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crystallography (TR-SFX) to resolve structural changes of proteins after photoactivation. To
obtain multiple structural snapshots of high quality, it is essential to collect large amounts of data
and ensure clearance of crystals between every pump laser pulse. Here, we describe in detail
how we optimized the extrusion of bacteriorhodopsin microcrystals for our recent TR-SFX
experiments at the Linac Coherent Light Source (LCLS). The goal of the method is to optimize
extrusion for a stable and continuous flow while maintaining a high density of crystals to increase
the rate at which data can be collected in a TR-SFX experiment. We achieve this goal by preparing
lipidic cubic phase with a homogenous distribution of crystals using a novel three-way syringe
coupling device followed by adjusting the sample composition based on measurements of the
extrusion stability taken with a high-speed camera setup. The methodology can be adapted to
optimize the flow of other microcrystals. The setup will be available for users of the new Swiss
Free Electron Laser facility.

INTRODUCTION:

Serial femtosecond crystallography (SFX) is a structural biology technique that exploits the
unique properties of X-ray free electron lasers (XFEL) to determine room temperature structures
from thousands of micrometer-sized crystals while outrunning most of the radiation damage by
the “diffraction before destruction” principle=.

In a time-resolved extension of SFX (TR-SFX), the femtosecond pulses from the XFEL are used to
study structural changes in proteins*°. The protein of interest is activated with an optical laser
(or another activity trigger) just prior to being shot by the XFEL in a pump-probe setup. By
precisely controlling the delay between pump and probe pulses, the target protein can be
captured in different states. Molecular movies of structural changes over eleven orders of
magnitude in time demonstrate the power of the new XFEL sources to study the dynamics of
several protein targets®*3. Principally, the method joins the dynamic spectroscopic and static
structural techniques into one, providing a glimpse into protein dynamics at near atomic
resolution.

Simple systems for TR-SFX may contain an endogenous trigger of activation with a photo-
sensitive component like retinal in bacteriorhodopsin (bR)%, the chromophores in photosystem
111213, photoactive yellow protein (PYP)®’ reversibly photoswitchable fluorescent protein®!, or a
photolyzable carbon monoxide in myoglobin®. Exciting variations of the technique still in
development rely on mix and inject schemes'#*> to study enzymatic reactions or an electric field
used to induce structural changes?®. Given that XFEL sources have only been available for a few
years and extrapolating past successes into the future, the method shows potential as a real
game-changer with respect to our understanding of how proteins function.

Because biological samples are destroyed by a single exposure to a high power XFEL pulse, new
approaches to protein crystallography were necessary. Among these procedures, the ability to
grow large amounts of uniform microcrystals needed to be developed'’™'°. To enable data
collection at an XFEL, these crystals must be delivered, discarded, and then renewed for each
XFEL pulse. Given that XFELs fire usable pulses at 10-120 Hz, sample delivery must be fast, stable,
and reliable, while also keeping the crystals intact and limiting consumption. Among the most
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successful solutions is a high viscosity micro-extrusion injector, which delivers a continiously
streaming column of room temperature crystal-laden lipidic cubic phase (LCP) across the pulsed
X-ray beam?°. Randomly oriented crystals, embedded in the LCP stream, that are intercepted by
the XFEL pulses scatter X-rays onto a detector where a diffraction pattern is recorded. LCP was a
natural choice for a sample delivery medium as it is frequently used as a growth medium for
membrane protein crystals!’?1723, yet other high viscosity carrier media?*3° and soluble
proteins3! have also been used in the injector. SFX with the high viscosity injector has been
successful during the structure determination of membrane proteins'®3? including G protein-
coupled receptors (GPCRs)33737, with data quality sufficient for native phasing3®3° while being
both time and sample efficient. Currently, these injectors are being used more routinely for room
temperature measurements at synchrotron sources?®304041 a5 well as during the more
technically demanding TR-SFX experiments at XFELs®10:1342,

Comparable TR-SFX experiments have been carried out using other injector types like liquid
phase delivery in a flow focused nozzle®”:12, however, this method requires protein amounts not
available for many biologically interesting targets. For the determination of static structures using
viscous extrusion an average consumption of 0.072 mg of protein per 10,000 indexed diffraction
patterns in comparison to 9.35 mg for the liquid jet nozzles have been reported (i.e., about 130
times more sample efficient)?°. The high viscosity injector has been shown to be a viable sample
delivery device for TR-SFX while only sacrificing some of this sample efficiency®. In Nogly et al.
(2018)%9, for example, sample consumption was about 1.5 mg per 10,000 indexed patterns, which
compares favorably to similar TR-SFX experiments using the PYP where average sample
consumption was much higher with 74 mg of protein per 10,000 indexed patterns®. High viscosity
injectors thus have clear advantages when the amount of protein available is limiting or when
crystals are grown directly in LCP.

For TR-SFX using high viscosity injectors to yield the most reliable data several technical issues
need to be addressed: the flow speed needs to remain above a minimum critical value; the hit-
rate should be maintained at a level that does not render data collection slow (e.g., greater than
5%); and sample has to be delivered without excessive disruptions. Ideally, these conditions are
already met long before a scheduled TR-SFX experiment to use available XFEL time as efficiently
as possible. Pricipally, a slowdown in the LCP stream may allow probing crystals that were
activated with more than one optical laser pulse and result in mixed active states, or probing
pumped material when umpumped material is expected in the beam. An additional benefit of
injection pre-testing is that downtime during data collection at an XFEL is minimized as time
relegated to replacing clogged nozzles, changing out non-extruding samples, and other
maintenance tasks is reduced.

Here, we present a method to optimize sample delivery for TR-SFX data collection with a high
viscosity micro-extrusion injector. For simplicity, the described methods do not rely on access to
an X-ray source, although work at a synchrotron beamline?® would provide further information
on expected hit rates and crystal diffraction. Our protocols were developed to optimize
experiments to capture retinal isomerization in the proton-pump bacteriorhodopsin'® and are
carried out in two phases starting with preparing crystal samples for extrusion followed by
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monitoring the extrusion using a high-speed camera setup. In phase one, the crystal-laden LCP is
mixed with additional LCP, low transition temperature lipids, or other additives to ensure the
final mixture is suitable for delivery into the sample environment without clogging or slowing. A
new three-way syringe coupler was developed to improve mixing performance and sample
homogeneity. The second phase consists of an extrusion test recorded by a high-speed camera
to directly measure the extrusion speed stability. Following the analysis of the video data,
adjustments can be made to the sample preparation protocol to improve experimental
outcomes. These procedures can be adapted to prepare other proteins for TR-SFX data collection,
with minimal modifications, and will contribute to the efficient use of limited XFEL beamtime.
With new XFEL facilities just starting their operation***> and the transfer of injector-based serial
data collection methods to synchrotrons?®394041 the next few years will surely continue to
provide exciting new insights into the structural dynamics of an ever-wider range of protein
targets.

PROTOCOL:
1. Protein Crystal Sample Preparation

1.1.  About 30 min before the sample is to be injected, load 50 pL of crystal-laden monoolein
based LCP in a 100 puL syringe.

1.2.  For injection at atmospheric pressure: Load 10 pL of liquid paraffin into the back of a
second syringe. Holding the syringe vertically, expel the air bubbles from the syringe.

1.2.1. For injection into vacuum environment: Load 5 pL of MAG 7.9 and 5 pL of liquid paraffin
into the back of a second syringe. Holding the syringe vertically, expel the air bubbles from the
syringe.

1.3.  Connect the syringe with paraffin/MAG 7.9 to a standard syringe coupler, purge the air
from the coupler by gently pressing on the plunger until a small volume (<1 pL) of paraffin/lipid
is visible at the tip of the coupler needle.

1.4. Connect the sample syringe to the syringe coupler, taking care to not introduce any air
into the sample. Mix in the lipid/paraffin by passing the sample material through the coupler
multiple times.

1.5. Load 20 pL of premixed LCP (27% PEG, 100 mM Sorensen pH 5.6 + MO) into another 100
uL syringe. Remove air bubbles as necessary.

1.6. Remove the empty syringe from the coupler and attach the premixed LCP to the crystal
containing syringe using a standard syringe coupler. Pass the sample through the coupler 100

times.

NOTE: Sample mixing may heat the sample slightly*¢. Mixing should be done at a slow rate where
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the temperature of the sample can be held reasonably constant.

1.7.  Inspect the sample for transparency against a source of light. If a clear homogeneous LCP
has formed, go to step 1.9.

1.8. To bring the sample into the cubic phase, add 3 pL of monoolein and mix 50 times (as
described above). Repeat this procedure just until a transparent phase has formed to avoid an
excess of monoolein.

NOTE: The formation of the LCP is temperature dependent*” and best results are achieved slightly
above 20 °C. The amount of additional monoolein needed will depend on the volume of residual
precipitant solution carried over from crystallization.

1.9.  As a preliminary test for sample stiffness (as expected from the LCP phase) and extrude-
ability, detach the empty syringe from the syringe coupler and, holding the syringe vertically,
squeeze a small amount of sample (<2 uL) through the coupler. If the extruded sample forms an
upright cylinder, then the sample is ready for extrusion testing.

1.10. Adjust the total volume of the sample to 100 uL by adding more premixed LCP (as in step
1.5).

1.11. Attach the sample syringe and two empty syringes to the three-way syringe coupler
(purging the air from the coupler as before). Mix at least 50 times (or until homogeneous) by
passing half of the sample into the second syringe and then pressing both halves of the sample

into the third syringe simultaneously.

1.12. Place the syringe containing the mixed sample under a stereo microscope to verify a
homogenous distribution of crystals.

2. Testing Sample Extrusion Using a High-Speed Camera Setup

2.1. Determining experimental parameters.

2.1.1. Select the nozzle size for the test.

NOTE: Nozzle sizes are typically 50 or 75 um internal diameter (ID), but any size from roughly 30-
100 um ID may be considered. Selection is based on a balance between mean clogging time,

background scattering, sample consumption, and hit-rate.

2.1.2. Calculate optimum flow speed based on experimental laser spot size (1/e? diameter), and
the data collection scheme (e.g., interleaved light and dark) that will be used at the XFEL.
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2.1.3. Calculate the desired flow rate (Q) of the sample from the optimum flow speed (v,) and
the selected nozzle diameter (d):
dZ
Qs = Ue”?
Determine the flow rate (Qp) that should be entered at the HPLC pump based on the
amplification factor (A4) of the injector.

Qp = QA

Calculate the maximum pressure (Py4x) from the rated pressure of the nozzle fittings (Rpyax)
and the amplification factor of the injector (A):

Ryax
Pyax = 2

2.2.  Setup of the high viscosity extrusion injector for offline use as shown in Figure 1.

NOTE: The injector functions by means of hydraulic extrusion powered by an HPLC pump, and
uses a co-flowing helium gas sheath controlled by a gas regulator. The pump and regulator setup
are not discussed in this protocol. See chapter four in James (2015)*8 for a detailed manual.

2.2.1. Purge the pump and all water lines to ensure the flowrates are accurate. Purge the
hydraulic stage of the injector.

2.2.2. Mount the injector (or the camera) on a three-axis stage to facilitate framing and focus
for the high-speed videos. Leave space around the injection point for the objective lens,
illumination, reflective screen, and a small beaker to catch the spent sample.

2.2.3. Construct a “dummy nozzle” (an empty reservoir with a nozzle attached) and install it on
the injector to facilitate positioning, focus, and illumination.

2.2.4. Mount the high-speed camera with the nozzle tip near the focal point of the objective.

2.2.5. Position the reflective screen behind the injector and adjust the illumination to front-light
the nozzle.

2.2.6. Turn on and connect to the camera with the supplied software. With a live video running
for visual feedback, position the nozzle tip in the center of the frame, and bring it into focus with
the three-axis stage.

2.2.7. Adjust the illumination until the nozzle is clearly visible and the background is evenly
illuminated.
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2.3.  Configuring the camera to record high-speed time-lapse video.

2.3.1. Set framerate to 1000 fps. Set resolution to 512 x 512 pixels.

2.3.2. With the exposure time now set by the frame rate, adjust the illumination level until the
nozzle is visible (i.e., not under- or overexposed). Reposition the nozzle tip so that it is centered
left to right and is located in the top third of the frame.

2.3.3. Run any background correction or white balance operations.

2.3.4. Set up the camera in time-lapse mode. Set interval to 30 s and repeats to 40 times, set
the trigger mode to random (or random reset), and enter the number of frames to record to
1000.

2.4. Load the reservoir with 20 pL of the test sample, and attach the capillary nozzle.

2.5.  Attach the filled reservoir to the injector. Attach the gas line to the port on the nozzle and
start the gas flow.

2.6. Manually advance the piston by opening the in-line valve and pressing the syringe. Close
the valve when the piston makes solid contact with the sample in the reservoir.

2.7.  Program the pump with the calculated flow rate and set the maximum pressure to the
calculated value (see step 2.1.3).

2.8.  Simultaneously start the pump and the camera recording.

2.9. Asthe extrusion begins, adjust the gas pressure to increase stability. Increase gas pressure
if the fluid forms a drop at the tip of the nozzle instead of a column. Decrease pressure if the
extrusion is broken due to excessive shear from the gas flow, or is oscillating rapidly (whipping).
2.10. Monitor the extrusion (10 min is usually enough to recognize a homogenous flow
condition) and, when the pump pressure sharply ramps up near the expected end time, stop
recording, shut off the pump, and vent the system pressure by opening the relief valve.

2.11. Analysis of the video files

NOTE: Sample extrusion that is plainly inadequate does not require a detailed analysis. However,
it is still useful to identify the failure mode so that the sample may be optimized.

2.11.1. Open the video file with the analysis software (e.g., Fiji*°) and calibrate the measurement
tools.

2.11.2. Calibrate the measurements by selecting a line of known length in the video image with
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the line selection tool. Open the Set Scale window via Analyze | Set Scale and enter the known
distance and the units of measurement.

NOTE: The known diameter of the nozzle provides an adequate calibration length for these
measurements.

2.11.3. Find a frame in the video where there is a trackable feature visible (e.g., a crystal) in the
extrusion. Record the frame number.

2.11.4. Advance the video to a frame where the same feature is visible but has moved from its
position in the previous step. Record the frame number.

2.11.5. Using the straight line measurement tool, measure the distance from the feature start
and endpoint via Analyze | Measure.

NOTE: The longer the trackable distance, the fewer errors in measurement will affect the
calculations

2.11.6. Calculate the jet speed from the measured distance and the elapsed time (the number of
elapsed frames divided by framerate.)

2.11.7. Repeat steps 2.11.3-2.11.6 a few times for every segment of the video.
2.11.8. Plot the data series as in Figure 2.

REPRESENTATIVE RESULTS:

The ideal starting material for the procedures described here (Figure 3) are high densities of
microcrystals incorporated into viscous carrier medium for the injector. The procedure calls for
about 50 pl of crystal laden carrier for each preparation. These can be grown directly in LCP as
with the bR%>1° used here, as an example (Figure 4), or prepared using crystals grown in
conventional vapor diffusion setups. An excellent video guide to crystallization directly in gastight
syringes can be found in Ishchenko et al. (2016)%’. With bR, the ideal diameter of the crystalline
plates is around 20 um as a good compromise between diffraction power and homogenous
activation by the pump laser. Protein crystals, prepared using the protocols as explained above,
were used to collect TR-SFX data on the proton pump bR which revealed the ultrafast changes
that occur after photon absorbtion (Figure 5).

After sample preparation using the three-way coupler (Figure 6A,B), visual inspection of the
sample material in the syringe shows sample homogeneity (Figure 6C,D), and microscope images
of the mixed sample, both in the syringe and on a slide, can confirm the density of the crystals
and allows for measurements of crystal sizes, crystal size distribution, and crystal density. The
sample is in the cubic phase when the delivery medium is clear (Figure 7) and viscous. Turbid
mixtures are an indication that the sample is in a sponge phase or lamellar phase, but are not
conclusive as high crystal density may obscure the LCPs clarity. A brief low-pressure test to
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identify the liquid sponge phase can be performed by pulling the syringe plunger away from the
sample in the back of the syringe. Lamellar phase can be easily identified through its birefringence
with polarized light microscopy. These tests coupled with a pre-extrusion test are usually
sufficient to justify a test in the injector.

The high repetition rate of XFELs requires a flow speed that cannot be adequately observed with
low frame rate cameras. Therefore, the extrusion characterization is done using a high-speed
camera (coupled to a high magnification lens) that can record time-lapse video. Video data is
high-speed in that frames are recorded at 1000 fps, and also time-lapse in that video is recorded
for 1 s every 30 s. This data collection scheme will allow for data collection during the entire
sample test (about 10 min) without creating unmanageable video files. Even with this reduced
data set size, video files may still be in excess of 50 GB. Care should be taken to ensure adequate
storage is available to save video data before the test begins.

During the jet test (Figure 1), the sample should extrude a long (more than 200 um) continuous
column of LCP that moves at a nearly constant velocity (Figure 2). Samples that run in a dripping
mode indicate that the sample viscosity is too low (Figure 2). Samples can often be recovered
and mixed with more monoolein or paraffin to adapt viscosity. Samples that form a column
should be tested with the high-speed camera. Data from the recording should show that the
extrusion stays above a minimum speed dictated by your experimental parameters. Extrusion
speed is determined by measuring the linear distance a feature in the LCP stream travels over a
number of frames. Extrusion slow-downs that can be attributed to anomalous clogs warrant
retesting. If they persist jetting should be improved by additives like paraffin, by reducing the
density of crystals, or by selecting a larger diameter nozzle. Crystals not normally grown in a
viscous medium (e.g., vapor diffusion) can be peletted by centrifugation and incorporated into
LCP or other viscous carriers. For examples, see previous publications?4272%30,

FIGURE AND TABLE LEGENDS:

Figure 1: High-speed camera bench setup. A photograph of a typical benchtop setup with the
essential parts labeled. The three-axis stage provides flexibility in framing and focusing the image.
The injector (shown with the nozzle and reservoir attached) is mounted vertically, and directly in
front of the objective lens. The illumination in this example is provided by a single fiber light
illuminating the sample off axis and providing a bright field on the screen. A sample mounted and
illuminated in this way provides an image like the one in inset B.

Figure 2: High-speed camera testing and data analysis. Pictured above are two LCP extrusion
tests. Test A shows bR crystals in LCP extruding in a dripping mode indicating that the sample is
not optimized. Test B shows LCP extrusion forming a continuous column of LCP where crystals
can be tracked, and extrusion speed can be calculated. In this example, a crystal embedded in
the LCP column (50 um diameter) moves 301 pum in 8 ms (37.6 mm/s). Two data sets from
different preparations of bacteriorhodopsin crystals in LCP are shown. Four (or more) data points
from each second of time-lapse high-speed camera video (1 s of recording every 30 s) were
plotted. A large spread between data points taken from a single second data collection period
indicate short-term speed variation. While a moving average over the whole data series shows
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the longer fluctuations in the flow. The top series is from a poorly extruding sample (high chance
for light contamination with two consecutive pump laser pulses), and the bottom series is from
a sample that performed optimally. The horizontal dotted line indicates the target extrusion
speed set via the HPLC pump.

Figure 3: Sample preparation flowchart. Sample preparation starts with a high density of protein
crystals embedded in LCP. The sample is then mixed with low transition temperature lipid,
paraffin, and prepared LCP until the sample comes into the cubic phase, and passes a series of
small tests to indicate that the sample will extrude in the injector.

Figure 4: Bacteriorhodopsin crystals as starting material. Crystals are grown in gas-tight syringes
(A,) with LCP immersed in the precipitant solution. Crystallization is optimized for a high density
of crystals with a possibly narrow size distribution (B).

Figure 5: Structural changes in bacteriorhodopsin. TR-SFX reveals ultra-fast changes in the
structure of the proton pump bacteriorhodopsin. Here is pictured a model of bR derived from
TR-SFX data obtained from crystals prepared using the protocols outlined in this work. The left
panel shows the model with highlighted features in the retinal binding pocket. The right panel
shows the changes in the retinal from femtoseconds to milliseconds. This figure was reproduced
from Nogly et al. (2018)° with permission.

Figure 6: The three-way coupler. The three-way coupler is a reduced dead-volume Y mixer
designed for compatibility with gastight syringes. 3D renderings of the coupler, show an exploded
view of the assembly (A), and a transparent view showing the mixing channel (B). The figure
shows an inhomogeneous crystal distribution after mixing with the standard coupler (C), and the
resultant suspension after mixing in the three-way coupler (D). Mixing is accomplished by pushing
roughly half of the sample into another syringe (E), and then pushing both halves into the
remaining syringe together as illustrated by the blue arrows(F).

Figure 7: Pre-injection testing indicators. During sample preparation, several small tests are used
to indicate that the sample is in phase, and adequately viscous. Optical clarity is one indicator
that the sample is likely in the cubic phase. (A) A turbid sample is shown in the syringe. (B) A clear
sample is shown, note the graduation lines visible through the sample despite the high density
of micro-crystals. When the lipid matrix is in the cubic phase, it remains solid-like when under no
stress. A low-pressure test is performed by pulling the syringe away from the back of the sample.
When the sample is too liquid-like (indicative of the sponge phase) the sample expands to fill the
volume (C). In a positive result of the same test (D), the sample remains static despite the
withdrawn plunger. Finally, a macro-scale extrusion test is performed by pressing a small amount
of sample through the syringe coupler. A droplet forming at the nozzle tip (E) or a quickly bending
cylinder of LCP indicates a sample that is not viscous enough. If the sample extrudes, forms a
cylinder, which remains upright over time (F), then the sample may advance to high-speed
camera testing.

DISCUSSION:

10
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The TR-SFX method with the viscous extrusion injector has proven to be a viable technique for
structural dynamics studies of bacteriorhodopsin®!? and photosystem II'3 and now seems ready
to study proteins driving other photo biological processes such as light-driven ion transport or
sensory perception>°%, The protocols described above were designed to maximize the success of
TR-SFX data collection on bacteriorhodopsin, yet we believe can act as a template to optimize
data collection on other samples. In this way, much of the precious beamtime currently lost
because of clogging or poor sample extrusion could instead be used to collect better data at more
time delays.

The most difficult, and critical step in the protocol is the addition of small amounts of monoolein
that brings the lipid matrix into the cubic phase (step 1.8). The difficulty lies in the subtlety of the
phase transition and the negative effect on the sample when monoolein is added in excess.

Modifications to the methodology should be implemented to accommodate different protein
crystals. These may not be compatible with the same additives or the amount or required mixing.
On the other hand, breaking crystals into smaller pieces during the mixing process may not
compromise diffraction quality and can even improve jetting for example when long needles
break into shorter fragments. Different additives could be substituted in place of paraffin, which
is added to improve flow speed stability>. MAG 7.9/9.7 is added to prevent the trasnistion to
lamellar phase that may occur when injecting into vacuum environments?® (like the CXI
endstation at LCLS), but may be omitted if the experiment is done at atmospheric pressure. In
our experience, many crystals from soluble proteins can be stably incorporated into LCP, yet
somewhat ironically membrane protein crystals not directly grown in lipidic mesophases often
dissolve presumably because detergents are extracted from the crystal into the lipid-like
environment surrounding them. In such cases, it should be tried to entirely replace LCP with an
alternate viscous carrier?4-27,29:30,

Modifications to the high-speed camera test can accommodate samples where the crystals are
not visible within the carrier. For example, illumination can be configured to record video using
polarized light microscopy. This will cause birefringent crystals to appear (as a glow), and also
reveals portions of the lipid matrix that are in the birefringent lamellar phase.

Modifications aside, it is critical that the protein crystal preparation meet as much as possible the
following criteria. The crystals should be optimally sized to maximize diffraction while minimizing
injector clogging. The crystal density should be high enough to yield a hit-rate sufficient to collect
complete data sets, but not so dense as to compromise the jet stability (a density that is too high
can usually be diluted; in the case of bR, adjustment to a hit rate of 10-30% usually worked well).
The lipid matrix should be brought into the cubic phase, and the crystal suspension should be
homogeneous.

TR-SFX holds major advantages over other time-resolved crystallography techniques like Laue
diffraction because: radiation damage is limited due to the “diffraction before destruction”
methodology, TR-SFX has a broad time resolution over many orders of magnitude and down to
the femtosecond range, the small crystals allow for better photoactivation, and the photocycles
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of interest need not be reversible.

TR-SFX at an XFEL using the high viscosity injector has significant advantages over a liquid jet
injector in terms of sample savings. Directly comparing PYP® and bR*?, for example, indicates a
reduction by the factor of 50 for the same amount of collected diffraction images. Liquid jets on
the other hand have an advantage in that the flow is fast and, data collection runs at full speed
(alternating dark and light frames), without regard to injector stream speed stability (or light
contamination in dark frames). While the viscous jet does add new challenges, it is worth
considering that liquid jet TR-SFX uses amounts of protein that may be absolutely unreasonable
to produce for many biologically relevant systems.

Currently, viscous sample preparation for TR-SFX is limited by crystal compatibility with the
delivery medium. Although there have been several alternative viscous carriers implemented,
none have been found to work for all cases. Additionally, sample delivery with a high viscosity
injector will always be subject to clogging, or slowing even with optomozation using this protocol.
Another limitation of the technique is the inherent reduction in hit rate when diluting the sample
to bring it to the optomised extrudability.

In the future, TR-SFX methods can be extended from protein targets with natural chromophores
to those with synthetic photoswitches. Time-resolved measurements on reactions that cannot
be photoactivated must rely on mixing, temperature-jump, electric-fields, or other activation
technologies that have yet to be adapted to serial crystallography. A combination of these
triggering technologies together with increased availability of XFEL beamtime will, over time, lay
the foundation to understand the structural dynamics of protein function on an atomic level.
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case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JOVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author's name, voice, likeness,

picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE’s attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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Department: Division of Biology and Chemistry
Institution: Paul Scherrer Institut

Article Title:

Signature: %
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Reply to editor and reviewers Click here to access/download;Rebuttal Letter;Reply to editor =
and reviewer comments.docx

Dear Bing Wu and Reviewers,

We wish to thank you for the time spent in reviewing, commenting, and editing our manuscript. We
are pleased with the constructive and positive comments we have received and feel that with your
feedback the manuscript (and especially the protocol section) will be improved.

The editorial and reviewer comments were few in number, and are addressed below point by point.
We look forward to receiving your final decision on the manuscript.

With best regards,

Joerg Standfuss on behalf of all authors


http://www.editorialmanager.com/jove/download.aspx?id=933728&guid=10a0e9e5-e8f1-49ca-ab0b-3463597fb765&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=933728&guid=10a0e9e5-e8f1-49ca-ab0b-3463597fb765&scheme=1

Point by point Reply to the editorial and peer review comments:
Comments in blue; our response in black.

Editorial Comments:

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

A few edits were made to correct minor punctuation errors. As well edits to the equations for clarity.

2. Keywords: Please provide at least 6 keywords or phrases.

Added “Membrane proteins”, “Three-way coupler” and “X-ray free electron laser” to bring the total
key-words/phrases to seven.

3. Please revise the protocol text to avoid the use of any personal pronouns (e.g.,

we", "you", "our" etc.).

A thorough search shows that the protocol section as written complies with this requirement.

4. Please revise the protocol to contain only action items that direct the reader to
do something (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”

A review of the protocol text shows that the text complies with this requirement.

5. throughout the Protocol. Any text that cannot be written in the imperative tense
may be added as a “Note.” Please include all safety procedures and use of hoods,
etc. However, notes should be used sparingly and actions should be described in
the imperative tense wherever possible.

Changes have been made to the notes (see below) to comply with this requirement.

6. Inthe JoVE Protocol format, “Notes” should be concise and used sparingly. They
should only be used to provide extraneous details, optional steps, or
recommendations that are not critical to a step. Any text that provides details
about how to perform a particular step should either be included in the step
itself or added as a sub-step. Please consider moving some of the notes about
the protocol to the discussion section.

We see that our excessive use of notes in the protocol is unneeded, and is distracting for the reader.
The following actions were taken to reduce our use of notes:

The note under step 1 was deleted. Information pertinent to the paper was moved into the Starting
Material section in the representative results.

The note under step 1.2 was deleted. Information in this note was inserted into the discussion
section (second paragraph).

The note under step 1.9 was deleted. Information in this note was moved to the High-speed camera
section of the representative results.



The note under step 1.12 was deleted. The information here is not particularly relevant to the
method.

The note under step 2 was deleted. Information was moved to the introduction (paragraph 6) and
the High-speed camera section of the representative results.

The note under step 2.1.1 was shortened.

The note under step 2.1.2 was deleted.

The note under step 2.2 was edited for brevity.

The note under step 2.2.2 was made into a step (the new step 2.2.3).

The note under step 2.3 was deleted. Information was moved to the Highspeed camera section of
the representative results.

The note under step 2.7 was deleted and incorporated into step 2.1.3, and step 2.7.
The note under step 2.9 was deleted and incorporated into step 2.9.

The note under step 2.11.7 was deleted.

7. 2.11.4: Please specify the software tools used to measure the distance.

The phrase “software tools” was replaced with “straight line measurement tool”.

8. Please number the figures in the sequence in which you refer to them in the
manuscript text.

The figures have been renumbered according to the order that they appear in the manuscript.

9. Please reference all figures in the manuscript. For instance, Figure 6 and Figure 7
are not described in the manuscript.

References to Figure 7 (now Figure 3) and Figure 6 (now Figure 5) were added in the representative
results section.

10. Figure 3: Please explain what the blue arrows represent.

Added “as illustrated by the blue arrows” to the figure legend.

11. Figure 5: Please add panel labels to the two scatter plots. Please change “sec” to
“s” for the time unit.

The changes have been made as suggested.

12. Figure 7: Please insert a space between number and its corresponding unit (i.e., 3
plL).



The change has been made as suggested.

13. Table of Materials: Please replace “ul” with “uL”.

The changes have been made as suggested.

14. Discussion: Please also discuss critical steps within the protocol and any
limitations of the technique.

Two paragraphs have been added to the discussion section to address these items.

Reviewers' comments:
Reviewer #1:
Manuscript Summary:

James et al. introduced an improved protocol for the high viscosity sample inject for
time-resolved serial femtosecond crystallography, which is very suitable for the
publication at JoVE.

We thank the reviewer for their recommendation.

Major Concerns:

None.

Minor Concerns:

1. Page 5 line 149, suggest change "Bacteriorhodopsin" to "Protein". Authors used
Bacteriorhodopsin for the demonstration purpose in the manuscript, but it will be a
little confusing as readers may think it just works with Bacteriorhodopsin.

This is a good suggestion as it does suggest that the method is adaptable. The line now
reads “Protein crystal sample preparation protocol.”

2. The lipidic cubic phase has been referred to LCP, mesophase and cubic phase in
the manuscript, should be consistent.

This is a good suggestion for improving readability. However, there are subtle differences in
meaning between the three terms. For that reason, which term we use and where we use
them was carefully reviewed. We have changed a few instances of “cubic phase” to “LCP”
and deleted one redundant use of the term “mesophase”.

3. Three-way coupler is a very interesting device, author can share more information
about its availability, since it can't be purchased through commercial vendors.

The three-way coupler is a custom-made part manufactured at the Paul Scherrer Institute.
Currently there is no plan in place to distribute this device, but we certainly do not object to
making these available after the fabrication becomes standardized.



Reviewer #2:

Manuscript Summary:

This presented manuscript is very well written, comprehensible, technically sound
and certainly of high interest for the community working in the field, as well as for
the general readership.

The paper certainly deserves publication.
All experiments described were performed conclusive.

The authors describe a way to slightly optimize LDC sample preparation (3-way
mixing) and delivery/stability (camera setup). It is well written understandable and
literature is adequately cited and | again recommend it for publication.

We thank the reviewer for their kind remarks and recommendation.

However, it need to be ensured that the protein and other material is specified in all
possible detail, as different batches of membrane proteins may significantly vary in
quality.

The table of materials contains all material that was used to perform the work outlined in
the protocols. Protein and crystallization materials were not included, but may be found in
the papers referenced in the Starting Materials section in the representative results.

Although the authors should provide some data or information in the discussion, if
and how the protocol can or cannot be adjusted (which appropriate parameters or
paranter range) to transfer the protocol to other proteins, different to
bacteriorhodopsin and eventual to water soluble proteins and protein complexes,
RNA ect.

Modifications are addressed in the discussion section, but are kept general because the
variability between samples or viscous carriers is too large. The criteria by which we judge
successful sample optimization are listed in the discussion section.

Major Concerns:

none

Minor Concerns:

see above



Rebuttal Letter

Click here to access/download;Rebuttal Letter;Reply to the
editors comments.docx

Dear Bing Wu,

We wish to thank you for the time spent in reviewing, commenting, and editing our manuscript. The
editorial comments are addressed below point by point.

With best regards,

Joerg Standfuss on behalf of all authors


http://www.editorialmanager.com/jove/download.aspx?id=933729&guid=7c01d917-8b7f-42f3-9027-1e5b195f76fd&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=933729&guid=7c01d917-8b7f-42f3-9027-1e5b195f76fd&scheme=1

Point by point Reply to the editorial and peer review comments:
Comments in blue; our response in black.

Editorial comments:

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

A few spelling and grammar errors were corrected.
2. The Summary is over the 50 word limit.
The summary was reworded to 49 words.
3. Please use h, min, s for time units.
Instances of the word second, where appropriate, were changed to s.

4, For steps that are done using software, a step-wise description of software usage
must be included in the step. Please mention what button is clicked on in the
software, or which menu items need to be selected to perform the step.

A new step was inserted to explain the calibration procedure. The proper names of the buttons and
the menu paths were given for each operation in the software.

5. Please remove all headers from Representative Results.

Headings were removed per the requirement.



