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ABSTRACT

Coconut (Cocos nucifera) is an important palm tree. Coconut fruit is widely consumed. The
most abundant storage protein in coconut fruit is cocosin (a likely food allergen), which belongs
to the 11S globulin family. Cocosin was crystallized near a century ago, but its structure remains
unknown. By optimizing crystallization conditions and cryoprotectant solutions, we were able to
obtain cocosin crystals that diffracted to 1.85 A. The cocosin gene was cloned from genomic
DNA isolated from dry coconut tissue. The protein sequence deduced from the predicted cocosin
coding sequence was used to guide model building and structure refinement. The structure of
cocosin was determined, for the first time, and it revealed a typical 11S globulin feature of a

double layer doughnut-shaped hexamer.

Keywords:

Cocosin, 118 globulin, food allergen, hexameric structure, coconut

Introduction

Coconut Palm (Cocos nucifera) is the only species of the genus Cocos from the Arecaceae
family. Coconut is a very important specialty crop in tropical regions and virtually every part of
the palm tree has economic values.' The endosperm of coconut fruit is rich in protein and fat.
Coconut extract or the coconut milk is an important part of daily diets in many regions of the

world. Severe cases of allergy to coconut cream and coconut oil have been reported,.> Coconut is
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on the U.S. Food and Drug Administration’s list of tree nuts and is considered a major food
allergen for labeling purposes in U.S. food products.’

In a study of two patients with severe tree nut allergy, serum IgE (the E type
immunoglobulin) from both patients reacted with two coconut proteins with 35 and 36.5 kDa in
size. The 35 kDa coconut protein was shown to be immunologically similar to soy glycinin (a
11S legumin of seed storage proteins).” In another case report of a 28-year-old man who
experienced anaphylaxis following ingestion of coconut ice cream, sera IgE of the patient
recognized a 78 kDa protein.* In a study of a patient with anaphylaxis to coconut and oral
symptoms to tree nuts, cross-reactivity between coconut and hazelnut proteins was demonstrated.
Serum IgE of the patient was reactive to the 35 and 50 kDa proteins in both coconut and hazelnut
extracts.” In another coconut allergy case report, a strong IgE binding protein of about 18 kDa
and two weaker IgE binding proteins of about 25 and 75 kDa were identified by the serum of a
3-year-old boy who had symptoms of abdominal pain, vomiting, oral allergy syndrome, and
edema of the eyelids immediately after oral contact with a coconut sweet.’ In a report of two
coconut allergy cases, the sera reacted strongly to a protein of approximately 29 kDa in the
coconut extract. Follow-up mass spectrum analysis revealed that this protein belongs to a 7S
globulin subunit.” In a recent report of a severe coconut allergy case, two IgE binding protein
units of 27 kDa and 16 kDa were found, and the authors believed that these proteins were from
the 7S globulin family.® In summary, several coconut allergy cases have been reported in the
medical literature. Most of the IgE reactive proteins fall into four size groups, i.e., 15-22 kDa,
25-36.5 kDa, 45-50 kDa and 75-78 kDa. Seed storage proteins are known to undergo proteolytic
processing. The variations in the observed molecular size could arise from different proteolysis

stages of coconut samples, in addition to the possible errors in size estimation. In IgE mediated
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food allergies, allergens are molecules that elicit strong host immune responses through their
association with the E type immunoglobulins. Studies of the identities, sequences, biochemical
properties, and structures of allergens, and their interactions with the host immune system are
critical for understanding the cause of anaphylaxis, and for the development of allergy
prevention and treatment strategies. In contrast to the wealth of information available on
allergens of other tree nuts and peanuts, there are only scarce studies on coconut allergens.

The 118 legumin seed storage proteins are abundant in many plant species and are extremely
stable. They supply nutrition for seed germination. It is known that in mature seeds of a number
of plant species, the 11S storage proteins exist as hexamers and are post-translationally cleaved
by an endopeptidase, leaving a disulfide bond as the only covalent bond between the N-terminal
acidic unit of ~ 40 kDa and the C-terminal basic unit of ~ 20 kDa.” '° The orthologues of the 11S
seed storage proteins in many commonly consumed foods have been recognized as food
allergens, including the peanut major allergen Ara h 3,'' almond allergen Pru du 6,"*'* Pecan
allergen Car i 4," hazelnut nut allergen Cor a 9,'® Brazil nut allergen Ber ¢ 2,'” cashew allergen

Ana o 2,'® pistachio allergen Pis v 2/5,"” and walnut allergen Jug n/r 4.2*2'

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

722 and an 11S globulin.* Members of these protein families are often allergens in

globulin
peanut and other tree nuts. In a recent proteomics study of coconut pollen allergens, 12 proteins
were identified including its 11S globulin.”® In the reported coconut allergy cases, sera from
many patients contained IgE that are reactive to the most abundant 11S legumin storage protein,

cocosin, suggesting cocosin as a likely food allergen from coconut.” “~“" Cocosin, named near a

century ago, is an 11S legumin seed globulin found in the coconut endosperm.** It has a subunit
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with a MW of approximately 54 kDa, which is composed of a 32 kDa acidic domain and a 22
kDa basic domain.”> Cocosin is one of those first crystallized proteins in the history of
macromolecular crystallography. There are three recently published papers describing the
purification or crystallization of this protein.””?’ Because the crystals were too small for an X-
ray diffraction study,” the resolution was not high enough and there was no sequence
information available.”” The detailed structure of cocosin has not been reported except that a
backbone structure at 2.61 A resolution was deposited in the Protein Data Bank (PDB code
1XGF). Due to the lack of complete genomic information of coconut, the sequence of cocosin is
unavailable, which hindered its structural determination and 3-dimensional epitope allocation.

In this study, we purified cocosin protein from coconut endosperm extracts and obtained
high quality crystals, which were used to acquire a high-resolution X-ray diffraction data set. We
further cloned the cocosin gene to facilitate structure refinement. Here we report a high-
resolution structure of cocosin, achieving the decades-long goal of elucidating the

crystallographic structure of this protein.

Materials and Methods
Protein Extraction

Fifty gram of dry coconut endosperm were ground and extracted in 200 ml of extraction
buffer (1 M NaCl, 20 mM Tris-HCI, pH 7.9), incubated in a 60 °C water bath for 30 minutes and
subjected to centrifugation at 20,000g for 10 min at room temperature. The supernatant was
collected, and dialyzed twice against distilled water, each for 12 hours. The precipitated
microcrystals was collected by centrifugation and were defatted three times, each with 50 ml

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

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

Purification

After the crystalline cocosin pellet was dissolved in extraction buffer, ammonium sulfate
powder was added to the sample to a final concentration of 1.5 M. The sample was then filtered
through 0.45 pm pore size syringe filters prior to loading to a 10 ml phenyl Sepharose
hydrophobic interaction column (GE Healthcare, Piscataway, NJ) pre-equilibrated with buffer A
(1.5 M ammonium sulfate, 50 mM Tris-HCIL, pH 7.9). The bound proteins were eluted with a 95
ml linear gradient of ammonium sulfate by mixing buffer A with 0 - 100 % buffer B (10 mM
Tris-HCI, pH 7.9). Cocosin was eluted as a major peak and the fractions of the peak were pooled
and loaded onto a 320 ml Superdex 200 column (GE Healthcare, Piscataway, NJ) pre-
equilibrated with buffer C (200 mM NaCl, 20 mM Tris-HCI, pH 7.9). The protein was then
eluted with buffer C. The gel filtration column was calibrated with thyroglobulin (669 kDa),
ferritin (440 kDa), catalase (242 kDa), aldolase (158 kDa) and serum albumin (67 kDa) as

molecular weight standards (GE Healthcare, Piscataway, NJ).
SDS-PAGE analysis
SDS-PAGE was performed with a standard protocol,” except that due to the low solubility

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

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

Crystallization
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FPLC purified cocosin was further purified by three rounds of crystallization. That is, cocosin
protein was concentrated in 2 M NaCl to a concentration of greater than 100 mg/ml and was
dialyzed against pure water at 4°C. Numerous small crystals readily formed. The crystals were
collected by centrifugation at 4°C. The final purified sample was redissolved in 0.7 M NaCl
solution and was further concentrated to about 30 mg/ml with Ultracel-30k filter devices
(Millipore, Bedford, MA) at room temperature. Two strategies were adopted in the
crystallization screen. To take advantage of the inverse salting-in effect, one ul of the
concentrated protein solution was sealed against one ml of different NaCl solutions at
concentrations between zero and 2 M, using the hanging drop vapor diffusion method. The
second strategy combined traditional crystallization methods with inverse salting-in effects. The
drops were setup by mixing one pl of the protein solution and one pl of crystallization solutions
from a Crystal Screen™ kit (Hampton Research, Aliso Viejo, CA). Instead of equilibrating the
drops against the corresponding crystallization solutions as commonly practiced in typical
crystallization screen, the drops were hung over one ml of water or lower ionic strength NaCl
solutions. Commonly used additives including sucrose, glycerol, PEG400 and ethylene glycol

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

X-ray diffraction and structure determination

X-ray data collection was performed using a MAR-225 CCD detector at the SER-CAT
22BM beamline at the Advanced Photon Source (APS), Argonne National Laboratories
(Lemont, IL). The diffraction data were processed using the HKL2000 suite of programs® and
XDS.*® A structural model was derived by molecular replacement calculations using a protomer

of the peanut allergen Ara h 3 (pdb 3C3V)*! as a search model with the program PHASER.****
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The structure obtained was refined alternately in Coot,”* refmac® in CCP4 package suite and
phenix.refine in the Phenix package.*® TLS parameters were generated by the TLSMD server’’
and Phenix,*® and applied throughout the refinement. The crystal structures were validated by
Molprobity server’® and RCSB ADIT validation server.” Solvent accessible surface area was
calculated with areaimol from the CCP4 suite.** Electrostatics surfaces were calculated by
program APBS*' with PDB2PQR** using AMBER force yield and displayed with Pymol

(Delano Scientific LLC, San Carlos, CA).

Cloning of cocosin

To facilitate structure refinement, we sought to clone the cocosin gene from the same
coconut powder that we used to purify the cocosin protein. To isolate genomic DNA, ~200 mg
desiccated coconut powder was grounded in liquid nitrogen and homogenized in one ml of QG
buffer (QIAGEN, Valencia, CA). After filtration by filter paper, 200 pl of isopropanol was added
to the filtrate and loaded onto a Qiagen minispin column. After washing with PE buffer, the
genomic DNAs were eluted from the column with 100 pl of EB buffer. Hot-start Phusion DNA
polymerase (NEB, Ipswich, MA) was used to amplify the cocosin gene. A pair of forward
(aagcagcagccttcagegtctctc) and reverse (aggaaacatccatgtcctagetcataggegg) oligo primers were
designed based on available and the most genetically related African oil palm (Elaeis guineensis)
11S glutelin mRNA sequence (NCBI accession code: AF193433).* Blunt end PCR product was
directly ligated into a pBlue-script II vector (Agilent Technologies, Santa Clara, CA) digested
with EcoR V. Positive clones were screened on X-gal plates, white colonies were sequenced in
both directions. Putative introns were identified after sequence alignment with the Elaeis

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

into NCBI with accession number KY242371.

Phylogenetic analysis and structural comparisons

Translated cocosin protein sequence was aligned with 11S globulins from other species by
MUSCLE with manual adjustments of gaps. A bootstrap consensus tree was built with sequence
alignment data in MEGA7* with the maximum likelihood (ML) methods. Structure based
sequence alignment of selected 11S globulins was done by ESPrint 3.0.*> The cocosin structure
was aligned with selected 11S globulins from various sources including Amaranthus
hypochondriacus (pdb: 3QAC),* pumpkin (pdb: 2EVX), almond nut (pdb: 3FZ3),*’ Rapeseed
(pdb: 3KGL),*® peanut (pdb: 3C3V),*' soy (pdb: 1FXZ).* Protomer structures of 11S globulins

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

Protein Data Bank Accession Codes
The coordinates and structural factors of cocosin have been deposited in the Protein Data

Bank with accession code SWPW.

Results and Discussion
Purification of cocosin

We found that the solubility of cocosin as a function of the salt concentration of the buffer
was very similar to that of other seed 11S globulins, such as edestin (the 11S globulin from hemp
seeds), amandin (the 11S globulin from almond seeds, also known as prunin-1 and Pru du 6) and

excelsin (the 11S globulin from Brazil-nut, also known as Ber e 2).1%17 The solubility of cocosin

10
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increases dramatically with the increase in salt concentration. Cocosin was extracted and purified
by changing the ionic strength of buffers as described in the method section. Hydrophobic
interaction chromatography (Figure 1A) and size exclusion chromatography (Figure 1B) were
used to further purify cocosin. In the size exclusion chromatography step of the purification,
cocosin was eluted at 166 ml (Figure 1B) as a single peak. The molecular mass of the eluted
protein was estimated to be ~345 kDa based on the calibration of the column with molecular
weight standards, indicating that cocosin exists as a monodispersed hexamer in solution. In
addition, cocosin migrated at a nearly identical position on the gel filtration column as did peanut
major allergen Ara h 3 (Figure 1C). When analyzed with reducing SDS-PAGE (Figure 1D, lane
R), cocosin separated into two major bands with sizes of 32 kDa and 22 kDa, respectively,
similar to the reported results for peanut allergen Ara h 3.°° These data agreed with previous

reports that cocosin underwent post-translational proteolytic modification during maturation.”* *”

51

Optimization of cocosin crystallization conditions

Previously reported cocosin crystals grew under conditions where PEGs or MPD were used
as primary precipitants.”’ In a crystallization screen carried out in our laboratory at room
temperature, a number of crystals appeared in the drops mixed with PEGs or MPD hanging over
water or the kit solutions containing PEGs or MPD within a week. For those grew in the drops
with PEGs that were equilibrated against the kit solutions, heavy precipitation was observed in
the drops, while no significant precipitation was observed in identical drops equilibrated against
water. Under the latter condition, water molecules were absorbed into the drop, which gradually

decreased the concentration of PEGs. Due to the dilution effect and a large number of

11
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nucleations, crystals did not grow to usable size. On the other hand, by utilizing inverse salting-
in principle, which has been successfully used in the crystallization of several 11S seed
globulins, including Ber e 2 (excelsin) from Brazil nut,'’” edestin from hamper seed, and
cucumbin from cucumber, we were able to grow sizable cocosin crystals by equilibrating sample
drops against water without the use of any precipitant in the drops.

The ionic strength or the vapor pressure of the reservoir determines the volume expansion
rate of the drop, which affects the nucleation numbers. In optimizing the crystallization
conditions, a range of salt concentration from 0 to 2 M NaCl in the reservoir was systematically
screened in the second round. Large crystals were obtained when the salt concentration was less
than 1.2 M, but most of the crystals in the drop appeared cracked after growing for several days
(Figure 2A). Furthermore, large crystals grew under the above conditions without any
cryoprotectant were severely cracked after soaking into the cryoprotectants tested, including
sucrose, glycerol, PEG400 and ethylene glycol. Another round of screening was designed to
include the above cryoprotectants in the initial protein drops, and to equilibrate the drops against
different concentrations of salt solution. In this screening, sucrose was found to significantly
retard the nucleation and crystal growth. Small crystals were able to form in one week, but they
never grew to usable size under the protein concentration tested. Proteins precipitated heavily
upon mixing with PEG400 or ethylene glycol, which led to the formation of many small crystals.
With the presence of 30% glycerol in the initial drops, perfect looking crystals were obtained
when the drops were equilibrated against 0.5 - 1 M NacCl solutions. Best crystals were grown to
the size of 0.5x0.5x0.5 mm within two weeks with 0.7 M NacCl in the reservoir (Figure 2B).
Single crystals were picked by nylon loops and quickly soaked into a 25% glycerol

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

12

ACS Paragon Plus Environment

Page 12 of 33



Page 13 of 33 Journal of Agricultural and Food Chemistry

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

Molecular cloning of cocosin

There was no protein sequence available for any region of cocosin at the time we obtained
crystal diffraction data, which hindered its structural refinement. The 11S seed storage protein
(known as glutelin) of the African oil palm (Elaeis guineensis), which also belongs to the
Arecaceae family under the order of Arecales was available at NCBI database at the start of the
structure refinement. Anticipating that the protein sequence of cocosin and its coding sequence
would have a high percentage of identity with those of African oil palm glutelin, we designed
DNA oligos based on the African oil palm (Elaeis guineensis) 11S glutelin mRNA sequence
(AF193433)* and used them as primers in PCR experiments with coconut genomic DNA as
template. After testing different combinations of primer pairs, the gene sequence of cocosin was
successfully cloned. As shown in Figure 3A, a ~1600 base-pair PCR product was cloned and
sequenced. Guided by the mRNA sequence from African oil palm 11S glutelin, three regions of
putative introns were identified. The ORF search using the program ORF Finder at NCBI also
identified the same open read frame with 1401 base pair from which the 466 amino-acid
sequence of cocosin was deduced. The resulting protein product has a predicted molecular
weight of 52.66 kDa. The protein sequence was used in the subsequent model building and
refinement of cocosin structure. Blast search showed that cocosin shared 67% identity with the
African oil palm 11S glutelin (XP_010935904) across the full-length protein. The sequence
identities to other common tree nut 11S allergens such as Junr 4, Cor a 9, Pis v 2, and Pru du 6
were 51%, 48%, 48% and 46%, respectively.

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

including coconut and oil palm form a clade with another monocot magnolia, while setting them

13
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298  apart from other dicot trees (Figure 3B). The evolutionary relationships based on the 11S
299  globulins are in agreement with a large-scale genome wide phylogenetic analysis of
300 angiosperms,’ suggesting that the 11S globulin genes are conserved genes.

301

302 Data collection and structure determination

303 During data collection, noticeable radiation damage of the cocosin crystals was observed,
304  but we were able to collect a complete 1.85 A data set. Data processing using the HKL2000 suite
305  of programs® and XDS revealed a trigonal space group H3 with unit cell parameters a=b =92.2
306 Aandc=212.9 A (Table 1). The data was scaled to 1.85 A with a redundancy of 3.4. Assuming
307  two cocosin molecules in an asymmetric unit and an average partial specific volume of 0.74 cm’
308 g for proteins, the Matthew’s coefficient was 1.60 A*/Da, with a corresponding solvent content
309  of the crystal ~26.2 %.

310 The structure was readily solved by a molecular replacement calculation using the peanut
311  major allergen Ara h 3 as a search model. Guided by the cocosin sequence deduced from its
312 coding DNA sequence, most of the residues were assigned with confidence. The refinement was
313  terminated when there were no significant changes in Rwork and Rfree and inspection of the
314  difference density map suggested that no further corrections or addition were justified.

315 There are two copies of cocosin molecules in each asymmetric unit. The final model
316  includes ~ 400 protein residues in each chain. Molecule A consists of residues 42-129, 143-206,
317  216-266, and 282-458 and molecule B consists of residues 44-129, 143-206, 217-267, and 282-
318  458. Three regions of poor density are located at the surface exposed loops that have a high
319  degree of conformational freedom. These regions correspond to those commonly found to be

320  disordered in other published 11S globulins.*® *® In addition, 214 water (HOH) molecules are

14
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included in the final model. All of the data to 1.85 A resolution are used in the final refinement,
with Rwork = 22.9% and Rfree = 29.2%. Molprobity validation showed 97.2% of all protein
residues are in favorite regions and there are no outliers in the Ramachandran plot. There are no
C-beta outliers. The average B-factor is 38.6 A” for protein, and 50.0 A for solvent atoms. The
geometry of the model is acceptable (Table 1) with rmsd bond of 0.008 A and rmsd angle of

0.94°.

Overall structure of cocosin

Together with the 7S vicilins and convicilins, 11S seed storage proteins belong to the bi-
cupin protein family. Each cupin module is composed of a conserved barrel domain. A protomer
of cocosin has two jellyroll B-barrels in the center and two extended helical domains composed
of three helices (Figure 4A). Two pairs of intramolecular disulfide bonds are observed in each
protomer. SS1 formed between cys45 and cys78, and SS2 formed between cys121 and cys288. A
close inspection showed that the SS2 is formed between the acidic and basic subunits (Figure
4B), the reduction of which is responsible for the separation of the 32 kDa and 22 kDa bands on
the SDS-PAGE gel.

As for all of the 11S globulins, cocosin is a homo-hexamer formed by dimer of trimers.
Trimers are formed through the swapping of their helical regions in a head-to-tail orientation.
Such arrangement is commonly seen in 7S vicilin-type bi-cupins (Figure 4C). The trimer-trimer

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

Electrostatic nature of packing interface

15
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343 The cocosin hexamer surface is highly charged (Figures 6 A-C). Careful inspection of the
344  cocosin crystal-packing interface identified its highly electrostatic nature. Notably, cocosin
345  hexamers form a two dimensional layer of molecules at a-b plane through only one type of
346 interface formed by two protomers (Figure 6D). The interface is formed between a long-edge
347  with a short-edge of cocosin hexagon as shown in Figures 6B-C. The high symmetry nature of
348  this molecular packing interface leads to a high tendency to expand crystal lattice under suitable
349  crystallization conditions. The ionic interactions can also explain the salt sensitive nature of the
350  protein’s solubility and crystallizability.

351

352 Structure comparison with other 118 globulins

353 Structural alignment of cocosin to some available 11S globulins showed that they are highly
354  conserved. The rmsd of aligned atoms falls into the rage of 0.66 - 0.74 A (Figure 5A). The two
355  jellyroll B-barrels and two extended helical domains are nearly superimposable, while the
356  variations exist at the terminals of broken loops due to their conformational flexibility.
357  Furthermore, the hexameric structures among the 11S globulins are also almost identical. The
358  structure of cocosin can be superimposed perfectly onto that of peanut allergen Ara h 3 (Figure
359  5B). Whether the structural conservation of cocosin to other allergenic 11S globulins leads to a
360  similarity in allergenicity among these proteins needs further investigation.

361

362 Many 118 globulins have been characterized as food allergens. Coconut is also an allergenic
363  food source. The characterization of the 11S storage protein in coconut is critical for the
364  understanding of coconut induced allergy. Allergy epitope search with the Allergen Database for

365 Food Safety (ADFS) (http://allergen.nihs.go.jp/ADFS) identified at least three hotspots of
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potential allergenic epitopes which were labeled in Figure 5C. These predicted epitopes share
high sequence similarity with reported epitopes in 11S globulin-type tree nut allergens Car i 4
(pecan allergen), Jug r 4 (walnut allergen), Ana o 2 (cashew allergen), and Cor a 9 (hazelnut
allergen). Interestingly, these three predicted epitope regions are all part of the core B-barrels
structures composed of B-strands and connecting loops. Judging from crystal structure, these
regions are likely to be inaccessible for direct IgE binding on intact protein (data not shown),
suggesting that partially digested or unfolded cocosin protein might be more allergenic compared
with intact protein. The phenomenon of inaccessibility of the IgE antibody binding epitopes in

correctly folded food allergen has been reported previously™ >,

In addition, cocosin is one of the early proteins to be purified by crystallization. It is well
documented that cocosin readily crystallized during dialysis against low salt solutions because of
the reverse salt-in effect. As a result, cocosin is used in many training courses for next generation
crystallographers. However, its complete structure is unavailable until now. In this study, we
were able to obtain high quality crystals that diffracted to around 1.85 A, and with degenerative
primers, we successfully cloned the cocosin gene from dry coconut tissue. With the available
gene sequence, the cocosin structure was finally completed. Built on the result of continuous
efforts from several generations of crystallographers, we achieved a significant milestone in
determining the structure of cocosin, and demonstrated that cocosin shares the di-cupin structural

features commonly observed in other allergenic 11S globulins.

Notes
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Table and Figures

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

Cocosin

Data Collection

Space group H3
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Unit cell (a, b, ¢) (A) 92.4,92.4,212.9
(0uB,y) (°) 90, 90, 120
Resolution (A) (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/o(I) (last shell) 122 2.1)°
Rmeas (last shell) (%)! 6.5 (78.4)°
Refinement
Resolution(A) 50-1.85
Number of protein atoms 5967
No. of solvent/hetero-atoms 214
Rmsd bond lengths (A) 0.008
Rmsd bond angles (°) 0.94
Rwork (%) 22.9
Rfree (%)* 29.2
Ramachandran plot
. 97.2/0.0
favored/disallowed
PDB code SWPW
409
410 "Asterisked numbers correspond to the last resolution shell.
411 TR neas = Zn(0/n-1)"2 2 [1i(h) -<I(h)> | / =4%; 1i(h), where Ii(h) and <I(h)> are the ith and mean

412  measurement of the intensity of reflection 4.
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413 TRwork = Zp||Fobs (h)|-[Fcate (h)|| / Zn|Fobs (h)], where Fqps (h) and F ¢4 (h) are the observed and
414  calculated structure factors, respectively. No I/c cutoff was applied.

415 *Ryee is the R value obtained for a test set of reflections consisting of a randomly selected 5%
416  subset of the data set excluded from refinement.

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

418

419

420  Figure 1. Purification of cocosin. A. Hydrophobic interaction chromatography purification of
421  cocosin. The protein was eluted as a major peak from the column with a 2 M to 0 M ammonium
422  sulfate linear gradient. B. XK26/60 superdex-200 gel filtration of cocosin. C. Cocosin has a
423 similar molecular size as that of Ara h 3. The superdex-200 column elution profiles of cocosin
424  and Ara h 3 are superimposed. D. SDS-PAGE analysis of purified cocosin. Cocosin is cleaved
425  into two major peptides linked by disulfide bonds. Lane R, reduced.

426  Figure 2. Crystallization of cocosin. A. Cocosin crystals obtained in the initial screen. Cocosin
427  protein without glycerol was sealed against I M NaCl. Most of crystals were not of diffraction
428  quality. B. Single crystals of cocosin after optimization. One pl of protein sample in 30%
429  glycerol was sealed against 0.7 M NaCl. Crystals reached the size of 0.4 — 0.6 mm in each
430  dimension in two weeks at 16 °C.

431  Figure 3. Genomic cloning of cocosin. A. The gene sequence of cocosin. The identified intron
432  regions were shaded in grey. The deduced protein sequence is shown underneath the coding
433  sequence. The ATG start codon is highlighted in green, and the TGA stop codon is highlighted in

434  red. The two primers used to amplify the genomic sequence are underlined. B. Molecular
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phylogeny of 11S globulins from common food producing trees. Sequences are aligned by
MUSCLE, and the phylogenetic tree was built in MEGA7 with a ML method.

Figure 4. Overall structure of cocosin. A. Structure of cocosin protomer. Cocosin protomer is
shown in ribbon, with its helices colored in red and strands colored in yellow. Two inter-subunit
disulfide bonds are colored in gold. B. Electron density map of SS2 formed between C121 and
C288. 2Fo-Fc electron density map was calculated at 2c. C. Hexameric cocosin. Cocosin
hexamer is generated by crystal symmetry and six chains are colored differently.

Figure 5. Structural comparison with other 11S globulins. Available 11S globulin structures
are selected for analysis. A. Structural superposition of cocosin (SWPW) to available 11S
globulin protomers. The rmsds between aligned atoms in SWPW (green) with the following
structures are 0.76A (3QAC, cyan), 0.76 A (2EVX, magenta), 0.66 A (3FZ3, wheat), 94 A
(BKGL, slate), 0.67 A (3C3V, orange) and 0.74 A (1FXZ, deepteal), respectively. B.
Superposition of cocosin and peanut allergen Ara h 3 hexamers. Cocosin is colored in green and
Ara h 3 is colored in orange. C. Structural based alignment of 11S globulins. The secondary
structural elements of cocosin are shown on the top of aligned sequences. Identical regions are
highlighted in red, and highly conserved regions are highlighted in box. Three predicted epitope
regions were designated by blue lines on the top of the cocosin sequence.

Figure 6. Surface charge and packing interface of Cocosin. A. Surface charge of cocosin
hexamer in the same orientation as in Fig 5B. B. Surface charge of the long-edge of cocosin
hexamer, same orientation as in Fig 4D. C. Surface charge of the short-edge of cocosin hexamer.
D. Cartoon representation of cocosin hexamer packing mode in the a-b plane. Each hexagon
represents one cocosin hexamer with three long-edges and three short-edges. The molecular

packing in the a-b plane is mediated by a long-edge to short-edge interaction.
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Figure 1. purification cocosin
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Figure 2. crystallization and structural
determination of cocosin
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A

AAGCAGCAGCCTTCAGCGTTTATCTCTCTCCTTTCTCTATTTCTAAAGCCGGGTCCTCCTCTTTGCTCTCCTTTTCCCTTTGCTTGT
M G S s s L L s F S L C L L
TGCTCCTGTGTCATTTGTCCCAGGCCCAGTTTGGGTCCAGTCAGGAGAGCCCATTTCAGAGCCCACGACGGTCGGTATCATCTCGGAACG
L L CHUL S Q A Q F G5 S Q E S P F Q S P RR S V S S RN E
AGTGCCGGATCGAGAGGCTGAATGCTCTCGAGCCGACAAGGACGGTGAGGTCCGAAGCCGGTGTGACGGATTACTTTGATGAGGACAATG
C R I ERULNATLUEU®PT RTV VRS EA AGV YV TUDYFDETDNE
AACAGTTCCGGTGCGCCGGCGTGTCCACGATCCGCCGAGTGATAGAACCCAGAGGCCTTCTCCTCCCCTCCATGTCCAATGCCCCTCGCC
Q FRCAGVYV S TTIURIRVYVIEZPRSGILTZLTLUPSMS SN AZPTR RL
TCGTCTACATCGTCCAAGGCATGTTGCTTGCCGGCCTACCTTTGCTTTTTAATATCATAACGATGATGATGCTGCTGCTGCTGTAAGCTA
VY I V Q G
CCAATAATATGGACATGCACGTAGGTCTGCTATAGCTTCCTATATATAGCTAGTCTTAATTGCAAGCTACGTATGTGTGTCACGTTTCAT

GCAGGAAGGGGTATCGTTGGACTTGTGATGCCTGGCTGCCCAGAAACTTTCCAATCCTTCCAGCGATCCGAACGCGAGGARAGGCGAGCGA
R G I VvV G6GLVMUPGT CU?PETT FSG QST FOQR S EZRTETEG E R
CATCGGTGGTCCAGAGATGAACACCAAAAAGTCTACCAGTTCCAAGAGGGAGACGTCCTGGCTGTGCCTAATGGATTTGCTTACTGGTGC
H R W S RDEHOQ KV Y Q F Q E GGDVULAVZPNGTFA ATYTWC
TACAACAATGGGGAGAATCCTGTTGTCGCGATCACCGTCCTCGACACCAGCAACGACGCTaaCCAGCTCGATCGCAGCCACAGAGTGAGT
Y NN G E N P V VA I TV L DTS NDANGQULDIR S HR
CCCGGCCACTCTATATATCCCTTCAGTTGAATGCGTGATAGATTTGTTGTTTAACAGATGAACATATTAATTAACCCGTTCCCTTTACTA

TTTTCGATCAAATCGCAGCAATTCTTATTGGCTGGAAGGCAGGAGCAAGGCCGGCAACGATATGGCCGTGAGGGGAGCATCAAGGAAAAC
F L L A G R Q E Q G R Q R Y G REG S I KE N
ATCCTGAGAGGGTTCAGCACCGAGTTGCTGGCAGCGGCTTTTGGCGTTAACATGGAGCTGGCAAGGAAGCTCCAGTGCAGGGATGACACG
I LR GPF S TEVLU LA AAATFGVINMET LA ARI KILOGQT CURIDTUDT
AGGGGCGAGATCGTCCGGGCGGAGAACGGGCTTCAGGTTCTGAGGCCCTCAGGGATGGAGGAAGARGAGA ARGA ‘TAGAAGTATA
R G E I VRAENUDNSGTLAGQVLURZPS GMETEETEIZ RTETETSGT R s I
AATGGATTCGAGGAGACCTATTGCTCGATGAAGATTAAGCAGAACATTGGGGATCCAAGGCGTGCCGACGTCTTCAACCCAAGGGGCGGA
N G F EETYOC S M KTIKQUNTIGDUZPIRI RAIDUVYVT ENZPTRGG
AGGATTACTACCCTCAACAGCGAGAAGCTCCCGATCCTCAGGTTCATCCAAATGAGTGCTGAGAGGGTGGTTCTCTACAGGGTACGTAAG
R I T T LN S E KL P I L RF I QM S A EURV V L Y R
AAATTATATGTACATATAGCTGAAGTGCTCATATACCTTAT AAGTATAAAATTCATTTTTGTTTATGTATAACTACTTTTCTCTGTT

AATTTGTAGAACGCCATGGTATCACCCCACTGGAACATCAATGCCCACAGCATCATGTATTGCACCGGAGGACGAGGCCGTGTCGAGGTT

N A MV S P HWNTIWNA AHSTIMYT CTSGS GIZRGIU RV E V
GCTGATGACAGGGGCGAAACTGTGTTCGACGGAGAGCTCCGCCAAGGTCAGCTCTTGATCGTCCCGCAAAACTTTGCAATGTTGGARAGG
A DDRGETVFDGET LI RIQGA® QULLI VP QNTFAMTLE R
GCGGGAAGTGAAGGCTTCCAGTTGGTATCGATCAAGACCAGCGACCGGGCCATGGTGAGCACCATCGTTGGGAAGACGTCGGCTCTCCGG
A G S EGF Q L Vs I KTSDIURAMVYVY S TTIVG KT S ATLR
GGCATGCCGGTGGAGGTGCTGATGAACTCCTACCGCTTGTCAAGGGACGAAGCAAGGAGGGTCARACTCACCAGGGGGGACGAGGTGGCG
G M PVEVLMNSYRUILSRDEA ATRI RVYVYI EKTLTIRGTUDTEV A
ATC’I‘TCACTCCTAGGAGAGAGTCGAGAGCTGAAGC'I-TGCGATCTTAGCAGGGAGAGCTGCTAGCGAGCGGCACGTGGTGGATAAATA
I F TPRIRESRAE A *
AGTAAATGGAGTCTGTGCCCTAGGAGGTTGGCTCTATGTCCTCTGCCAATGAGTATATAATAATAAAATGAAATGTCCGCCTATGAGCTA
GGACATGGATGTTTCCT

Fig3

A Cocos nucifera (Coconut)
Elaeis guineensis (African oil palm)

8 Pistacia vera (Pistachio nut)

_:Actinidia chinensis (Kiwi fruit)
95

Bertholletia excels (Brazil nut)
_55|: Citrus sinensis (Sweet orange)
Macadamia integrifolia (Macadamia nut)
Arachis hypogaea (Peanut)
Juglans regia (Walnut)
Carya illinoinensis (Pecan)
Corylus avellana (Hazelnut)
Anacardium occidentale (Cashew nut)
[ Coffea Arabica (Coffea)
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20 Prunus dulcis (Almond)
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Figure 4 Crystal structure cocosin
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B-barrel 1 B-barrel 2

Fig5a
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