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 46 

 47 

ABSTRACT 48 

 Coconut (Cocos nucifera) is an important palm tree. Coconut fruit is widely consumed. The 49 

most abundant storage protein in coconut fruit is cocosin (a likely food allergen), which belongs 50 

to the 11S globulin family. Cocosin was crystallized near a century ago, but its structure remains 51 

unknown. By optimizing crystallization conditions and cryoprotectant solutions, we were able to 52 

obtain cocosin crystals that diffracted to 1.85 Å. The cocosin gene was cloned from genomic 53 

DNA isolated from dry coconut tissue. The protein sequence deduced from the predicted cocosin 54 

coding sequence was used to guide model building and structure refinement. The structure of 55 

cocosin was determined, for the first time, and it revealed a typical 11S globulin feature of a 56 

double layer doughnut-shaped hexamer.  57 

 58 

Keywords: 59 

Cocosin, 11S globulin, food allergen, hexameric structure, coconut 60 

 61 

Introduction 62 

 Coconut Palm (Cocos nucifera) is the only species of the genus Cocos from the Arecaceae 63 

family. Coconut is a very important specialty crop in tropical regions and virtually every part of 64 

the palm tree has economic values.1 The endosperm of coconut fruit is rich in protein and fat. 65 

Coconut extract or the coconut milk is an important part of daily diets in many regions of the 66 

world. Severe cases of allergy to coconut cream and coconut oil have been reported,.2 Coconut is 67 
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on the U.S. Food and Drug Administration’s list of tree nuts and is considered a major food 68 

allergen for labeling purposes in U.S. food products.3 69 

 In a study of two patients with severe tree nut allergy, serum IgE (the E type 70 

immunoglobulin) from both patients reacted with two coconut proteins with 35 and 36.5 kDa in 71 

size. The 35 kDa coconut protein was shown to be immunologically similar to soy glycinin (a 72 

11S legumin of seed storage proteins).2 In another case report of a 28-year-old man who 73 

experienced anaphylaxis following ingestion of coconut ice cream, sera IgE of the patient 74 

recognized  a 78 kDa protein.4 In a study of a patient with anaphylaxis to coconut and oral 75 

symptoms to tree nuts, cross-reactivity between coconut and hazelnut proteins was demonstrated. 76 

Serum IgE of the patient was reactive to the 35 and 50 kDa proteins in both coconut and hazelnut 77 

extracts.5 In another coconut allergy case report, a strong IgE binding protein of about 18 kDa 78 

and two weaker IgE binding proteins of about 25 and 75 kDa were identified by the serum of a 79 

3-year-old boy who had symptoms of abdominal pain, vomiting, oral allergy syndrome, and 80 

edema of the eyelids immediately after oral contact with a coconut sweet.6 In a report of two 81 

coconut allergy cases, the sera reacted strongly to a protein of approximately 29 kDa in the 82 

coconut extract. Follow-up mass spectrum analysis revealed that this protein belongs to a 7S 83 

globulin subunit.7 In a recent report of a severe coconut allergy case, two IgE binding protein 84 

units of 27 kDa and 16 kDa were found, and the authors believed that these proteins were from 85 

the 7S globulin family.8 In summary, several coconut allergy cases have been reported in the 86 

medical literature. Most of the IgE reactive proteins fall into four size groups, i.e., 15-22 kDa, 87 

25-36.5 kDa, 45-50 kDa and 75-78 kDa. Seed storage proteins are known to undergo proteolytic 88 

processing. The variations in the observed molecular size could arise from different proteolysis 89 

stages of coconut samples, in addition to the possible errors in size estimation. In IgE mediated 90 
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food allergies, allergens are molecules that elicit strong host immune responses through their 91 

association with the E type immunoglobulins. Studies of the identities, sequences, biochemical 92 

properties, and structures of allergens, and their interactions with the host immune system are 93 

critical for understanding the cause of anaphylaxis, and for the development of allergy 94 

prevention and treatment strategies. In contrast to the wealth of information available on 95 

allergens of other tree nuts and peanuts, there are only scarce studies on coconut allergens.  96 

The 11S legumin seed storage proteins are abundant in many plant species and are extremely 97 

stable. They supply nutrition for seed germination. It is known that in mature seeds of a number 98 

of plant species, the 11S storage proteins exist as hexamers and are post-translationally cleaved 99 

by an endopeptidase, leaving a disulfide bond as the only covalent bond between the N-terminal 100 

acidic unit of ~ 40 kDa and the C-terminal basic unit of ~ 20 kDa.9, 10 The orthologues of the 11S 101 

seed storage proteins in many commonly consumed foods have been recognized as food 102 

allergens, including the peanut major allergen Ara h 3,11 almond allergen Pru du 6,12-14 Pecan 103 

allergen Car i 4,15 hazelnut nut allergen Cor a 9,16 Brazil nut allergen Ber e 2,17 cashew allergen 104 

Ana o 2,18 pistachio allergen Pis v 2/5,19 and walnut allergen Jug n/r 4.20, 21 105 

  106 

 To date, two allergens from coconut have been identified and studied, including a 7S 107 

globulin7, 22 and an 11S globulin.22 Members of these protein families are often allergens in 108 

peanut and other tree nuts. In a recent proteomics study of coconut pollen allergens, 12 proteins 109 

were identified including its 11S globulin.23 In the reported coconut allergy cases, sera from 110 

many patients contained IgE that are reactive to the most abundant 11S legumin storage protein, 111 

cocosin, suggesting cocosin as a likely food allergen from coconut.2, 22, 23 Cocosin, named near a 112 

century ago, is an 11S legumin seed globulin found in the coconut endosperm.24 It has a subunit 113 

Page 5 of 33

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



 6

with a MW of approximately 54 kDa, which is composed of a 32 kDa acidic domain and a 22 114 

kDa basic domain.25 Cocosin is one of those first crystallized proteins in the history of 115 

macromolecular crystallography. There are three recently published papers describing the 116 

purification or crystallization of this protein.25-27 Because the crystals were too small for an X-117 

ray diffraction study,25 the resolution was not high enough and there was no sequence 118 

information available.27 The detailed structure of cocosin has not been reported except that a 119 

backbone structure at 2.61 Å resolution was deposited in the Protein Data Bank (PDB code 120 

1XGF).  Due to the lack of complete genomic information of coconut, the sequence of cocosin is 121 

unavailable, which hindered its structural determination and 3-dimensional epitope allocation. 122 

 In this study, we purified cocosin protein from coconut endosperm extracts and obtained 123 

high quality crystals, which were used to acquire a high-resolution X-ray diffraction data set. We 124 

further cloned the cocosin gene to facilitate structure refinement. Here we report a high-125 

resolution structure of cocosin, achieving the decades-long goal of elucidating the 126 

crystallographic structure of this protein.  127 

 128 

Materials and Methods 129 

Protein Extraction 130 

 Fifty gram of dry coconut endosperm were ground and extracted in 200 ml of extraction 131 

buffer (1 M NaCl, 20 mM Tris-HCl, pH 7.9), incubated in a 60 °C water bath for 30 minutes and 132 

subjected to centrifugation at 20,000g for 10 min at room temperature. The supernatant was 133 

collected, and dialyzed twice against distilled water, each for 12 hours. The precipitated 134 

microcrystals was collected by centrifugation and were defatted three times, each with 50 ml 135 

hexane for two hours with stirring. The defatted pellet was dissolved in the extraction buffer and 136 
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was dialyzed against distilled water for a second time. The final crystalline pellet was collected 137 

by centrifugation and was stored at  – 80 °C for later use.  138 

 139 

Purification 140 

 After the crystalline cocosin pellet was dissolved in extraction buffer, ammonium sulfate 141 

powder was added to the sample to a final concentration of 1.5 M. The sample was then filtered 142 

through 0.45 µm pore size syringe filters prior to loading to a 10 ml phenyl Sepharose 143 

hydrophobic interaction column (GE Healthcare, Piscataway, NJ) pre-equilibrated with buffer A 144 

(1.5 M ammonium sulfate, 50 mM Tris-HCl, pH 7.9). The bound proteins were eluted with a 95 145 

ml linear gradient of ammonium sulfate by mixing buffer A with 0 - 100 % buffer B (10 mM 146 

Tris-HCl, pH 7.9). Cocosin was eluted as a major peak and the fractions of the peak were pooled 147 

and loaded onto a 320 ml Superdex 200 column (GE Healthcare, Piscataway, NJ) pre-148 

equilibrated with buffer C (200 mM NaCl, 20 mM Tris-HCl, pH 7.9). The protein was then 149 

eluted with buffer C. The gel filtration column was calibrated with thyroglobulin (669 kDa), 150 

ferritin (440 kDa), catalase (242 kDa), aldolase (158 kDa) and serum albumin (67 kDa) as 151 

molecular weight standards (GE Healthcare, Piscataway, NJ). 152 

 153 

SDS-PAGE analysis 154 

 SDS-PAGE was performed with a standard protocol,28 except that due to the low solubility 155 

of cocosin at the low salt sample buffer, cocosin samples were mixed with an equal volume of 156 

8M urea first, then were mixed 3:1 with a 4X reducing sample buffer and boiled for 5 minutes.  157 

 158 

Crystallization 159 

Page 7 of 33

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



 8

FPLC purified cocosin was further purified by three rounds of crystallization. That is, cocosin 160 

protein was concentrated in 2 M NaCl to a concentration of greater than 100 mg/ml and was 161 

dialyzed against pure water at 4°C. Numerous small crystals readily formed. The crystals were 162 

collected by centrifugation at 4°C. The final purified sample was redissolved in 0.7 M NaCl 163 

solution and was further concentrated to about 30 mg/ml with Ultracel-30k filter devices 164 

(Millipore, Bedford, MA) at room temperature. Two strategies were adopted in the 165 

crystallization screen. To take advantage of the inverse salting-in effect, one µl of the 166 

concentrated protein solution was sealed against one ml of different NaCl solutions at 167 

concentrations between zero and 2 M, using the hanging drop vapor diffusion method. The 168 

second strategy combined traditional crystallization methods with inverse salting-in effects. The 169 

drops were setup by mixing one µl of the protein solution and one µl of crystallization solutions 170 

from a Crystal Screen™ kit (Hampton Research, Aliso Viejo, CA). Instead of equilibrating the 171 

drops against the corresponding crystallization solutions as commonly practiced in typical 172 

crystallization screen, the drops were hung over one ml of water or lower ionic strength NaCl 173 

solutions. Commonly used additives including sucrose, glycerol, PEG400 and ethylene glycol 174 

were tested as cryoprotectants during flash cooling of cocosin crystals in liquid nitrogen. 175 

 176 

X-ray diffraction and structure determination 177 

 X-ray data collection was performed using a MAR-225 CCD detector at the SER-CAT 178 

22BM beamline at the Advanced Photon Source (APS), Argonne National Laboratories 179 

(Lemont, IL). The diffraction data were processed using the HKL2000 suite of programs29 and  180 

XDS.30 A structural model was derived by molecular replacement calculations using a protomer 181 

of the peanut allergen Ara h 3 (pdb 3C3V)31 as a search model with the program PHASER.32, 33 182 
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The structure obtained was refined alternately in Coot,34 refmac35 in CCP4 package suite and 183 

phenix.refine in the Phenix package.36 TLS parameters were generated by the TLSMD server37 184 

and Phenix,36 and applied throughout the refinement. The crystal structures were validated by 185 

Molprobity server38 and RCSB ADIT validation server.39 Solvent accessible surface area was 186 

calculated with areaimol from the CCP4 suite.40 Electrostatics surfaces were calculated by 187 

program APBS41 with PDB2PQR42 using AMBER force yield and displayed with Pymol 188 

(Delano Scientific LLC, San Carlos, CA).  189 

 190 

Cloning of cocosin 191 

 To facilitate structure refinement, we sought to clone the cocosin gene from the same 192 

coconut powder that we used to purify the cocosin protein. To isolate genomic DNA, ~200 mg 193 

desiccated coconut powder was grounded in liquid nitrogen and homogenized in one ml of QG 194 

buffer (QIAGEN, Valencia, CA). After filtration by filter paper, 200 µl of isopropanol was added 195 

to the filtrate and loaded onto a Qiagen minispin column. After washing with PE buffer, the 196 

genomic DNAs were eluted from the column with 100 µl of EB buffer. Hot-start Phusion DNA 197 

polymerase (NEB, Ipswich, MA) was used to amplify the cocosin gene. A pair of forward 198 

(aagcagcagccttcagcgtctctc) and reverse (aggaaacatccatgtcctagctcataggcgg) oligo primers were 199 

designed based on available and the most genetically related African oil palm (Elaeis guineensis) 200 

11S glutelin mRNA sequence (NCBI accession code: AF193433).43  Blunt end PCR product was 201 

directly ligated into a pBlue-script II vector (Agilent Technologies, Santa Clara, CA) digested 202 

with EcoR V. Positive clones were screened on X-gal plates, white colonies were sequenced in 203 

both directions. Putative introns were identified after sequence alignment with the Elaeis 204 

guineensis glutelin mRNA, and the peptide sequence deduced from the putative ORF was 205 
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matched to the partially refined structure. The DNA sequence of the cocosin gene was deposited 206 

into NCBI with accession number KY242371. 207 

 208 

Phylogenetic analysis and structural comparisons 209 

 Translated cocosin protein sequence was aligned with 11S globulins from other species by 210 

MUSCLE with manual adjustments of gaps. A bootstrap consensus tree was built with sequence 211 

alignment data in MEGA744 with the maximum likelihood (ML) methods. Structure based 212 

sequence alignment of selected 11S globulins was done by ESPrint 3.0.45 The cocosin structure 213 

was aligned with selected 11S globulins from various sources including Amaranthus 214 

hypochondriacus (pdb: 3QAC),46 pumpkin (pdb: 2EVX), almond nut (pdb: 3FZ3),47 Rapeseed 215 

(pdb: 3KGL),48 peanut (pdb: 3C3V),31 soy (pdb: 1FXZ).49 Protomer structures of 11S globulins 216 

were superimposed in Coot, and the RMSDs of aligned atoms were calculated. 217 

 218 

Protein Data Bank Accession Codes 219 

 The coordinates and structural factors of cocosin have been deposited in the Protein Data 220 

Bank with accession code 5WPW. 221 

 222 

Results and Discussion 223 

Purification of cocosin 224 

 We found that the solubility of cocosin as a function of the salt concentration of the buffer 225 

was very similar to that of other seed 11S globulins, such as edestin (the 11S globulin from hemp 226 

seeds), amandin (the 11S globulin from almond seeds, also known as prunin-1 and Pru du 6) and 227 

excelsin (the 11S globulin from Brazil-nut, also known as Ber e 2).10, 17  The solubility of cocosin 228 
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increases dramatically with the increase in salt concentration. Cocosin was extracted and purified 229 

by changing the ionic strength of buffers as described in the method section. Hydrophobic 230 

interaction chromatography (Figure 1A) and size exclusion chromatography (Figure 1B) were 231 

used to further purify cocosin. In the size exclusion chromatography step of the purification, 232 

cocosin was eluted at 166 ml (Figure 1B) as a single peak. The molecular mass of the eluted 233 

protein was estimated to be ~345 kDa based on the calibration of the column with molecular 234 

weight standards, indicating that cocosin exists as a monodispersed hexamer in solution. In 235 

addition, cocosin migrated at a nearly identical position on the gel filtration column as did peanut 236 

major allergen Ara h 3 (Figure 1C). When analyzed with reducing SDS-PAGE (Figure 1D, lane 237 

R), cocosin separated into two major bands with sizes of 32 kDa and 22 kDa, respectively, 238 

similar to the reported results for peanut allergen Ara h 3.50 These data agreed with previous 239 

reports that cocosin underwent post-translational proteolytic modification during maturation.24, 27, 240 

51 241 

 242 

Optimization of cocosin crystallization conditions 243 

 Previously reported cocosin crystals grew under conditions where PEGs or MPD were used 244 

as primary precipitants.27 In a crystallization screen carried out in our laboratory at room 245 

temperature, a number of crystals appeared in the drops mixed with PEGs or MPD hanging over 246 

water or the kit solutions containing PEGs or MPD within a week. For those grew in the drops 247 

with PEGs that were equilibrated against the kit solutions, heavy precipitation was observed in 248 

the drops, while no significant precipitation was observed in identical drops equilibrated against 249 

water. Under the latter condition, water molecules were absorbed into the drop, which gradually 250 

decreased the concentration of PEGs. Due to the dilution effect and a large number of 251 
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nucleations, crystals did not grow to usable size. On the other hand, by utilizing inverse salting-252 

in principle, which has been successfully used in the crystallization of several 11S seed 253 

globulins, including Ber e 2 (excelsin) from Brazil nut,17 edestin from hamper seed, and 254 

cucumbin from cucumber, we were able to grow sizable cocosin crystals by equilibrating sample 255 

drops against water without the use of any precipitant in the drops. 256 

 The ionic strength or the vapor pressure of the reservoir determines the volume expansion 257 

rate of the drop, which affects the nucleation numbers. In optimizing the crystallization 258 

conditions, a range of salt concentration from 0 to 2 M NaCl in the reservoir was systematically 259 

screened in the second round.  Large crystals were obtained when the salt concentration was less 260 

than 1.2 M, but most of the crystals in the drop appeared cracked after growing for several days 261 

(Figure 2A). Furthermore, large crystals grew under the above conditions without any 262 

cryoprotectant were severely cracked after soaking into the cryoprotectants tested, including 263 

sucrose, glycerol, PEG400 and ethylene glycol. Another round of screening was designed to 264 

include the above cryoprotectants in the initial protein drops, and to equilibrate the drops against 265 

different concentrations of salt solution. In this screening, sucrose was found to significantly 266 

retard the nucleation and crystal growth. Small crystals were able to form in one week, but they 267 

never grew to usable size under the protein concentration tested. Proteins precipitated heavily 268 

upon mixing with PEG400 or ethylene glycol, which led to the formation of many small crystals. 269 

With the presence of 30% glycerol in the initial drops, perfect looking crystals were obtained 270 

when the drops were equilibrated against 0.5 - 1 M NaCl solutions. Best crystals were grown to 271 

the size of 0.5×0.5×0.5 mm within two weeks with 0.7 M NaCl in the reservoir (Figure 2B). 272 

Single crystals were picked by nylon loops and quickly soaked into a 25% glycerol 273 

cryoprotectant solution, and flash cooled in liquid nitrogen for data collection.  274 
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 275 

Molecular cloning of cocosin 276 

 There was no protein sequence available for any region of cocosin at the time we obtained 277 

crystal diffraction data, which hindered its structural refinement. The 11S seed storage protein 278 

(known as glutelin) of the African oil palm (Elaeis guineensis), which also belongs to the 279 

Arecaceae family under the order of Arecales was available at NCBI database at the start of the 280 

structure refinement. Anticipating that the protein sequence of cocosin and its coding sequence 281 

would have a high percentage of identity with those of African oil palm glutelin, we designed 282 

DNA oligos based on the African oil palm (Elaeis guineensis) 11S glutelin mRNA sequence 283 

(AF193433)43 and used them as primers in PCR experiments with coconut genomic DNA as 284 

template. After testing different combinations of primer pairs, the gene sequence of cocosin was 285 

successfully cloned. As shown in Figure 3A, a ~1600 base-pair PCR product was cloned and 286 

sequenced. Guided by the mRNA sequence from African oil palm 11S glutelin, three regions of 287 

putative introns were identified. The ORF search using the program ORF Finder at NCBI also 288 

identified the same open read frame with 1401 base pair from which the 466 amino-acid 289 

sequence of cocosin was deduced. The resulting protein product has a predicted molecular 290 

weight of 52.66 kDa. The protein sequence was used in the subsequent model building and 291 

refinement of cocosin structure. Blast search showed that cocosin shared 67% identity with the 292 

African oil palm 11S glutelin (XP_010935904) across the full-length protein. The sequence 293 

identities to other common tree nut 11S allergens such as Jun r 4, Cor a 9, Pis v 2, and Pru du 6 294 

were 51%, 48%, 48% and 46%, respectively. 295 

 Phylogenetic analysis of the 11S storage proteins from selected trees showed that palm trees 296 

including coconut and oil palm form a clade with another monocot magnolia, while setting them 297 
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apart from other dicot trees (Figure 3B). The evolutionary relationships based on the 11S 298 

globulins are in agreement with a large-scale genome wide phylogenetic analysis of 299 

angiosperms,52 suggesting that the 11S globulin genes are conserved genes. 300 

 301 

Data collection and structure determination 302 

 During data collection, noticeable radiation damage of the cocosin crystals was observed, 303 

but we were able to collect a complete 1.85 Å data set. Data processing using the HKL2000 suite 304 

of programs29 and XDS revealed a trigonal space group H3 with unit cell parameters a = b = 92.2 305 

Å and c = 212.9 Å (Table 1). The data was scaled to 1.85 Å with a redundancy of 3.4. Assuming 306 

two cocosin molecules in an asymmetric unit and an average partial specific volume of 0.74 cm3 307 

g-1 for proteins, the Matthew’s coefficient was 1.60 Å3/Da, with a corresponding solvent content 308 

of the crystal ~ 26.2 %.  309 

 The structure was readily solved by a molecular replacement calculation using the peanut 310 

major allergen Ara h 3 as a search model. Guided by the cocosin sequence deduced from its 311 

coding DNA sequence, most of the residues were assigned with confidence. The refinement was 312 

terminated when there were no significant changes in Rwork and Rfree and inspection of the 313 

difference density map suggested that no further corrections or addition were justified. 314 

There are two copies of cocosin molecules in each asymmetric unit. The final model 315 

includes ~ 400 protein residues in each chain. Molecule A consists of residues 42-129, 143-206, 316 

216-266, and 282-458 and molecule B consists of residues 44-129, 143-206, 217-267, and 282-317 

458. Three regions of poor density are located at the surface exposed loops that have a high 318 

degree of conformational freedom. These regions correspond to those commonly found to be 319 

disordered in other published 11S globulins.46, 48 In addition, 214 water (HOH) molecules are 320 
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included in the final model. All of the data to 1.85 Å resolution are used in the final refinement, 321 

with Rwork = 22.9% and Rfree = 29.2%. Molprobity validation showed 97.2% of all protein 322 

residues are in favorite regions and there are no outliers in the Ramachandran plot. There are no 323 

C-beta outliers. The average B-factor is 38.6 Å2 for protein, and 50.0 Å2 for solvent atoms. The 324 

geometry of the model is acceptable (Table 1) with rmsd bond of 0.008 Å and rmsd angle of 325 

0.94°. 326 

 327 

Overall structure of cocosin 328 

 Together with the 7S vicilins and convicilins, 11S seed storage proteins belong to the bi-329 

cupin protein family. Each cupin module is composed of a conserved barrel domain. A protomer 330 

of cocosin has two jellyroll β-barrels in the center and two extended helical domains composed 331 

of three helices (Figure 4A). Two pairs of intramolecular disulfide bonds are observed in each 332 

protomer. SS1 formed between cys45 and cys78, and SS2 formed between cys121 and cys288. A 333 

close inspection showed that the SS2 is formed between the acidic and basic subunits (Figure 334 

4B), the reduction of which is responsible for the separation of the 32 kDa and 22 kDa bands on 335 

the SDS-PAGE gel. 336 

 As for all of the 11S globulins, cocosin is a homo-hexamer formed by dimer of trimers. 337 

Trimers are formed through the swapping of their helical regions in a head-to-tail orientation. 338 

Such arrangement is commonly seen in 7S vicilin-type bi-cupins (Figure 4C). The trimer-trimer 339 

interface is stabilized by six pairs of parallel beta-strands (Figure 4D).  340 

 341 

Electrostatic nature of packing interface 342 
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 The cocosin hexamer surface is highly charged (Figures 6 A-C). Careful inspection of the 343 

cocosin crystal-packing interface identified its highly electrostatic nature. Notably, cocosin 344 

hexamers form a two dimensional layer of molecules at a-b plane through only one type of 345 

interface formed by two protomers (Figure 6D). The interface is formed between a long-edge 346 

with a short-edge of cocosin hexagon as shown in Figures 6B-C. The high symmetry nature of 347 

this molecular packing interface leads to a high tendency to expand crystal lattice under suitable 348 

crystallization conditions. The ionic interactions can also explain the salt sensitive nature of the 349 

protein’s solubility and crystallizability. 350 

 351 

Structure comparison with other 11S globulins 352 

 Structural alignment of cocosin to some available 11S globulins showed that they are highly 353 

conserved. The rmsd of aligned atoms falls into the rage of 0.66 - 0.74 Å (Figure 5A). The two 354 

jellyroll β-barrels and two extended helical domains are nearly superimposable, while the 355 

variations exist at the terminals of broken loops due to their conformational flexibility. 356 

Furthermore, the hexameric structures among the 11S globulins are also almost identical. The 357 

structure of cocosin can be superimposed perfectly onto that of peanut allergen Ara h 3 (Figure 358 

5B). Whether the structural conservation of cocosin to other allergenic 11S globulins leads to a 359 

similarity in allergenicity among these proteins needs further investigation. 360 

 361 

 Many 11S globulins have been characterized as food allergens. Coconut is also an allergenic 362 

food source. The characterization of the 11S storage protein in coconut is critical for the 363 

understanding of coconut induced allergy. Allergy epitope search with the Allergen Database for 364 

Food Safety (ADFS) (http://allergen.nihs.go.jp/ADFS) identified at least three hotspots of 365 
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potential allergenic epitopes which were labeled in Figure 5C. These predicted epitopes share 366 

high sequence similarity with reported epitopes in 11S globulin-type tree nut allergens Car i 4 367 

(pecan allergen), Jug r 4 (walnut allergen), Ana o 2 (cashew allergen), and Cor a 9 (hazelnut 368 

allergen). Interestingly, these three predicted epitope regions are all part of the core β-barrels 369 

structures composed of β-strands and connecting loops. Judging from crystal structure, these 370 

regions are likely to be inaccessible for direct IgE binding on intact protein (data not shown), 371 

suggesting that partially digested or unfolded cocosin protein might be more allergenic compared 372 

with intact protein. The phenomenon of inaccessibility of the IgE antibody binding epitopes in 373 

correctly folded food allergen has been reported previously53, 54. 374 

 375 

         In addition, cocosin is one of the early proteins to be purified by crystallization. It is well 376 

documented that cocosin readily crystallized during dialysis against low salt solutions because of 377 

the reverse salt-in effect. As a result, cocosin is used in many training courses for next generation 378 

crystallographers. However, its complete structure is unavailable until now. In this study, we 379 

were able to obtain high quality crystals that diffracted to around 1.85 Å, and with degenerative 380 

primers, we successfully cloned the cocosin gene from dry coconut tissue. With the available 381 

gene sequence, the cocosin structure was finally completed. Built on the result of continuous 382 

efforts from several generations of crystallographers, we achieved a significant milestone in 383 

determining the structure of cocosin, and demonstrated that cocosin shares the di-cupin structural 384 

features commonly observed in other allergenic 11S globulins. 385 

 386 

 387 

Notes 388 
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Table and Figures 407 

Table 1. X-ray data collection and refinement table. 408 

 Cocosin 

Data Collection  

Space group H3 
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Unit cell (a, b, c) (Å) 92.4, 92.4, 212.9 

(α,β,γ) (°) 90, 90, 120 

Resolution (Å) (Last shell) 50-1.85 (1.96-1.85) 

No of reflections (total/unique) 199624/55347 

Redundancy (last shell) 3.4 (3.4) * 

Completeness (%) 95.1 (92.7)* 

I/σ(I) (last shell) 12.2 (2.1)* 

Rmeas (last shell) (%)¶ 6.5 (78.4)* 

Refinement  

Resolution(Å) 50-1.85 

Number of protein atoms 5967 

No. of solvent/hetero-atoms 214 

Rmsd bond lengths (Å) 0.008 

Rmsd bond angles (°) 0.94 

Rwork (%)† 22.9 

Rfree (%)‡ 29.2 

Ramachandran plot 

favored/disallowed** 
97.2/0.0 

PDB code 5WPW 

 409 

*Asterisked numbers correspond to the last resolution shell. 410 

¶ Rmeas = Σh(n/n-1)1/2
 Σi |Ii(h) -<I(h)> | / ΣhΣi Ii(h), where Ii(h) and <I(h)> are the ith and mean 411 

measurement of the intensity of reflection h. 412 
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† Rwork = Σh||Fobs (h)|-|Fcalc (h)|| / Σh|Fobs (h)|, where Fobs (h) and F calc (h) are the observed and 413 

calculated structure factors, respectively.  No I/σ cutoff was applied.  414 

‡Rfree is the R value obtained for a test set of reflections consisting of a randomly selected 5% 415 

subset of the data set excluded from refinement. 416 

**Values from Molprobity server (http://molprobity.biochem.duke.edu/). 417 

 418 

 419 

Figure 1. Purification of cocosin. A. Hydrophobic interaction chromatography purification of 420 

cocosin. The protein was eluted as a major peak from the column with a 2 M to 0 M ammonium 421 

sulfate linear gradient. B. XK26/60 superdex-200 gel filtration of cocosin. C. Cocosin has a 422 

similar molecular size as that of Ara h 3. The superdex-200 column elution profiles of cocosin 423 

and Ara h 3 are superimposed. D. SDS-PAGE analysis of purified cocosin. Cocosin is cleaved 424 

into two major peptides linked by disulfide bonds. Lane R, reduced. 425 

Figure 2. Crystallization of cocosin. A. Cocosin crystals obtained in the initial screen. Cocosin 426 

protein without glycerol was sealed against 1 M NaCl. Most of crystals were not of diffraction 427 

quality. B. Single crystals of cocosin after optimization. One µl of protein sample in 30% 428 

glycerol was sealed against 0.7 M NaCl. Crystals reached the size of 0.4 – 0.6 mm in each 429 

dimension in two weeks at 16 °C.  430 

Figure 3. Genomic cloning of cocosin. A. The gene sequence of cocosin. The identified intron 431 

regions were shaded in grey. The deduced protein sequence is shown underneath the coding 432 

sequence. The ATG start codon is highlighted in green, and the TGA stop codon is highlighted in 433 

red. The two primers used to amplify the genomic sequence are underlined. B. Molecular 434 
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phylogeny of 11S globulins from common food producing trees. Sequences are aligned by 435 

MUSCLE, and the phylogenetic tree was built in MEGA7 with a ML method. 436 

Figure 4. Overall structure of cocosin. A. Structure of cocosin protomer.  Cocosin protomer is 437 

shown in ribbon, with its helices colored in red and strands colored in yellow. Two inter-subunit 438 

disulfide bonds are colored in gold. B. Electron density map of SS2 formed between C121 and 439 

C288. 2Fo-Fc electron density map was calculated at 2σ. C. Hexameric cocosin. Cocosin 440 

hexamer is generated by crystal symmetry and six chains are colored differently. 441 

Figure 5. Structural comparison with other 11S globulins. Available 11S globulin structures 442 

are selected for analysis. A. Structural superposition of cocosin (5WPW) to available 11S 443 

globulin protomers. The rmsds between aligned atoms in 5WPW (green) with the following 444 

structures are 0.76Å (3QAC, cyan), 0.76 Å (2EVX, magenta), 0.66 Å (3FZ3, wheat), 94 Å 445 

(3KGL, slate), 0.67 Å (3C3V, orange) and 0.74 Å (1FXZ, deepteal), respectively. B. 446 

Superposition of cocosin and peanut allergen Ara h 3 hexamers. Cocosin is colored in green and 447 

Ara h 3 is colored in orange. C. Structural based alignment of 11S globulins. The secondary 448 

structural elements of cocosin are shown on the top of aligned sequences. Identical regions are 449 

highlighted in red, and highly conserved regions are highlighted in box. Three predicted epitope 450 

regions were designated by blue lines on the top of the cocosin sequence. 451 

Figure 6. Surface charge and packing interface of Cocosin. A. Surface charge of cocosin 452 

hexamer in the same orientation as in Fig 5B. B. Surface charge of the long-edge of cocosin 453 

hexamer, same orientation as in Fig 4D. C. Surface charge of the short-edge of cocosin hexamer. 454 

D. Cartoon representation of cocosin hexamer packing mode in the a-b plane. Each hexagon 455 

represents one cocosin hexamer with three long-edges and three short-edges. The molecular 456 

packing in the a-b plane is mediated by a long-edge to short-edge interaction. 457 
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3KGL      C    L A  P      E G             C GV   R       L  P             G G Q  N  QL   N  E    L       E W                  I   G  L SF S   L FV     L FP E   DQ   L  SHV KA A RI V DHHAPQLR S  SFV YI ESK  Y    F TAK S  AK E  

3C3V      C    L A  P      E G             C GV   R       L  P             G G    N  Q    N      RI       E W   N  F  A   L    L         YSNAP  IFI Q    PEE A  FQR   QR DN  ES G YI T NPN QE E    A S LV RRNA RR F     QE   Q  R Y

1FXZ      C    L A  P      E G             C GV   R       L  P             G G    N  QI   N      RI       E W   N  F  A   L    L        SYTN P  IYI Q   IPQQ E   QK   LK DN  ES G LI T NPN KP Q    A S CT NRNA RR     G QE   Q  K  

1 1�

     TT                                   TT      TT                    TT5WPW
    80        90       100         110       120       130       140      

5WPW  G    GC  T                     D HQK      GD      G   W YN      V          LV P  PE F   Q                     V    E  VLAVP   A      GEN V AITVLDT V   M       QSF RSEREEGERHRWS..R E    YQFQ        N F Y C  N   P         S

3QAC  G    GC  T                     D HQK      GD      G   W YN      V          MM P  PE Y   S                     I   RE  I AMP  V       GDQ L AV LIDT T   I       ESG QQFQGGEDRGDRF..Q Q    RHL     F   A  SH A  N   P    I    A

2EVX  G    GC  T                     D HQK      GD      G   W YN      V          IA P   E Y           S             I   RE  LLVVP  V       G S L LI  ADT R   I   A   QTDLRRSQSAG AF.....K Q    RPF         A  SH M  R Q D    VF   R

3FZ3  G    GC  T                     D HQK      GD      G   W YN      V          AV    PE F   Q       Q                 RE  VVAIP  VA      GDQ L AVNL    L   FS      EES QSSQQGR QQQQFRQL R   TRRI         A   Y S  D   E      FHVS

3KGL  G    GC  T                     D HQK      GD      G   W YN      V           V P   E F   S       S             V   R    IA    VA      G Q L IVSVLD  M R V   A   QDS VFQPGGG QGQGFR.. M    EHI T  T  THP   Q F  D N P        LA

3C3V  G    GC  T                     D HQK      GD      G   W YN      V          LI P  P  Y           S             V    E  LIAVP  VA       DT V AVSL DT F   F    S  EEPAQQGRRYQ QQQ....Q S    HRFN        T   F L  DH  D      T  N

1FXZ  G    GC  T                     D HQK      GD      G   W YN      V          MI P  P  F   Q       S             I   RE  LIAVP  VA       DT V AVSIIDT F   Y    S  EEP QPQQRGQ SRP....Q R    YNF         T   W M  NE  P         N

2�

 TT                                                                       5WPW
 150        160       170        180        190        200         210    

5WPW    NQ D      F LAG   Q                   GF    L              L           N    L     R        E             K  NI    S E  A AF V    LA   Q     D RG  DA    R.SH Q L   RQ  GRQRYG.REGSI E.  LR   T L  A  G .NME  RK  CRD.. T  E

3QAC    NQ D      F LAG   Q                   GF    L              L           N    L    P R Y                   R  NI         A  F V    IA   Q  Q  D RG  HA    KNF T      KPQ EHSGEH...QFS EG  FR  ETRL  ES G .SEE  QK  AE .. D  N

2EVX    NQ D      F LAG   Q                   GF    L              L           N    I     RK Y     E             R  NI S    E    AF I    LV         D R   VA    P.YL       RP  VERGVEEWERSS KG  F   AD F EE  Q .DGG  RK KGED.. E DR

3FZ3    NQ D      F LAG   Q                   GF    L              L           S    L    PRK Y     E             R  NV S  N    A A  V     A   Q  N  D R   DH    Q.N        NP  GRPGQHQQ.PFG PN  F    TQL  Q LN .NEET RN  GQ .. N NQ

3KGL    NQ D      F LAG   Q                   GF    L              L           S    L    PR  Y                      NI N  T E  A AF I     A   Q  Q  D RG  HQ    R.N  P     NNP GQVWIEGREQQPQK.  L    P V  K  K .DVRT QQ  NQ .. N  N

3C3V    NQ D      F LAG   Q                   GF    L              L           N    L    PRR       E             R  NI S  T E  A AF V    IV      N  E  G  ND    Q.F    N   NH  FSPRGQ...HSR EG  F    P F  Q  Q DDRQ  QN RGE ES EQ A

1FXZ    NQ D      F LAG   Q                   GF    L              L           S    L    PRR Y     E             H  SI S  T E    AF V    IA   Q  N  E KG  LE    Q.M        NQ  EFLKY.QQEQGG KG  L    L F EH  S .DKQ  KN  GE EG D  A

�

    TT                                                                    5WPW
   220       230       240          250       260       270       280     

5WPW I           P     EE          NG  ET C      N       D   P  G   T        L  V A  GL VL     E                E    SMKIK  IG    A VFN     IT LNS  LPI R  R EN  Q  R SGM E  REEGRSI...  F   Y      Q   DPRR      RG R      EK     

3QAC I           P     EE          NG  ET C      N       D   P  G   T        L  V V  GL VI                     VE  I SARL   V     A VYT  A  LT VNS  LPI R  R QE  H  K P...S  REQGSRGSRY            AV  DDPSK      E  R      FN     

2EVX I           P     EE          NG  ET C      N       D   P  G   T        L  V V     VL     D               LE  I TLRLK  IG    A VFN     IS AN   LPI R  Q DEDFE  L EK. E  RSRGRYIESE             Q   RSER      RG R     YHT     

3FZ3 I           P     EE          NG  ET C      N       D   P  G   T        L  I V   L  V     E               LE    SLRLK  IG    A IFS  A  IS LNS  LPI R  Q RGN DF Q PR. H  RQQEQLQQER      F      E   NPER      R  R      HN     

3KGL I           P     EE          NG  ET C      N       D   P  G   T        L  I V  P  VI                     LE  I SAR    L     A VY   L  IS LNS  LPI R  R QG FS  R P.LPQ  .........V           CTD  DDPSN    K Q  Y      YD     

3C3V I           P     EE          NG  ET C      N       D   P  G   T        L  V V  GL IL     E               IE  I TA VK  IG      IYN  A  L  AN   L I R  T RG  R  S DR. E  YDEDEYEYDE          T  K   RNRSP     Q  S K   ELN L   

1FXZ I           P     EE          NG  ET C      N       D   P  G   T        L  V V  GL VI     E               ID  I TMRLR  IG      IYN  A  VT ATS   PA    T KG  S  K PT. E  EEEDEKPQCK             H   QTSSP     Q  S      LDF   S

2�

            TT                            TT          TT      TT          5WPW
  290       300       310       320       330       340       350         

5WPW     SA       N    P    N     Y   G          G    D     G     PQ           FI M  ER  LYR AM   HWNI AHSIM       RV VA      VF  EL   QLLIV  NFAML RA SE  Q     VV      VS            CTG RG  E  DDR ET   G  RQ             E  G  

3QAC     SA       N    P    N     Y   G          G    D     G     PQ            LRL   KG LYR AM A HYNL AHNIM       RIQIV  Q   VF  ELS  QLVVV  NFAIV  A  DH     A  V      M             CVR RG     ND  QS   E   R             KQ FE 

2EVX     SA       N    P    N     Y   G          G    D     G     PQ            VRL  ERG LY  AM A HYTV  HSVM A    ARVQVV      VF  EV   QVLMI  NFVVI RA   Q        V  S   V       S      TR N      DNF QS   G  RE             K  SDR

3FZ3     SA       N    P    N     Y   G          G    D     G     PQ           FLRL  ERG  YR  I   HWNV AHSVV V    ARVQVV  N   I   EVQ  QL IV  N  VI  A N          FF   G YS             IR N      NE  DA L Q   Q   F     HG  QQ G Q

3KGL     SA       N    P    N     Y   G          G    D     G     PQ           FLRL   RG I   AM L  WNA A  VL V    AHVQVV  N   VF   VS  QLL I   F VV RA SE      L  S RQ   V  Q     NA    TD E      ND  DR   GQ  Q    S   G S  K  T  

3C3V     SA       N    P    N     Y   G          G    D     G     PQ           WL L  E G LYR AL V HYN  AHSII A    AHVQVV  N   VY  ELQ   VLVV  NFAVA K  SD  G    Y N      F     T        LR R      DS  NR   E   E H           G SQ  

1FXZ     SA       N    P    N     Y   G          G    D     G     PQ           WLRL  E G L K AM V HYNL A SII A    A IQVV  N   VF  ELQ   VLIV  NFVVA R  SD       F S R    F        N     LN R L    NC  ER   G   E R           A SQ  

�

          TT                                       TT                     5WPW
360       370       380       390       400       410       420             

5WPW  F     KT          G  S     P  V           A   K                              V    SD A VSTIV KT ALR M  E L N Y LSRD  R V  T  D  AI       RA        G QL SI    R M            G  V   M S R    E  R  L RG EV  FTPRRES  EA      

3QAC  F     KT          G  S     P  V           A   K                            EWV F  SENA  QSLA RT AIR L  D V N Y ISRE    L  N  E  L         I        G    S       MF           S  I   S I Q    E FG  F RP TT FRSYRRKIS A.      

2EVX  F     KT          G  S     P  V           A   K                            EWI F  NDNA  N LA R   MR L    L N Y ISRE    L     E  VL       R         G    A       IT L    V Q  M  LG  S M R    E QR  YGQQ MR  SPRSQGR E..      

3FZ3  F     KT          G  S     P  V           A   K                            EY  F   ENA INTLA RT  LR L  E L N Y ISRE  R L  N  E  AL        V        G   FA   E   F         F  A  D   A A Q    Q  Q  Y RQ TI  SSSQQRRA V.      

3KGL  F     KT          G  S     P  V           A   K                             WI F  N NA INTLA RT VLR L  E I N Y IS E  R V  N  E  L        KA        Q R  E    A  Q            G  L   S G Q  L E  R  F TI TT THSYGGPR  DA      

3C3V  F     KT          G  S     P  V           A   K                            EYV F       I NLA  N VI  L  E V N Y L RE  R L  N      V       RA        N    A   DSRPS A    E    DN  E   A S G P  Q  Q  N NPFKFF PPSQQSP  VA      

1FXZ  F     KT          G  S     P  V           A   K                            EYV F  NDT  I TLA  N LL  L  E I   F L     R I  N     LV       RA        N    S      PM G    A    NA  E   QHT N KSQQ  Q  N NPFKF  PPQESQK  VA      

�

β1 β2 α1 β3 β4 β5 

β6 β7 β8 β9 β10 β11 β12 

β13 β14 β15 η1 α2 α3 

β16 η2 η3 β17 η4 β18 β19 α4 
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