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SUMMARY:  26 
Here, we describe how to use the automated macromolecular crystallography pipelines for 27 
protein-to-structure, rapid ligand-protein complex analysis and large-scale fragment screening 28 
based on the CrystalDirect technology at the HTX Laboratory in EMBL Grenoble. 29 
 30 
ABSTRACT: 31 
EMBL Grenoble operates the High Throughput Crystallization Laboratory (HTX Lab), a large-scale 32 
user facility offering high throughput crystallography services to users worldwide. The HTX lab 33 
has a strong focus in the development of new methods in macromolecular crystallography. 34 
Through the combination of a high throughput crystallization platform, the CrystalDirect 35 
technology for fully automated crystal mounting and cryocooling and the CRIMS software we 36 
have developed fully automated pipelines for macromolecular crystallography that can be 37 
remotely operated over the internet. These include a protein-to-structure pipeline for the 38 
determination of new structures, a pipeline for the rapid characterization of protein-ligand 39 
complexes in support of medicinal chemistry, and a large-scale, automated fragment screening 40 
pipeline enabling evaluation of libraries of over 1000 fragments. Here we describe how to access 41 
and use these resources. 42 
 43 
INTRODUCTION:  44 
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Automation has been introduced at all steps of the macromolecular crystallography experimental 45 
process, from crystallization to diffraction data collection and processing1–6 and including a 46 
number of technologies for sample mounting7–11. This has not only accelerated the pace at which 47 
crystallographic structures are obtained but has contributed to streamline applications like 48 
structure guided drug design12–15. In this manuscript we describe some of the aspects of the 49 
automated crystallography pipelines available at the HTX lab in Grenoble as well as the 50 
underlying technologies. 51 
 52 
The HTX lab at EMBL Grenoble is one of the largest academic facilities for crystallization screening 53 
in Europe. It is co-located at the European Photon and Neutron (EPN) campus together with the 54 
European Synchrotron Radiation Facility (ESRF), which produces some of the world’s most 55 
brilliant X-ray beams and the Institut Laue Langevin (ILL), which provides high flux neutron beams. 56 
Since the start of operations in 2003 the HTX lab has provided services to over 800 scientists and 57 
processes more than 1000 samples per year. The HTX lab has a strong focus in the development 58 
of new methods in macromolecular crystallography, including methods for sample evaluation 59 
and quality control16–18 and the CrystalDirect technology, enabling fully automated crystal 60 
mounting and processing19–21. The HTX lab has also developed the Crystallographic Information 61 
Management System (CRIMS), a web-based laboratory information system that provides 62 
automated communication between crystallization and synchrotron data collection facilities, 63 
enabling uninterrupted information flow over the whole sample cycle from pure protein to 64 
diffraction data. Through the combination of the capacities of the HTX facility, the CrystalDirect 65 
technology and the CRIMS software, we have developed fully automated protein-to-structure 66 
pipelines integrating crystallization screening, crystal optimization, automated crystal harvesting 67 
processing and cryocooling and X-ray data collection at multiple synchrotrons into a single and 68 
continuous workflow that can be remotely operated through a web browser. These pipelines can 69 
be applied to support rapid determination of new structures, the characterization of protein-70 
ligand complexes and large-scale compound and fragment screening through X-ray 71 
crystallography. 72 
 73 
The HTX lab is equipped with a nonvolume crystallization robot (including an LCP module that 74 
enables crystallization of both soluble and membrane proteins), crystal farms (at 5 °C and 20 °C), 75 
two robotic liquid handling stations to prepare crystallization screens, and two automated 76 
CrystalDirect crystal harvesters with capacity to produce and store up to 400 frozen sample pins 77 
per operation cycle. Scientists send their samples to the facility by express courier, which are 78 
then processed by dedicated technicians at the HTX lab. Scientists can remotely design 79 
crystallization screening and optimization experiments through a web interface provided by the 80 
CRIMS system. Through this interface, they can choose from a wide range of parameters and 81 
experimental protocols available at the facility to fit their specific sample requirements. Results 82 
together with all experimental parameters are made available to users in real time through 83 
CRIMS. All samples received are assayed through a specifically developed method that enables 84 
to estimate the crystallization likelihood of the sample16, 17. Based on the results of this assay 85 
specific recommendations are made to users concerning the optimal incubation temperature and 86 
possible sample optimization experiments. Once crystallization experiments are set up, scientist 87 
can evaluate the results by looking at crystallization images collected at different time points 88 



   

through the web. When crystals suitable for X-ray diffraction experiments are identified, 89 
scientists can use a dedicated interface to establish a crystal mounting plan that will then be 90 
executed by the CrystalDirect robot. 91 
 92 
The CrystalDirect technology is based on the use of a modified vapor diffusion crystallization 93 
microplate and a laser beam to mount and cryo-cool crystal samples into diffraction compatible 94 
supports closing the automation gap existing between crystallization and data collection19–21. 95 
Briefly, crystals are grown in a modified vapour diffusion plate, the CrystalDirect microplate. Once 96 
crystals appear the CrystalDirect harvesting robot automatically applies a laser beam to excise a 97 
film piece containing the crystal, attach it to a standard diffraction data collection pin, and cryo-98 
cool it in a nitrogen gas stream (see Zander et al. 2016 and 99 
https://www.youtube.com/watch?v=Nk2jQ5s7Xx8 ). This technology has a number of additional 100 
advantages over manual or semi-automated crystal mounting protocols. For example, the size 101 
and shape of the crystals is not an issue, making it equally easy to harvest large crystals or 102 
microcrystals, it is often possible to avoid the use of cryo-protectants, due to the special way in 103 
which the technology operates (see reference 6, Zander et al.), making X -ray diffraction analysis 104 
much more straightforward. The laser-beam can also be used as a surgical tool to select the best 105 
parts of a sample when crystals grow on clusters or show epitaxial growth for example. The 106 
CrytalDirect technology can also be used to automated soaking experiments21 , the delivery of 107 
solutions with small molecules or other the chemicals to crystals. Thereby it enables to support 108 
fully automated, large-scale compound and fragment screening. Once Crystals are harvested and 109 
cryocooled by the CrystalDirect robot, they are transferred to either SPINE or Unipuck pucks 110 
which are compatible with most synchrony macromolecular crystallography beamlines around 111 
the world. The system can harvest up to 400 pins (the capacity of the cryogenic storage Dewar) 112 
in a fully autonomous manner. CRIMS communicates with the harvester robot during the process 113 
and provides automated tracking of crystal samples (pucks and pins). Pucks are marked with both 114 
barcodes and RFID tags to facilitate sample management22. 115 
 116 
CRIMS provides an application program interface (API) supporting automated communication 117 
with the ISPyB system supporting X-ray data collection management and processing at many 118 
synchrotrons in Europe and the world23. After automated crystal harvesting is completed, 119 
scientists can select crystal samples (pucks) and create sample shipments for the macromolecular 120 
crystallography beamlines at either the ESRF (Grenoble, France)5, 6, 24 or Petra III synchrotrons 121 
(Hamburg, Germany)25, 26. CRIMS transfer the data corresponding to the selected beamline 122 
samples to the synchrotron information system along with pre-selected data collection 123 
parameters. Once the samples arrive at the selected synchrotron beamline, X-ray data collection 124 
is carried out either manually, through remote beamline operation or in a fully automated 125 
manner (i.e., at the MASSIF-1 beamline of the ESRF6 operated by the joint EMBL ESRF Joint 126 
Structural Biology Group (JSBG)). After data collection CRIMS retrieves automatically information 127 
about the results of data collection along with initial data processing results carried out by the 128 
synchrotron data processing systems and presents it to the scientist through a convenient user 129 
interface.  130 
 131 
The HTX lab applies these automated pipelines to support three different applications, rapid 132 
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determinations of new structures, rapid characterization of protein-ligand complexes and large-133 
scale compound and fragment screening. Below we describe the how to use and operate them.  134 
 135 
PROTOCOL: 136 
 137 
NOTE: Funded access to these pipelines for scientists worldwide is supported through a series of 138 
funding programs. At the moment of writing this manuscript applications for access are accepted 139 
through either the iNEXT Discovery program (https://inext-discovery.eu), an European facility 140 
network to stimulate translational structural biology27 funded by the Horizon 2020 programme 141 
of the European Commission or INSTRUCT-Eric (https://instruct-eric.eu/). Contact the 142 
corresponding author for the current modalities and routes for funded access at a particular time. 143 
This protocol describes operation of the protein-to-structure pipeline and includes steps 144 
common to all our pipelines while specificities for the other two pipelines are discussed in the 145 
following section. The instructions here refer to CRIMS V4.0.  146 
 147 
1. High Throughput Crystallization Laboratory 148 
 149 
1.1. Before starting, ask for registration at the HTX lab through the CRIMS system 150 
https://htxlab.embl.fr/#/. The user credentials provide remote access to all experimental design 151 
and evaluation interfaces.  152 
 153 
1.1.1. Log in to CRIMS through a web navigator (Firefox, Chrome and Safari are supported). The 154 
CRIMs web server is encrypted to prevent third parties from accessing data while it travels 155 
through the web. Once in CRIMS, a series of menus to the left of the screening help manage and 156 
create samples, request crystallization experiments, manage and visualize plates, etc. A series of 157 
video tutorials are available at https://medias01-158 
web.embl.de/Mediasite/Showcase/embl/Channel/a2168bcaa36b4564851663e5b69594014d. 159 
 160 
NOTE: Users sending samples by courier need to register the samples and the requested 161 
crystallization experiments through CRIMS before sending the sample to ensure they can be 162 
processed without delay upon arrival. Please, send the shipment details to htx@embl.fr.  163 
  164 
1.2. Log in into CRIMS (https://htxlab.embl.fr ) with a web browser and click on the Samples 165 
Menu. This will open an interface with project and sample management tools. 166 
 167 
1.3. Click on the New Sample button and provide the information requested. CRIMS allows to 168 
organize samples under different projects, targets and constructs. Assign the sample to existing 169 
ones or create new ones at this point. 170 
 171 
1.4. Once the requested information has been entered click on Save & Make Request. Select 172 
the crystallization protocol, the crystallization screens to be used, the incubation temperature 173 
and the desired date for the experiments.  174 
 175 
1.4.1. Use the comment fields to provide indications about the samples that are important for 176 
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the HTX lab operators to know. Custom screens can also be selected (see below). After submitting 177 
the crystallization request it will be validated by the HTX Lab Team and confirmation about the 178 
scheduling of the experiments will be sent via e-mail. Make sure to select experiment dates that 179 
are compatible with times required for sample shipment. 180 
 181 
1.5. Once the samples arrive in the facility operators at the HTX lab will carry out the 182 
experiments as requested. Once crystallization experiments are set up, confirmation will be sent 183 
via e-mail and crystallization trays will be transferred to the automated imagers. CRIMS provides 184 
access to all experimental parameters and will automatically track new imaging sessions. E-mail 185 
notifications will be automatically sent when new images are available. An thermofluor-based28 186 
sample quality assessment experiment based on a protocol developed at the facility16, 17 is carried 187 
out with every sample at this point and will be available through CRIMS. 188 
  189 
1.6. Images of the crystallization experiments along with the results of the sample quality 190 
assessment will be available in CRIMS shortly after the crystallization trays are set up. Click on 191 
the Thermofluor menu and navigate to the sample to see the results of the sample quality 192 
assessment experiment16.  193 
 194 
1.6.1. Click on the Plates menu to see the images from the Crystallization plates. Navigate to 195 
the sample and either click on View to see the last imaging session or on the + (expand) symbol 196 
to select a different imaging session. A series of tools help to find and navigate easily through the 197 
samples. For example, clicking in a project box at the top of the screens filters samples for that 198 
project and search functions are available for most of the table columns. 199 
 200 
1.7. Use the plate View interface to help evaluate and score the results of the crystallization 201 
experiments. It allows navigation through the different wells of the crystallization plates, select 202 
image types (i.e., Vis, UV), select image quality or record scores, for example. This interface also 203 
provides all experimental parameters used for the crystallization experiments including the 204 
composition of the crystallization solutions. 205 
 206 
1.8. Click on the Refinement menu to design crystal optimization screens based on primary 207 
hit conditions identified through the initial screening. The Chemicals and Stock Solutions 208 
submenus allow one to register and manage the crystallization stock solutions. The Screens 209 
submenu provides access to an interface to design your own optimization or custom screens.  210 
 211 
1.8.1. Select the plate type, stock solutions or gradient configurations that best fit the 212 
experimental design. It is possible to ask CRIMS to output a file directly compatible with the 213 
Formulator Robot (Formulatrix) to automatically pipette the screens into the plate or to output 214 
a printable document with the volumes for manual operation.  215 
 216 
1.9. Iterate through steps 1.2-1.8 to carry out crystal optimization experiments. 217 
 218 
1.10. Once crystals suitable for X-ray diffraction experiments are identified, navigate to the 219 
plate View interface and select the image corresponding to the right crystallization drop. Pre-220 



   

stored scores will help you do this easily.  221 
 222 
1.10.1. Click either on Crystal Harvesting to record an automated crystal harvesting plan for the 223 
CrystalDirect harvester robot or on Manual Harvesting for traditional manual crystal mounting, 224 
if using CRIMS at a facility that is not equipped with CrystalDirect. Both interfaces will guide the 225 
user through the crystal harvesting process. CRIMS will automatically record and store the 226 
location of harvested crystals into either SPINE or Unipucks29. 227 
 228 
1.11. Select the Crystal Manager menu in CRIMS. Click on the Harvested Crystals submenu to 229 
inspect the frozen samples. When using the CrystalDirect harvester, images of the harvesting 230 
process are presented, including images of the pins with the harvested crystals. 231 
 232 
1.12. Select the Shipments menu to connect to either ESRF or Petra III synchrotrons and create 233 
sample shipments for X-ray diffraction analysis. Click on the Create Shipment button and select 234 
the synchrotron you want to use and the bag number (the bag password at the synchrotron is 235 
necessary here). The next series of interfaces are used to select the pukcs to be included in the 236 
shipment. The system makes it possible to provide comments to support data collection and 237 
determine data collection parameters for automated beamlines like MASSIF-1.  238 
 239 
1.13. If data collection is being carried out at ESRF or Petra III HTX lab, operators will transfer 240 
the samples to the beamline, data collection at other synchrotrons will be done at the user’s own 241 
expense. It is possible to collect data by traveling to the synchrotron, through remote beamline 242 
operation or at MASSIF-1. In the latter case, the data collection process is fully automated. At the 243 
synchrotron, specific interfaces in ISPyB23 allow users to recover the information sent by CRIMS 244 
and associate sample pucks to it so that results of data collection are automatically tracked. For 245 
the experiments described here, data collection at synchrotrons was typically carried out with 246 
the MXcube30 software, while data processing and structure refinement was carried out with 247 
atuoPROC31, Staraninso32, BUSTER33, Pipedream31–33 and Coot34.  248 
 249 
1.14. Once data collection experiments have been carried out CRIMS retrieves summary 250 
information along with results of initial data processing at the synchrotron from the ISPyB23 251 
system. Go to CRIMS Crystal Manager menu and click on the Crystal Diffraction Data sub menu. 252 
All the information and metadata regarding diffraction data collection is available. It is also 253 
possible to download processed data from the synchrotron as well as raw diffraction images. 254 
View multiple data collections or select specific datasets. Sample management tools make it 255 
possible to navigate and select samples for specific projects constructs. 256 
 257 
NOTE: This pipeline provides fully automated operation over the internet from pure protein to 258 
X-ray diffraction results and can be operated with one or multiple samples at the same time. It 259 
can be applied to different context and project types in structural biology. 260 
 261 
REPRESENTATIVE RESULTS:  262 
The automated crystallography pipeline described above has been applied to support a big 263 
number of internal and external projects with remarkable success. A few highlights include the 264 



   

project from Djinović-Carugo and co-workers from the Max Perutz Laboratories (Vienna) focusing 265 
on the structural and functional analysis of a dipeptidyl peptidase essential for the growth a 266 
bacterial pathogen. The rapid succession of crystallization screening, diffraction evaluation, 267 
crystal optimization and X-ray data collection cycles (up to 8 iterations for this project) enabled 268 
to obtain structural models for three different conformational states of the protein in just a few 269 
weeks, which provided key mechanistic understanding on the function of this class of proteins35 270 
(see Figure 1).  271 
 272 
Another example is the from Macias and co-workers from the Institute of Biomedical Research 273 
(IRB, Barcelona) that combined bioinformatics tools and structural approaches to identify new 274 
DNA binding motifs for the SMAD3 and SMAD4 transcription factors involved in cell fate 275 
regulation. This work has produced 6 high resolution structures of SMAD3 & 4 in complex with 276 
different DNA binding motifs36, 37 revealing a so far unsuspected capacity of these transcription 277 
factors to recognize and bind to a diverse array of DNA sequences, which is key for the 278 
interpretation of their function in different biological contexts. These technologies have also 279 
been applied to support proprietary research in the context of drug design projects from research 280 
groups in pharma and biotech companies. For example, thanks to the rapidity contributed by 281 
these pipelines, the structural analysis of multiple ligand-target complexes can be achieved 282 
within days, which is of great value to support successive rounds medicinal chemistry 283 
optimization in the context of drug development. Finally we have also applied this infrastructure 284 
for large-scale X-ray based fragment screening38.  285 
 286 
FIGURE AND TABLE LEGENDS:  287 
Figure 1: Automated Crystallography Pipelines. Integrated operation of the EMBL HTX lab 288 
including the CrystalDirect technology and the CRIMS software with the MASSIF-1 beamline at 289 
ESRF and automated communication between the CRIMS and ISPyB software enable to support 290 
fully automated, remote controlled protein-to-structure pipeline integrating crystallization 291 
screening and optimization, automated crystal harvesting and cryo-cooling and automated data 292 
collection and processing. The structural models correspond to three different conformational 293 
states of a protease from a pathogenic bacterium identified in a record time by applying these 294 
pipeline39. 295 
 296 
DISCUSSION:  297 
The automated crystallography pipelines described here are available to researchers worldwide 298 
through different funding programs. Currently, funded access for crystallization experiments and 299 
the CrystalDirect technology can be obtained by applying to the iNEXT Discovery program and 300 
INSTRUCT-ERIC, while access to macromolecular crystallography beamlines at the ESRF is 301 
supported through the ESRF user access program. This approach minimizes the delay between 302 
crystal growth and measurement, accelerating the progression of very challenging projects that 303 
require diffraction-based optimization of protein production and crystallization conditions and 304 
frees scientists from complex operations associated with crystallization, crystal handling and 305 
beamline operation, rendering crystallography more accessible to non-expert groups. It can also 306 
be used for rapid exploration of crystallization additives, phasing agents or for compound 307 
screening through co-crystallization experiments. While most crystallography projects could 308 



   

potentially benefit from this approach, some samples may require special protocols not 309 
amenable to automation or to the pipelines presented here, for example those requiring 310 
microfluidic systems or highly specialized crystallization devices or samples that are extremely 311 
labile and would not tolerate shipment. 312 
 313 
The CrystalDirect technology also enables automated crystal soaking21 for the characterization of 314 
of small molecule-target complexes. For this, a small aperture is created with the laser prior to 315 
the harvesting process and a drop of a solution containing the desired chemicals (i.e., phasing 316 
agents or potential ligands) is added on top, so that it enters in contact with, and diffuses into 317 
the crystallization solution eventually reaching the crystal. Chemical solutions can be formulated 318 
in water, DMSO or other organic solvents. After a certain incubation time the crystals can be 319 
harvested and analyzed by diffraction as described above. This approach has been applied to the 320 
rapid characterization of ligand-protein complexes in the context of structure-based drug design 321 
as well as to large-scale compound and fragment screening. In the latter case fragment libraries 322 
with hundreds to over a thousand fragments can be rapidly analyzed. Specific CRIMS interfaces 323 
not presented here facilitate the design and automated tracking of crystal soaking experiments, 324 
while integration between the CRIMS software and the Pipedream software suite, developed by 325 
Global Phasing Ltd (U.K) enable automated data processing, phasing, ligand identification and 326 
structure refinement over hundreds of datasets in parallel, streamlining data analysis and 327 
interpretation31, 33. For example, this pipeline was recently applied to the identification of 328 
fragments binding both to the active site and several allosteric sites of Trypanosoma brucei 329 
farnesyl pyrophosphate synthase, a key enzyme of the parasite causing human African 330 
trypanosomiasis. 331 
 332 
 The pipelines presented here can contribute to accelerate the pace of discovery in structural 333 
biology and make macromolecular crystallography more accessible to a larger number of 334 
research groups. Moreover, by facilitating large-scale compound and fragment screening they 335 
can contribute to foster translational research and speed up the process of drug discovery, 336 
contributing to facilitate the development of better and safer drugs against a larger number of 337 
targets.  338 
 339 
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Name of Material/ Equipment Company Catalog Number Comments/Description

CrystalDirect harvester Arinax Automated crystal mounting and cryocooling

CrystalDirect Crystallization plate Mitegen SKU: M-XDIR-96-2 96-well crytsallization microplate

Formulator 16 Formulatrix For the autoamted preparation of crystallization screens

Mosquito crystallization Robot SPT Labtech For the preparation of crystallization experiments

Tecan Evo Liquid handling station Tecan For the preparation of crystallization solutions

Spine Pucks Mitegen SKU: M-SP-SC3-1 SPINE-compatible cryogenic pucks for automated synchrotron sample exchangers

UniPucks Mitegen SKU: M-CP-111-021 Universal cryogenic pucks for automated synchrotron sample exchangers

Table of Materials Click here to access/download;Table of Materials;Marquez-JoVE_Materials-
revised.xls
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SPINE-compatible cryogenic pucks for automated synchrotron sample exchangers

Universal cryogenic pucks for automated synchrotron sample exchangers



 
Dear Editor, 

 

Please, find below a point by point answer to reviewers and editorial suggestions along 

with a description of changes to the MS.  All changes described can be identified 

through track changes in the revised version of the MS. 

 

We want to thank you and the referees for their suggestions, which we are convinced 

are a positive contribution the MS. 

 

Best regards 

 

Jose A. Marquez 

 
Poin by point anwers: 
 
 

Editorial comments: 
Editorial Changes 

 

Changes to be made by the Author(s): 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that 

there are no spelling or grammar issues. E.g. line 155: “existing” instead of “exiting”, 

etc. 

 

The MS has been proofread, typo in line 155 and others have been corrected (see track 

changes 

 

2. Please provide an email address for each author. 

 

Corrected  

 

3. Please check the symbols used in line 62. 

 

Corrected  

 

4. 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.” 

 

Corrections addressing these points have been introduced 

 

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

"you", "our" etc.). 

 

Corrections addressing these points have been introduced 

Rebuttal Letter Click here to access/download;Rebuttal
Letter;Answerstoreviers-MarquezetAL.docx
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6. To provide a more balanced perspective, consider including the possible limitations 

of the approach, and compare it with other available approaches in the discussion. 

 

Reference to potential limitations have been included in the discussion section. 
Comparison to traditional approaches was already included in the orignal text.  
 
7. Please sort the Materials Table alphabetically by the name of the material. 

 

Corrected 

 

 

 

____________________________________ 

Reviewers' comments: 

Reviewer #1:  
In order to make the manuscript acceptable, it requires an introduction on automated 

structure determination which needs to make proper reference to systems developed 

elsewhere.  

 

I should start by noting that the other reviewers disagree on this point with Reviewer 1. 

Nevertheless, in the revised version we have introduced a section at the start of the 

introduction with 15 citations to works on automated structure determination by other 

groups.  

 

The second biggest concern I have is that the manuscript is written in the form of a 

manual. This is by itself not a problem, but there is very little if anything mentioned of 

the underlying technology. Which is the program that collects the data (reference?), 

which is the progam, which processes the data (reference?), which programs are used 

in the structure determination (reference?) and why are these used.  

 

Description of the software with appropriate references have been introduced in line 

453. 

 

 Along the same lines, it would be good to comment on the choice of programs, to 

compare the results to other pipelines or other efforts made elsewhere.  

 

A comparison of different crystallographic data processing and refinement pipelines is 

clearly outside the scope of this work and would require a considerable amount of 

effort. This simply is not a reasonable request.  

 

A third major issue is, what happens with the data at the end of the process?  

Will the user get access to all data including raw diffraction images and associated 

metadata? What is the timeline for such access?  

 

This is already clearly stated on point 13 of the protocol. However, to clarify this further 

we have added as specific reference to metadata and raw diffraction images has been 

introduced. See line 460 

 

 



Finally, the authors mention two projects, to which their pipeline was employed. What 

are the results for these two projects? Which fragments were soaked? What is the hit 

rate? How does this compare to other pipeline used elsewhere? Is is better Is it worse? 

Why? Etc. etc. etc. 

 

Three examples from users of these pipelines are cited in the representative results 

section. Appropriate references describing the experiments performed, samples and 

ligands used and the results obtained are provided (see Representative results section 

and refs 36, 37, 38, and 39. These works speak for the quality of results and the 

pipelines presented 

 

Again, while a comparison of results with other technologies would be an interesting 

subject it would require careful experimental design and is clearly outside the scope of 

this work.  The goal of this MS is to present the capacities of the facility in Grenoble, 

along with those of other facilities in the series volume. We have not used other 

facilities and would prefer not to enter into subjective evaluations to compare one or the 

other. Readers and users would be able to draw their own conclusions.  

 

Instead of the overview figure 1, I would prefer to see screenshots of the different views, 

the user sees at every step of the process. I understand that some of this will be provided 

by the video, but nonetheless I think the protocol would benefit from properly described 

screen shots. 

 

Indeed, this will be presented in the video. Presenting screenshots at every step of the 

process would take considerable space and even make the text difficult to read. 

Fortunately, JoVE is unique in providing a video publication format that perfectly 

addresses this problem.  

 

The materials table seems to be incomplete. Pucks? Sample holders? Crystallization 

plates? Screens? Etc. etc. 

 

Materials have been added to the Materials table 

 

Specific questions concerning the protocol: 

1. How does one obtain a user name? Contact the authors? Please specify. 

 

This is clearly stated, see line 157 

 

2. What is a sample? A protein? A construct? A piece of DNA? Please specify. 

 

This is defined by the user not by the facility. We believe this is quite obvious and does 

not need to be stated.  

 

3. Which crystallization protocols and which screens are available? Please specify. 

How long dows it take until feedback from HTZ staff is provided to the user? 

 

Available crystallization screens are displayed through the corresponding interface 

through which user can use the ones they prefer. The collection is very extensive and 

including them in the MS text would lead to a very long list, which doesn’t seem 

necessary 



 

As described in the text already experiments can be scheduled by the user so they can 

see when they will executed. Moreover, All results and experimental parameters are 

accessible in rea time, as clearly stated in line 88  

 

4. What is the meaning of the quality assessment? Does it has any influence on the 

following steps? Will the sample be returned to the user, if the quality is not sufficient? 

 

The Thermofluor based protocol for sample quality assessment is described in detail in 

reference 17. This also includes guidance for the interpretation of the results and 

possible actions to follow in the different cases are also described there. 

 

5. Is there a way to check whether crystals are salt crystals or protein crystals? 

 

As clearly stated in the text, the system enable UV imaging, but as it is well know, 

diffraction experiments are sometimes the definitive way to establish this point in a 

definitive way. These are well-know facts and do not represent novel aspects in relation 

to this MS   

 

6. Is there a way to ask for room temperature diffraction experiments? 

 

As stated in the line 450, “It is possible to collect data by traveling to the synchrotron, 
through remote beamline operation or at MASSIF-1”  Therefore all diffraction 
experiments avaialble to these modalities are possible, including room temperature 
data collection. We believe this is rather obvious and does not need furthey 
clarificaiton 

 

Minor Concerns: 

Line 85: what is a standard diffraction data collection pine? 

pin.  

 

The typo has been corrected 

 

Lines 85/86: a liquid nitrogen gas stream? hmmm. Liquid or gaseous? Please re-word. 

 

Liquid has been deleted 

 

Line 129: ISTRUCT --> INSTRUCT 

 

Typo corrected 

 

Line 178: Thermofluor should be spelled out as differential scanning fluorimetry and 

properly referenced. 

 

While using the term DSF would be possible, the use of the term thermofluor is well 

established in the field, see for example doi: 10.1016/j.ab.2006.07.027. This reference 

has been added to the text. Line 193 

 

 

 



Reviewer #2:  
Manuscript Summary: 

The manuscript provides an overview of how to use the CRIMS automated 

system/pipeline for remote high-throughput crystallization. The CRIMS system include 

HT screening, cryoprotection, ligand screening and crystal harvesting for structural 

characterization, either through shipment to beamlines at ESRF or Petra III. Data 

collection and experimental visualization can be fully automated, or scheduled for when 

a user has allocated beamtime. The system provides full documentation and user 

interaction to tailor crystallization experiments, collate data etc. The CRIMS automated 

pipelines described in this paper will be of use to both expert crystallography labs as 

well as non-expert users of structural biology resources. 

 

The manuscript is well written, readily followed and is properly referenced etc. A very 

nice manuscript describing a very interesting and supportive crystallization pipeline for 

the structural biology community. 

 

 

Reviewer #3:  
Manuscript Summary: 

This manuscript on the new high throughput method for macromolecular 

crystallography at the HTX facility presents a well-designed automated crystallography 

pipeline combining the CrystalDirect technology and the CRIMS system to provide a 

fully automated pipelines from the crystal growth, optimization, harvesting, towards the 

diffraction data collection. Every step in this pipeline can be requested and operated 

remotely by the end users. The authors provided a comprehensive rationale and 

background information for this automated crystallography pipeline, with the citation 

of the well-established CrystalDirect technology, and the protocol details of CRIMS 

system registration and operation step-by-step. The entire automated crystallography 

pipeline would accelerate the pace to the field of large-scale compound and fragment 

screening experiments, shortening the time gap between crystal growth in house and 

crystal diffraction measurement. However, the author doesn't discuss the limitations of 

this pipeline technique. For example, how to characterize if the sample properties 

change during the shipping? Though it is mentioned in the protocol section, step 4, that 

a thermofluor-based sample quality assessment experiment will be performed with 

every sample, some protein of interest requires the specific conformational states, 

which may be altered during the shipping. In this case, more assays are required to 

assess the protein properties. This pipeline development is just combining the existing 

instruments and experimental setups but does not show the high impact for the 

macromolecular crystallography field. It is more suitable for the application of an 

automation pipeline patent. 

 

We, as the other two reviewers clearly disagree. As revier 2 states and we discuss in the 

MS, “the CRIMS automated pipelines described in this paper will be of use to both 

expert crystallography labs as well as non-expert users of structural biology 

resources.” This in itself is of considerable impact, not to mention applications in drug 

design.  Examples of the use technology and its impact are given, see refs 36, 37, 38 and 

39.  

 

 

Major Concerns: 



The automated crystal harvesting equipped with a laser beam harvester is very 

interesting. However, nowadays, high-throughput crystallization screening and 

optimization is also in-house accessible in most crystallography laboratories 

worldwide. Optimization of protein crystallization is more convenient to be operated in 

the research laboratories, especially for the proteins of interest that are environmental 

sensitive. In-house crystallization screening and optimization is more time and efforts 

saving and can be carried out right after the primary hit conditions identified, without 

more sample shipping to the facility. 

 

We find this statement is rather subjective and no hard evidence supporting it is 

provided here either. Optimization experiments done at the remote facility can be as fast 

as those done in house as communication with CRIMS is instantaneous. Moreover, 

evaluation of diffraction power is key for crystal optimization. We present how 

evaluation of diffraction properties can be done very rapidly given that the HTX facility 

and the Synchrotron are adjacent, while if crystals are grown in the home lab, weeks 

may be necessary before the next synchrotron experiments can be done.  Not to count 

the other advantages of the system like automated harvesting. 

 

I believe a few years back many researches might have felt the same as the reviewer 

concerning DNA sequencing, but now sequencing is seldom done in the local lab and 

samples are systematically shipped to an external facility. Similarly, many 

crystallographers thought that automated diffraction data collection would never 

produce the same data quality as manual beamline operation, but the MASSIF1 

beamline has shown that in many cases automated data collection produces better 

results that manual data collection.   

 

 It is true that some samples may require special protocols that are not compatible with 

automation or be so labile that time of transfer to the facility is prohibitive, but those 

situations tend to be rare. Nevertheless, this point has been clarified in line 547.  

 

 The CRIMS system is almost same as other automated crystallization robot equipped 

with imaging instrument. Step 1-8 in the protocol is same as a standard protocol, which 

has been well established in most crystallography research labs.  

 

We disagree imaging instruments do not include automated crystal harvesting, and 

automated  communication with synchrotrons. These are unique and very substantial 

features. 

 

The other concern is the short time consumption as mentioned in the representative 

results. Is the crystal data collection beamtime at ESRF or PETRA III guaranteed upon 

the registration of the automated crystallography pipeline at the HTX lab? If the answer 

is no, the time gap between the crystal growth and data collection is still a remaining 

question upon user's own application. 

 

The answer is Yes. Through the iNEXT Discovery program Synchrotron beamtime at 

ESRF and PETRA III for diffraction measurements is also included as part of the same 

application so no additional delays are needed. As stated in line 152 of the MS we 

recommend potential users to contact the corresponding author for information on the 
current modalities and routes for funded access at a particular time.  



 

 

Minor Concerns: 

In the introduction section, line 61, it is mentioned that the HTX lab is equipped with an 

LCP module crystallization robot, but no further experimental protocol is stated about 

how to make it compatible with LCP crystallization set up and with the CrystalDirect 

technology to harvest crystals from LCP plates? If this has not been development yet, 

please delete the statement of LCP module in the manuscript without confusing 

audience that they can operate LCP crystallization and harvesting in the facility. 

 

Yes, we can operate with LCP but covering this aspect here would to excessively 

lengthy MS. A separate MS describing this is currently in preparation. 

 

 

Reviewer #4:  
Manuscript Summary: 

The manuscript describes the automatic pipelines for macromolecular crystallography 

that offers a remote procedure (over internet) to go from sample to protein structure. 

This can be done combining 1) the HTX (high throughput crystallization) lab in EMBL 

(Grenoble), to perform crystallography experiments, optimization and crystal 

harvesing, 2) the Crystal design technology, for crystal mounting and cryocooling and 

3) the CRISM (crystallographic Information Management system) software that enables 

all communications from crystal platform, harvesting, freezing, shipping, data 

collection and processing. This procedure is set to determine new structures, rapid 

crystal-ligand complexes characterization and large scale automated compound and 

fragment screening using libraries with about 1000 fragments. This facility can be 

applied through inext-discovery (not clear if through instruct also). The equipment used 

in the process is well described as well as the different steps to perform the experiment. 

Similarly, the work is well referenced. Some examples of works performed with this 

protocol have been shown. The presentation is clear. This facility and description is 

very useful for crystallographers around world (and maybe non-crystallographers) 

since its use could have an impact on reducing effectively the time of an structural 

biology project. It constitutes a new approach for many crystallographers especially 

useful to find new compounds and with applications in drug design field. The HTX 

operates since 2003 and has given support to hundreds of scientist. The facility also 

offers quality control of the sample at arrival to determine the crystallization likelihood 

of the sample, what is very useful. 

 

Minor Concerns: 

1. At point 4 of the protocol, lane 172, it states that "A thermofluor-based sample 

quality experiment is carried out with every sample….." 

It is not clear if this is the first thing to be done, before the crystallization experiments. 

If so, probably this should be moved at the beginning of point 4 or even before. 

 

This is done at the same time as the crystallization experiments so its location in the 

protocol is adequate 

 

2. Could the author discuss why the way of mounting crystals and cryo-cooling does not 

need the use of cryoprotectant in most of the cases? 

 



These aspects are discussed in the original publication describing the CrystalDirect 

technology. The reference is included. See line 112 

  

3. To make ligand soaking experiments, a drop with chemical is diffused into the crystal 

drop. Which solution is used for that? Is the compound dissolved in precipitant solution, 

water, DMSO? Probably this should be also indicated. 

 

Water, DMSO or other organic solvents can be used. This has been clarified in line 554 

 

4. The way of crystal mounting is not easy to visualize from the text explanations. 

Certainly, in the video this will be more clear. 

 

Yes, the video should show this aspect in detail which is otherwise difficult to 

exemplify in a single figure  

 

5. At the beginning, it is said that access to this pipeline is able through inext-discovery 

and instruct programs, but the discussion states that only can be accessed by inext-

discovery and ESRF funded programs. 

 

This has been corrected, see line 564 

 

6. Could this facility help in co-crystallization of proteins with compounds? or, to 

search crystal conditions in presence of ligands, additives etc? As this is not the aim of 

this pipeline, I wonder if it could be also a good application. 

 

Yes, certainly and users do this regularly at the facility. A phrase has been introduced in 

the new version of the MS clarifying this point See lines 569 to 571. 

 
 


