single sided blotting system is the inbuilt microscope which permits a macroscopic view of the
blotting process which very instructive during blotting optimisation. This is not the case with the Thermo
Fisher Vitrobot. We welcome the suggestion of ink-jet spaying such as used in the Chameleon and would be
interested to compare the results with blotting in the future.

- Page 5, Equipment setup, adding a camera to the microscopes (the one used for crystal harvesting and the
one used for monitoring the blotting process) may be beneficial for specimen tracking, quality control and
method development.

Response: Adding cameras to both the microscope for crystal harvesting and the plunge freezer are aspects of
the pipeline which we are actively addressing for our own bookkeeping of samples arriving at the beamline. A
point to capture this information has also been added to the protocol.

- Page 6, step 2.1, the blotting time can be varied according to the viscosity of the liquid and density of the
crystals in the drop. Sometimes, multiple layers of blotting paper or glass fiber paper
(https://scripts.iucr.org/cqi-bin/paper?52059798320012474) can be used to improve the efficiency of blotting.

- Page 7, sample assessment. It could be a good idea to slightly adjust the conditions (ie. deposition volume,
blotting time, humidity) for sample assessment, so that the optimal condition could be identified for a specific
sample.

Response: For the above two points regarding step 2.1 and sample assessment discussed on page 7, greater
discussion of the adjustment on deposition volume, blotting time and humidity have been added to the
discussion section. The use of different blotting materials such as glass fibre paper is a very useful suggestion
and we have added this to the discussion.

- Page 9, line 370, for viscous crystallization conditions, pressure can be added to assist the blotting.
(https://www.biorxiv.orqg/content/10.1101/665448v1)
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Response: Point has been added to discussion on the use of pressure to improve blotting of viscous
crystallisation conditions. We thank the author for bringing the preprint regarding pressure assisted blotting to
our attention.

- Page 12, the hole size and spacing between the holes will also affect the blotting.
(https://www.biorxiv.org/content/10.1101/665448v1)

Response: Sentence added to discussion to address different hole sizing and shapes in support films — “Other
support films such as those with 1 um holes with a 4 um spacing as well as support films with different shaped
holes are available, all of which will affect the blotting time.”

The widely used EM grids are not optimized for cryo-EM SPA and MicroED applications. With the development
of micro-focused X-ray beamlines, it could be a good time to design new supporting grids. For example, they

can be made into a new shape for easier handling. Furthermore, it should be possible to create patterns on the
supporting film for trapping crystals like those fixed target chips used in serial crystallography at synchrotrons.

Response: We thank the reviewer for these suggestions. We agree that there are some limitations to the grids
we currently use and are particularly interested in changing the shape of the support film to prevent issues

such as preferential orientation. We hope to be able to explore and tackle these issues soon.

We look forward to hearing from you regarding our resubmission and would be happy to answer any further
points you may have.

Yours sincerely,

Dr Adam Crawshaw
Dr Gwyndaf Evans
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