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SUMMARY:  37 
In this article, we describe the protocols of protein expression, purification, crystallization and 38 
structure determination of the N-terminal domain of the ryanodine receptor from the 39 
diamondback moth (Plutella xylostella). 40 
 41 
ABSTRACT:  42 
Development of potent and efficient insecticides targeting insect ryanodine receptors (RyRs) 43 
has been of great interest in the area of agricultural pest control. To date, several diamide 44 
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insecticides targeting pest RyRs have been commercialized, which generate annual revenue of 45 
$2 billion U.S. dollars. But comprehension of the mode of action of RyR-targeting insecticides is 46 
limited by the lack of structural information regarding insect RyR. This in turn restricts 47 
understanding of the development of insecticide resistance in pests. The diamondback moth 48 
(DBM) is a devastating pest destroying cruciferous crops worldwide, which has also been 49 
reported to show resistance to diamide insecticides. Therefore, it is of great practical 50 
importance to develop novel insecticides targeting the DBM RyR, especially targeting a region 51 
different from the traditional diamide binding site. Here, we present a protocol to structurally 52 
characterize the N-terminal domain of RyR from DBM. The x-ray crystal structure was solved by 53 
molecular replacement at a resolution of 2.84 Å, which shows a beta-trefoil folding motif and a 54 
flanking alpha helix. This protocol can be adapted for the expression, purification and structural 55 
characterization of other domains or proteins in general. 56 
 57 
INTRODUCTION:  58 
Ryanodine receptors (RyRs) are specific ion channels, which mediate the permeation of Ca2+ 59 
ions across the sarcoplasmic reticulum (SR) membranes in muscle cells. Therefore, they play an 60 
important role in the excitation contraction coupling process. In its functional form, RyR 61 
assembles as a homo-tetramer with a molecular mass of > 2 MDa, with each subunit comprising 62 
of ~ 5000 amino acid residues. In mammals, there are three isoforms: RyR1- skeletal muscle 63 
type, RyR2- cardiac muscle type and RyR3- ubiquitously expressed in different tissues1. 64 
In insects there is only one type of RyR, which is expressed in muscular and nervous tissue2. 65 
Insect RyR is more similar to mammalian RyR2 with a sequence identity of about 47%3. Diamide 66 
insecticides targeting RyR of Lepidoptera and Coleoptera have been developed and marketed 67 
by major companies like Bayer (flubendiamide), DuPont (chlorantraniliprole) and Syngenta 68 
(cyantraniliprole). Since its relatively recent launch, diamide insecticides have become one of 69 
the fastest growing class of insecticides. Currently, the sales of these three insecticides annually 70 
have crossed $2 billion U.S. dollars with a growth rate of more than 50% since 2009 (Agranova). 71 
 72 
Recent studies have reported the development of resistance in insects after a few generations 73 
of usage of these insecticides4-8. The resistance mutations in the transmembrane domain of 74 
RyRs from the diamondback moth (DBM), Plutella xylostella (G4946E, I4790M) and the 75 
corresponding positions in tomato leafminer, Tuta absoluta (G4903E, I4746M) show that the 76 
region might be involved in diamide insecticide binding as this region is known to be critical for 77 
gating of the channel4,8,9. Despite extensive research in this area, the exact molecular 78 
mechanisms of diamide insecticides remain elusive. Moreover, it is unclear whether the 79 
resistance mutations affect the interactions with diamides directly or allosterically. 80 
 81 
Earlier studies have reported the structure of several RyR domains from mammalian species 82 
and the structure of full-length mammalian RyR1 and RyR2 by x-ray crystallography and cryo-83 
electron microscopy, respectively10-21. But so far, no structure of insect RyR has been reported, 84 
which prohibits us from understanding the molecular intricacies of the receptor function as well 85 
as the molecular mechanisms of insecticide action and development of insecticide resistance. 86 
 87 



   

   

 

In this manuscript, we present a generalized protocol for the structural characterization of N-88 
terminal β-trefoil domain of ryanodine receptor from the diamondback moth, a destructive 89 
pest infecting cruciferous crops worldwide22. The construct was designed according to the 90 
published rabbit RyR1 NTD crystal structures23,24and the cryo-EM structural models16-21. This is 91 
the first high-resolution structure reported for insect RyR, which reveals the mechanism for 92 
channel gating and provides an important template for the development of species-specific 93 
insecticides using structure-based drug design. For structure elucidation, we employed x-ray 94 
crystallography, which is considered as the ‘gold standard’ for protein structure determination 95 
at near atomic resolution. Although the crystallization process is unpredictable and labor 96 
intensive, this step-by-step protocol will help researchers to express, purify and characterize 97 
other domains of insect RyR or any other proteins in general.  98 
 99 
PROTOCOL:  100 
 101 
1. Gene Cloning, Protein Expression and Purification 102 
 103 
1.1. PCR amplify DNA corresponding to protein of interest (residues 1-205 of DBM RyR, 104 
Genbank acc. no. AFW97408) and clone into pET-28a-HMT vector by Ligation-Independent 105 
Cloning (LIC)25. This vector contains a histidine tag, MBP tag and a TEV protease cleavage site at 106 
the N-terminus15. 107 
 108 
1.1.1. Design LIC primers for amplification of target gene with LIC-compatible 5’ extensions: 109 
Forward LIC primer: 110 
5’ TACTTCCAATCCAATGCAATGGCGGAAGCGGAAGGGG 3’ 111 
 112 
Reverse LIC primer: 113 
5’ TTATCCACTTCCAATGTTATTATATGCCGGTCCCGTACGGC 3’  114 
  115 

1.1.2.  Assemble the reaction components (50 L): 1 L of DNA templates (100 ng/L), 1 L of 116 

forward primer (10 M), 1 L of reverse primer (10 M), 0.5 L of DNA polymerase (NEB), 5 L 117 

of 10x reaction buffer, 1 L of dNTP (25 mM), 37 L of RNase free ddH2O.  118 
 119 
1.1.2.1. Place the reaction mixture in a PCR machine and run the following. 120 
 121 

1.1.2.2. Incubate at 95 C for 3 min, and then run 30 cycles of (95 C for 30 s, 58 C for 15 122 

s, 72 C for 1 min). Incubate at 72 C for 5 min and then hold at 4 C. 123 
 124 

1.1.2.3. Run the entire reaction mix (50 L) on a 2% agarose gel and extract with a Gel 125 
Extraction Kit. Follow manufacturer’s protocol. 126 
 127 
1.1.3. Ligation-Independent Cloning (LIC) 128 
 129 



   

   

 

1.1.3.1. Perform SspI digestion (60 L): 20 L of vector mini-prep DNA (50 ng/L), 6 L of 130 

10x reaction buffer, 4 L of SspI, and 30 L of ddH2O. Incubate at 37 C for 3h. Run the entire 131 
reaction mix on 1% agarose gel and extract with a Gel Extraction Kit. Follow manufacturer’s 132 
protocol. 133 
 134 
1.1.3.2. Perform T4 DNA Polymerase treatment of the vector and insert DNA. Combine 135 

the following: 5 L of vector or insert DNA (50 ng/L), 2 L of 10x T4 DNA Polymerase Buffer, 1 136 

L of dGTP (25 mM) for vector or 1 L of dCTP (25 mM) for insert DNA, 1 L of DTT (100 mM), 137 

0.4 L of T4 DNA Polymerase (LIC-qualified), and 9.6 L of ddH2O. Incubate reactions at room 138 

temperature for 40 min. Heat-inactivate enzyme at 75 C for 20 min. 139 
 140 
Note: The LIC vector and insert DNA must be treated in separate reactions. 141 
 142 

1.1.3.3. Perform the LIC annealing reaction. Combine the following: 2 L of T4-treated 143 

insert DNA, 2 L of T4-treated LIC vector DNA. Incubate reaction at room temperature for 10 144 
min. 145 
 146 
1.2. Transform this recombinant plasmid into E. coli, BL21 (DE3) strain. 147 
 148 

1.2.1. Thaw competent cells (50 L in micro-centrifuge tube) on ice.  149 
 150 

1.2.2. Add approximately 1 L (50 ng) of plasmid into the tube. Mix the cells and DNA by 151 
gently flicking the tube 2-3 times. Place the tube on ice for 20 min.  152 
 153 
1.2.3. Heat shock at 42 °C for 40 s. Place the tube on ice again for 2 minutes. Add 1 mL of room 154 
temperature LB media to the tube.  155 
 156 
1.2.4. Place the mixture tube in the 250 rpm shaker at 37 °C for 45 min. Spread 150–200 µL of 157 
the mixture onto the selection plates. Invert the plate and incubate overnight at 37 °C. 158 
 159 
1.3. Pick a single colony and culture the cells in 2YT medium containing 50 µg/mL kanamycin 160 
at 37 °C until the OD600 reaches ~0.6. Thereafter induce the culture with IPTG to a final 161 
concentration of 0.4 mM and grow for another 5 h at 30 °C. 162 
 163 
1.4. Harvest the cells by centrifugation at 8,000 x g for 10 min, collect the cells and 164 
resuspend every 10 g cells in 40 mL lysis buffer (10 mM HEPES pH 7.4, 250 mM KCl, 10 mM β-165 

mercaptoethanol, 25 g/mL lysozyme, 25 g/mL DNase, 1 mM PMSF).  166 
 167 
1.4.1. Disrupt it by sonication at 65% amplitude for 8 min with 1 s on and 1 s off. Remove the 168 
cell debris by centrifugation at 40,000 x g for 30 min. Filter the supernatant by passing through 169 

0.22 m filter and load it into the sample loop. 170 
 171 
1.5. Purify the fusion protein, cleave the tag and re-purify the target protein. 172 



   

   

 

 173 
1.5.1. Purify the fusion protein using 5 mL of Ni-NTA HP column (binding buffer: 10 mM HEPES 174 
pH 7.4, 250 mM KCl; elution buffer: 10 mM HEPES pH 7.4, 250 mM KCl, 500 mM imidazole) and 175 
purify by a purification system, with a linear gradient of 20-250 mM imidazole. 176 
 177 
1.5.2. Cleave the eluted target protein with TEV protease (1:50 ratio) overnight at 4 °C.  178 
 179 
1.5.3. Purify the cleavage reaction mixture by using amylose resin column (binding buffer: 10 180 
mM HEPES pH 7.4, 250 mM KCl; elution buffer: 10 mM HEPES pH 7.4, 250 mM KCl, 10 mM 181 
maltose) and Ni-NTA HP column to remove the tag and TEV protease. The target protein will be 182 
in the flow-through fraction of these two columns.  183 
 184 
1.5.4. Dialyze the sample to reduce the salt concentration in dialysis buffer (10 mM Tris-HCl pH 185 
8.8, 50 mM KCl, 10 mM β-mercaptoethanol). Purify the sample on a anion exchange column HP 186 
column (binding buffer: 10 mM Tris-HCl pH 8.8, 10 mM β-mercaptoethanol; elution buffer: 10 187 
mM Tris-HCl pH 8.8, 1 M KCl, 10 mM β-mercaptoethanol) by a linear gradient of 20-500 mM KCl 188 
in the elution buffer. 189 
 190 
1.5.5. As a final step in the purification process, concentrate the protein using centrifugal 191 
concentrator (10 kDa MWCO) and inject into a Superdex 200 26/600 gel-filtration column to 192 
check the homogeneity. 193 
 194 
1.6. Examine the purity of the protein by running it on a 15% SDS PAGE. 195 
 196 
Note: All columns are running on a protein purification system with a binding flow rate of 2 197 
mL/min, and an elution flow rate of 4 mL/min except for gel-filtration at 1 mL/min. 198 
 199 
2. Protein Preparation and Crystallization 200 
 201 
2.1. Concentrate the purified protein sample to 10 mg/mL using centrifugal concentrator (10 202 
kDa MWCO) and buffer exchange to crystallization buffer before storing at -80 °C. 203 
 204 
2.2. Perform crystallization screening (1:1 ratio, 200 nL of protein and 200 nL of reservoir 205 
buffer) by the sitting drop vapor diffusion method at 295 K with several crystallization kits using 206 
an automated liquid handling robotic system in a 96-well format.  207 
 208 
Note: We used kits from Molecular Dimensions and Hampton research and the Gryphon 209 
automated liquid handling system.  210 
 211 
2.3. Seal the 96-well crystallization plate to prevent evaporation and enable the equilibration 212 
of the protein drop with the reservoir buffer. Then keep the plates in the crystal incubator at 18 213 
°C. 214 
 215 



   

   

 

2.4. Check the 96-well plates periodically using a light microscope to monitor crystal 216 
formation and growth.  217 
 218 
2.5. To differentiate protein crystals from salt crystals, use a protein dye. Add 1 µL of dye to 219 
the target drop. Wait for about 1 h and observe under microscope. The protein crystals will turn 220 
blue. 221 
 222 
2.6. Use the positive crystallization conditions (1.5 M ammonium sulfate, 0.1 M Tris pH 8.0) 223 
to further optimize the crystals using hanging drop vapor-diffusion method in 24-well plates.  224 
 225 
2.6.1. Optimize pH from 7.0 to 8.5 with 0.5 pH unit interval every step. Optimize concentration 226 
of ammonium sulfate from 1.2 M to 1.7 M with 0.1 M interval every step. (In our case the best 227 
condition producing large plate-shaped crystals was 0.1 M HEPES pH 7.0 and 1.6 M ammonium 228 
sulfate) 229 
 230 
3. Crystal Mounting, X-Ray Data Collection and Structure Determination 231 
 232 
3.1. Mount crystals in a cryoloop and flash-cool in liquid nitrogen using reservoir solution 233 
containing 20% glycerol as cryo-protectant. Place the crystals in unipuck for storage and 234 
transportation. 235 
 236 
3.2. Pre-screen protein crystals using a Rigaku in-house X-ray diffractor. Choose the best 237 
ones with the highest resolutions for data collection at synchrotron facilities (our dataset was 238 
collected on BL17U1 at Shanghai Synchrotron Radiation Facility).  239 
 240 
3.2.1. Use the beamline control software BluIce26 to mount and center the crystals by 241 
automatic or manual centering function. Perform test exposures to determine the data 242 
collection strategy, including starting angle, exposure time, detector distance, frame width and 243 
numbers.  244 
 245 
3.2.2. Collect dataset accordingly (we collected 180 frames with 1 second exposure time, 1-246 
degree frame width and the detector distance of 350mm). 247 
 248 
3.3. Index, integrate and scale the dataset using HKL3000 suite27. First carry out the peak 249 
search function to find the diffraction spots, and then index the spots and select the right space 250 
group. After peak integration, scale the dataset with the proper error model and save the 251 
output .sca file. 252 
 253 
3.4. Solve the phase problem by molecular replacement using Phaser28 in PHENIX29.  254 
 255 
3.4.1. Calculate the possible copy number of protein molecules in the asymmetric unit by 256 
Xtriage30.  257 
 258 



   

   

 

3.4.2. Look for the proper structure templates with high sequence identity and structural 259 
similarity as the target protein using known structures from literature or the models generated 260 
by structure prediction server such as Phyre2 31 (we used rabbit RyR1 NTD as a search model, 261 
PDBID 3ILA).  262 
 263 
3.4.3. Run Phaser using the diffraction data file, the template structure file and the protein 264 
sequence file to find the solution. 265 
 266 
3.5. Perform AutoBuild32 in PHENIX29 to generate the initial model using the output file from 267 
Phaser and the sequence file from the target protein. 268 
 269 
3.6. Manually build the structure into the modified experimental electron density using 270 
Coot33 and refine using phenix.refine34 in iterative cycles. 271 
 272 
3.7. Validate the final model using the validation tools in Coot33 and PHENIX18. 273 
 274 
REPRESENTATIVE RESULTS:  275 
Purification 276 
The N-terminal domain of DBM RyR was expressed as a fusion protein with a hexahistidine tag, 277 
a MBP fusion protein and a TEV protease cleavage site. We followed a five-step purification 278 
strategy to obtain a highly pure protein, suitable for crystallization purpose. At first, the fusion 279 
protein was purified from the soluble fraction of cell lysate by Ni-NTA column (HisTrap HP). 280 
Next, the fusion protein was subjected to TEV protease cleavage and the hexahistidine-MBP 281 
moiety was removed by amylose resin column followed by Ni-NTA column. Further, the protein 282 
was purified by anion exchange column (Q Sepharose HP) and finally by gel-filtration column 283 
(Superdex 200 26/600). The final yield of purified protein from 1 L bacterial culture using 2YT 284 
media was ~4 mg. The purified protein showed a single band on SDS-PAGE at ~21 kDa (Figure 285 
1). The elution volume from gel-filtration column confirmed the purified RyR NTD to be a 286 
monomer (Figure 1). 287 
 288 
Crystallization 289 
Initial crystallization screening in 96-well plates yielded crystals in several conditions. These 290 
conditions were selected for crystal optimization in 24 well plates. The most optimal condition 291 
where high quality plate-shape crystals were formed was 0.1 M HEPES pH 7.0 and 1.6 M 292 
ammonium sulfate (Figure 2). 293 
 294 
Structure determination 295 
Crystals obtained was diffracted to 2.84 Å on beamline BL17U1 at Shanghai Synchrotron 296 
Radiation Facility. The crystal was indexed in space group P61 with unit-cell parameters a = 297 
170.13.52, b = 170.13, c = 51.763 Å, α = β = 90.00°, γ = 120°. For structure determination, 298 
molecular replacement was employed using mouse RyR2 NTD as a search model in PHENIX. 299 
Further refinement of the structure was done in PHENIX to a final Rwork and Rfree of 21.63 and 300 
24.52%, respectively. The data collection and refinement statistics are listed in Table 1. The 301 



   

   

 

solved structure of DBM RyR NTD covering the residues 1-205 (PDB ID 5Y9V) is shown in Figure 302 
3. 303 
 304 
FIGURE AND TABLE LEGENDS:  305 
 306 
Figure 1. SDS-PAGE and gel filtration chromatogram representing purification of DBM RyR 307 
NTD35. 308 
SDS PAGE (15%) in the inset shows purified DBM RyR NTD as a single band after the five step 309 
purification strategy. The left lane shows standard protein marker (PM). The gel filtration 310 
chromatogram obtained using a Superdex 200 26/600 column shows the elution peak at 240 311 
mL, which corresponds to the monomeric form of the protein. 312 
 313 
Figure 2. Crystallization of DBM RyR NTD35. 314 
Crystals of DBM RyR NTD produced by vapor-diffusion method as seen under a light 315 
microscope. The crystallization condition was 0.1 M HEPES pH 7.0 and 1.6 M ammonium 316 
sulfate. The horizontal line represents a scale of 200 µm. 317 
 318 
Figure 3. Structure of DBM RyR NTD (PDB ID 5Y9V)35. 319 
Solved structure of the protein shown from two views. Secondary structure elements are 320 
labeled. β strands are shown in purple. α helix and a 310 helix are shown in blue. Loops are 321 
shown in white. Nt and Ct represent the N-terminal and C-terminal of the protein, respectively. 322 
 323 
Table 1. Data collection and refinement statistics for the DBM RyR NTD crystal35. 324 
 325 
DISCUSSION:  326 
In this paper, we describe the procedure to recombinantly express, purify, crystallize and 327 
determine the structure of DBM RyR NTD. For crystallization, a crucial requirement is to obtain 328 
proteins with high solubility, purity and homogeneity. In our protocol, we chose to use pET-28a-329 
HMT vector as it contains a hexahistidine tag and MBP protein, both of which could be utilized 330 
for purification to obtain a higher fold purity. Additionally, the MBP tag aids in the solubility of 331 
the target protein. We purified the protein by five consecutive steps which yielded protein that 332 
was highly pure and suitable for crystallization. Crystallization screening was performed using 333 
automated liquid handling system. Compared to traditional screening by manual drop setting, 334 
automated system uses very small volumes of sample, saves time and energy. It also enhances 335 
reproducibility due to accuracy of liquid handling. Crystals were diffracted in-house for 336 
screening and at synchrotron for data collection as it provides x-ray with higher intensity and 337 
less divergence, thereby yielding high quality data. Molecular replacement was our first choice 338 
as similar structural templates were available in the database. The alternative way is to use 339 
experimental phasing, including MAD, SAD, MIR, etc. 340 
 341 
While solving the structure of DBM RyR NTD, the Matthews coefficients obtained from Xtriage30 342 
suggested that the asymmetric unit (ASU) most likely contained four monomers with 46% 343 
solvent content, which has a probability of 49%. However, we could not find the right solution 344 
with four molecules in ASU. Subsequent runs to look for two, three, five, six molecules also 345 



   

   

 

failed. Eventually we found the right solution with only one molecule in ASU, which only has 4% 346 
probability and over 86% solvent content. The high water content was confirmed after we 347 
solved the structure. Thus, the extreme high solvent content does exist depending on the 348 
intrinsic way in which protein packs. 349 
 350 
Although X-ray crystallography is a gold-standard in protein structure determination, proteins 351 
with large disorder or flexible regions and some large protein complexes with weak affinity are 352 
challenging to crystallize. Protein engineering methods, including loop-truncation, surface 353 
entropy reduction and cross-linking, might improve the chance to get better protein crystals. 354 
Besides the revealing of high-resolution protein structures, X-ray crystallography can also be 355 
used to study the protein-pesticide interactions, which would help us on structure-based 356 
pesticide design. Qi et al. found that different families of diamides might bind to distinct sites 357 
that are different across species36. Using our strategy, one can determine the RyR structures 358 
from multiple species and identify the unique elements responsible for the observed species-359 
specificity. Overall, this protocol can be adopted for expression, purification, crystallization and 360 
structure determination of any proteins or protein domains by themselves or in complex with 361 
small molecule drugs. 362 
 363 
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Table 1  

Crystal    DBM RyR NTD 

λ for data collection (Å)  0.9795 

Data collection  

Space group P61 

Cell deminsion  (Å)  

a, b, c ( Å ) 170.13，170.13，51.76 

α, β, γ, (°) 90.00, 90.00, 120.00 

Resolution 44.22-2.84 (2.94-2.84) 

Rmerge† 0.082 (1.393) 

Average I/σ(I) 18.9 (1.2) 

Completeness (%) 99.66(97.24) 

Redundancy 6.6(6.5) 

Z 2 

Refinement  

Resolution 44.24–2.84 Å 

No. of reflections 20,497 

Rfactor/Rfree (10% data) 0.214/0.245 

RMSD length (Å) 0.004 

RMSD angle (°) 0.702 

No. of atoms  

Protein 2559 

Ligands 7 

Water 1 

Ramachandran plot (%)  

Most favored 92.58 

Additionally allowed 7.42 

Values in parentheses refer to the highest resolution shell. 

Table1 Click here to download Figure Table1.pdf 

http://www.editorialmanager.com/jove/download.aspx?id=876956&guid=7a489449-553d-4304-9a79-08c2f78dd850&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=876956&guid=7a489449-553d-4304-9a79-08c2f78dd850&scheme=1


Name of Material/ Equipment Company Catalog Number

pET-28a-HMT vector

E. coli BL21 (DE3) strain Novagen 69450-3CN

HisTrapHP column (5 mL) GE Healthcare 45-000-325

Amylose resin column New England Biolabs E8021S

Q Sepharose high-performance column GE Healthcare 17-1154-01

Amicon concentrators (10 kDa MWCO)Millipore UFC901008

Superdex 200 26/600 gel-filtration column GE Healthcare 28-9893-36

Automated liquid handling robotic system Art Robbins Instruments Gryphon

96 Well CrystalQuick Greiner bio-one 82050-494

Uni-Puck Molecular Dimensions MD7-601

Mounted CryoLoop - 20 micron Hampton Research HR4-955

CryoWand Molecular Dimensions MD7-411

Puck dewar loading tool Molecular Dimensions MD7-607

Nano drop Thermo Scientific NanoDrop One

Crystal incubator Molecular Dimensions MD5-605

X-Ray diffractor Rigaku FRX

PCR machine Eppendorf Nexus GX2

Plasmid mini-prep kit Qiagen 27104

Gel extraction kit Qiagen 28704

SspI restriction endonuclease NEB R0132S

T4 DNA polymerase Novagen 2868713

Kanamycin Scientific Chemical 25389940

IPTG Genview 367931

HEPES Genview 7365459

β-mercaptoethanol Genview 60242

Centrifuge Thermo Scientific Sorvall LYNX 6000 

Sonnicator Scientz II-D

Protein purification system GE Healthcare Akta Pure

Light microscope Nikon SMZ745

IzIt crystal dye Hampton Research HR4-710

Electrophoresis unit Bio-Rad 1658005EDU

Table of Materials Click here to download Table of Materials Crystal structure of DBM RyR
NTD_JoVE_Materials-1.xls
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Shaker Incubator Zhicheng ZWYR-D2401

Index crystal screen Hampton Research HR2-144

Structure crystal screen Molecular Dimensions MD1-01

ProPlex crystal screen Molecular Dimensions MD1-38

PACT premier crystal screen Molecular Dimensions MD1-29

JCSG-plus crystal screen Molecular Dimensions MD1-37



Comments/Description

This modified pET vector contains a hexahistidine tag, an MBP fusion protein and a TEV protease cleavage site at the N-terminus (Lobo and Van Petegem, 2009)





This modified pET vector contains a hexahistidine tag, an MBP fusion protein and a TEV protease cleavage site at the N-terminus (Lobo and Van Petegem, 2009)
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ARTICLE AND VIDEO LICENSE AGREEMENT 

1. Defined Terms.  As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries 
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
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collective whole; “CRC License” means the Creative Commons
Attribution-Non Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
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means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties” 
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

2. Background.  The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article.  In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article.  In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 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 Article 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
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article 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.  If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article.  Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
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

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 use, 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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Dear Editor and Reviewers, 
 
We would thank you for your kind reviews and constructive comments on our manuscript. We 
have carefully revised the manuscript to address your comments and suggestions. The 
following is a point-by-point account of our responses to your comments. 
 
Editor's comment: 
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. The JoVE editor will not copy-edit your manuscript and any 
errors in the submitted revision may be present in the published version. 
Response: We have done all necessary proofreading, including spelling and grammar issues. 
 
2. Unfortunately, there are a few sections of the manuscript that show overlap with previously 
published work. Though there may be a limited number of ways to describe a technique, please 
use original language throughout the manuscript. Please see lines: 47-49, 79-80, 
Response: We have rephrased those two sentences. 
 
3. 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.” However, notes should be 
concise and used sparingly. Please include all safety procedures and use of hoods, etc. 
Response: We have checked and confirmed that there is no use of “could be”, “should be” or 
“would be” through the protocol. 
 
4. The Protocol should contain only action items that direct the reader to do something. Please 
move the discussion about the protocol to the Discussion. 
Response: Necessary changes have been made at line 227 and 232. 
 
 
5. Please add more details to your protocol steps. Please ensure you answer the “how” 
question, i.e., how is the step performed? Alternatively, add references to published material 
specifying how to perform the protocol action. 
Response: We have added more detailed description about PCR, LIC cloning, transformation, 
protein purification and crystallization, and structure determination. We also added the reference 
for LIC cloning strategy. 
 
6. 1.1: How is the PCR done? What is the recipe? What are the primers used? 
Response: Details of primer information and PCR procedure has been added in section 1.1.1 
and 1.1.2, respectively. 
 
7. 1.2: How is the transformation done? 
Response: Transformation procedure has been elaborated in section 1.2. 
 
8. 1.3: What happens after centrifugation? What volume is used to resuspend? What are the 
sonication settings? 
Response: Additional details have been added in a new section 1.4. 
 
9. 1.4: How is this done? 

Rebuttal Letter Click here to download Rebuttal Letter Rebuttal_final.docx 
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Response: Details about HisTrap purification has been added in section 1.5. 
 
10. 1.5: How is the reaction done? How is the purification done? 
Response: TEV protease cleavage reaction and post cleavage purification steps have been 
elaborated in section 1.6 and 1.7. 
 
11. 2: Where are the trays incubated? What conditions? 
Response: Incubation conditions have been added in section 2.3. 
 
12. 3: What is done here? Do you want this to be filmed? 
Response: We have done crystal fishing and freezing, in-house x-ray diffraction for crystal pre-
screening, data collection at synchrotron, structure determination and model building on 
computer here. We want to film most parts except the synchrotron data collection. 
 
13. There are not enough details in any of the protocol steps to be filmed. 
Response: The following steps/techniques could be filmed: PCR, transformation, cell culture, 
centrifugation, sonication, protein purification using Akta system, SDS-PAGE, Nanodrop for 
concentration measurement, crystal screening robot, crystallization incubator, crystal dye 
checking, crystal fishing and freezing, in house x-ray diffraction and data collection, structure 
determination on computer, and modeling using 3D glasses. 
 
14. As we are a methods journal, please revise the Discussion to explicitly cover the following in 
detail in 3-6 paragraphs with citations: 
a) Critical steps within the protocol 
b) Any modifications and troubleshooting of the technique 
c) Any limitations of the technique 
d) The significance with respect to existing methods 
e) Any future applications of the technique 
Response: We have re-written the discussion in three paragraphs. We have added information 
about critical steps, troubleshooting, limitations and future applications of the technique. 
 
15. Much of the current discussion should be moved to the representative results. 
Response: We have edited the discussion section and moved necessary information to the 
representative results. 
 
16. Please do not abbreviate journal titles. 
Response: The journal titles in the references section is abbreviated based on the endnote 
style file provided by JoVE. Also several recently published papers from JoVE follow the same 
style. Please provide us updated style file, in case full journal names are mandatory in the 
references section. 
 
17. Figure 1: Please include a space between the numbers and the units. Please use kDa 
instead of KD. 
Response: We have changed accordingly. 
 
Reviewers' comments: 
Reviewer #1: 
Manuscript Summary: 
The manuscript by Nayak et al. reports a generalized protocol for protein expression, 
purification and structural determination by x-ray crystallography. They use this protocol to solve 
the crystal structure of the N-terminal domain from ryanodine receptor (RyR) of diamondback 



moth (DBM). DBM is a devastating pest destroying cruciferous crops, and RyR has been proven 
to be a valid target of insecticide. RyR-targeting insecticides are among the most popular 
pesticides on the market. The elucidation of this structure provides insight into the molecular 
mechanism of insect RyR and its interaction with insecticides. The generalized protocol will help 
other readers to repeat the experiments related to protein structural studies using automatic 
protein purification and crystal screening systems. The manuscript is clear and well written. I 
recommend that the manuscript could be accepted for the publication after some minor revision. 
 
Minor Concerns: 
1. The purpose of this study is to develop methods to elucidate of RyR protein structure, while 
little information was provided to stress the significance of this work and recently progress. 
Please add in the introduction; 
Response: Thanks for the suggestion. We have added a new sentence “This is the first high-
resolution structure reported for insect RyR, which reveals the mechanism for channel gating 
and provides an important template for the development of species-specific insecticides using 
structure-based drug design.” into the introduction. 
 
2. Please add the primer information for PCR amplification or reference; 
Response: We have added the primer information to section 1.1. 
 
3. The author did not show how to predicted the crystal structure of PxRyR in Figure 3 clearly, 
such as with which software and what parameters are set etc. 
Response: Figure 3 shows the crystal structure of the DBM RyR NTD solved by x-ray 
crystallography using the method described in the manuscript. It is not a structure predicted by 
modelling software. 
 
Reviewer #2: 
Manuscript Summary: 
The manuscript describes in detail a protocol for characterising the structure of the N-terminal 
domain of the Ryanodine Receptor in Plutella xylostella. The authors outline, in clear, easy to 
follow terms, the methodology used. The representative results and data also come across as 
easy to follow. 
 
Major Concerns: 
No major concerns. 
 
Minor Concerns: 
Methods: There is only one change I would like to see, and that would be specifying which 
transformation technique was used for cloning. Usually I would not consider this something to 
worry about, but as this is specifically a methods paper, I think it is worth including. 
Response: Thanks for the suggestion. We have added the details about the transformation 
protocol into the section 1.2 of the protocol. 
 
Results: I know the Rabbit Ryr PBD ID was given as part of the methods. Would it be worth 
adding the P xylostella RyR ID as part of the results, or potentially in the caption of figure 3? 
Response: The PDB code for DBM RyR has been added to the results and the legend of figure 
3.  
 
References: Not so much concern, but something that might be worth considering. Qi and 
Casida (Pesticide Biochemistry and Physiology, 2013) propose that Flubendiamide binding sites 



may differ across species. One possible application of this method might involve looking at 
various species to determine what structural differences might affect Flubendiamide binding. 
Response: Thanks for the suggestion. We have added a paragraph in the discussion “Qi et al. 
found that different families of diamides might bind to distinct sites that are different across 
species. Using our strategy, one can determine the RyR structures from multiple species and 
identify the unique elements responsible for the species-specificity.” 
 
Reviewer #3:  
Manuscript Summary: 
The authors describe the quite standard procedure of expression, purification, crystallization 
and crystallographic data collection and processing of RyRs fragments and other short protein 
fragments for that matter. 
 
Major Concerns: 
The authors completely ignore a crucial step for the success of the process. Since early 2015 
there is ample information on the full length structures of RyR1 and RyR2 from cryo-EM studies, 
non of which are mentioned in the text. These structures can be very useful, if not crucial, for 
the design of such fragments considering known domain boundaries and the effects of known 
domain-domain interactions on the expected stability of such fragments when expressed "out of 
context". 
Response: Thanks for the suggestion. We have added a sentence in the introduction “The 
construct was designed according to the published rabbit RyR1 NTD crystal structures and the 
cryo-EM structural models.” and also all the references for the recent papers of cryo-EM 
studies.  
 
Minor Concerns: 
It is possible but not always the case that a crystal grown in the initial conditions will provide 
useful diffraction data. It is worth elaborating on optimization procedures for the crystallization 
and cryo-protection. 
Response: We have added crystal optimization procedures as a new sub-point 2.6. 
 
Also, worth mentioning is experimental phasing in cases where molecular replacement is not 
available. 
Response: We have added a sentence “If the molecular replacement fails, one can consider 
experimental phasing methods, such as single-wavelength anomalous diffraction (SAD), multi-
wavelength anomalous dispersion (MAD), and multiple isomorphous replacement (MIR).” in 
section 3.4. 
 
 
Sincerely yours, 
 
Minsheng You and Zhiguang Yuchi 


