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SUMMARY

To what extent do structural and biophysical features of food allergen proteins distinguish them 

from other proteins in our diet? Invertebrate tropomyosins (Tpm) as a class are considered ‘pan-

allergens’, inducing food allergy to shellfish and respiratory allergy to dust mites. Vertebrate Tpms 

are not known to elicit allergy or cross-reactivity, despite their high structural similarity and 

sequence identity to invertebrate homologs. We expect allergens are sufficiently stable against 

gastro-intestinal proteases to survive for immune sensitization in the intestines, and that proteolytic 

stability will correlate with thermodynamic stability. Thermal denaturation of shrimp Tpm shows 

that it is more stable than non-allergen vertebrate Tpm. Shrimp Tpm is also more resistant to 

digestion. Molecular dynamics uncover local dynamics that select epitopes, and global differences 

in flexibility between shrimp and pig Tpm that discriminate allergens from non-allergens. 

Molecular determinants of allergenicity depend not only on sequence but on contributions of 

protein structure and dynamics.

eTOC Blurb

Predictive models that anticipate new food allergens based on sequence homology to existing 

allergens, do not perform well on the shellfish allergen tropomyosin, which shares high identity 

with non-allergenic vertebrate forms. Instead, allergens are discriminated from non-allergens by 

biophysical properties and structural dynamics.

Graphical Abstract

*lead contact and corresponding author: nanda@cabm.rutgers.edu.
AUTHOR CONTRIBUTIONS
Conceptualization, V.N.; Methodology, V.N.; Software, J.K.J., D.H.P., I.J.K.; Validation, J.K.J., D.H.P., I.J.K.; Formal Analysis, J.K.J., 
D.H.P., I.J.K., V.N.; Investigation, J.K.J., D.H.P., I.J.K.; Writing – Original Draft, J.K.J., I.J.K., D.H.P., V.N.; Writing – Reviewing & 
Editing, J.K.J., V.N.; Visualization, J.K.J., D.H.P., I.J.K., V.N.; Supervision, V.N., Project Administration, V.N., Funding Acquisition, 
V.N.

DECLARATION OF INTERESTS
The authors declare no competing interests.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Structure. Author manuscript; available in PMC 2019 August 15.

Published in final edited form as:
Structure. 2018 July 03; 26(7): 997–1006.e5. doi:10.1016/j.str.2018.05.002.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION

After each meal, immune cells lining the gastrointestinal tract interact with countless food 

proteins with diverse sequences and structures. The normal function of these immune cells is 

to distinguish food from enterotoxins and pathogens. However, failure to do so results in 

misidentification of benign food proteins as antigens leading to sensitization for a later 

allergenic response. Despite the variety of proteins consumed, just a handful are responsible 

for food allergies. 2% of domain families as defined by Pfam (Finn et al., 2014) are 

associated with IgE mediated allergies in genera. Of these, approximately ten families 

account for about half of all documented allergenic proteins (Tyagi et al., 2015). Food 

allergies display diverse clinical manifestations indicating a complex multi-faceted 

mechanism for pathogenesis. The gastro-intestinal mucosal barrier plays an important role in 

this process by preventing the entry of harmful entero-pathogens (Sampson, 1999). During 

the course of postnatal development, food allergies can result from a lack of maturation in 

the intestinal mucosal barrier, or a dysregulation of the immune cells to bias responses 

toward hypersensitivity (Sicherer and Sampson, 2010).

Multiple studies have tried to relate protein sequence to allergenicity. Sequence similarity of 

a protein to the metazoan parasite proteome, which IgE mediated immunity is evolved to 

protect against, may provide one factor (Fitzsimmons and Dunne, 2009). Evolutionary 

distance from human homologs may also correlate with protein allergenicity (Jenkins et al., 

2007). These phylogenetic studies identify a sequence identity cutoff between allergenic and 

non-allergenic proteins within the same family to be approximately 60%. This is well above 

the 35% identity threshold established by the FAO/WHO guidelines for genetically modified 

foods as a precaution against allergic cross-reactivity (Taylor, 2002). The fact that relatively 

similar sequences may diverge in their allergenicity indicates other factors may be involved. 

In the present study, we aim to better understand this divergence in the context of protein 

structure.
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Current bioinformatics tools used to assess the allergenicity of a protein rely primarily on 

protein sequence analysis, assessing whether a novel protein will cross-react with IgEs 

developed against known allergens (Ladics et al., 2011; Taylor, 1997). FAO/WHO guidelines 

acknowledge the limitations of these methods for identifying high-risk proteins that may 

cause food allergy and recommend additional measures including serum testing against 

individuals with reactions against similar allergens, as well as assays to demonstrate 

resistance to pepsin digestion (Commission et al., 2003).

Proteins known to cause food allergies are often more resilient to gastrointestinal proteases 

than non-allergenic ones, indicating a difference in stability that enables a greater likelihood 

of sensitization (Astwood et al.). For example, mouse models show the use of antacids 

increase sensitization to food allergens, potentially by neutralizing gastric proteases (Pali-

Scholl and Jensen-Jarolim, 2011; Untersmayr et al., 2003). The peanut allergen, Ara h 2, 

contains inhibitory sequences to trypsin, resulting in a decrease in its digestibility (Maleki et 

al., 2003). However, other studies have challenged this correlation between protein 

digestibility and protein allergenicity (Fu et al., 2002; Herman et al., 2007). A structural 

comparison between allergenic and non-allergenic proteins may provide insight into the 

differences that impact digestion.

We use Tropomyosin (Tpm) as a model for understanding how allergenicity relates to 

structure and gastro-intestinal stability. As the primary allergen in shellfish, it causes one of 

the most common food allergies affecting 2% of the US adult population (Sicherer et al., 

2004). While invertebrate Tpm is well associated with food allergy, few clinical examples 

exist of vertebrate Tpm associated allergies (Ayuso et al., 1999; Gonzalez-Fernandez et al., 

2016; Reese et al., 1999). Five major IgE epitopes were subsequently mapped in the related 

Penaeus aztecus Tpm using a peptide-tiling array assay testing IgE binding from patient sera 

and defined by the following residue ranges: epitope 1 (residues 43 – 57), epitope 2 

(residues 85 – 105), epitope 3 (residues 133 – 153), epitope 4 (residues 187 – 201), epitope 5 

(residues 247 – 284) (Ayuso et al., 2002; Reese et al., 2001; Reese et al., 2005). IgE binding 

regions ranged from 14 to 36 residues in length and were separated by approximately 40–50 

residues, spanning the entire Tpm molecule. P. aztecus epitopes cross-reacted to other 

known invertebrate allergens such as Tpms from lobster, cockroach or dust mites (Ayuso et 

al., 2002; DeWitt et al., 2004). However, protein sequence does not clearly correlate with 

allergenicity. Tpm sequences are strongly conserved and current tools that use sequence 

based algorithms for predicting allergenicity cannot discriminate between allergenic and 

non-allergenic species (Ladics et al., 2011). When comparing distributions of sequence 

similarities between epitope and non-epitope regions within allergenic sequences, no 

significant differences are found as well (Reese et al., 2001).

The linear topology of Tpm facilitates modeling of sequence, structure and dynamics. As a 

continuous coiled-coil parallel homodimer, the structure of Tpm allows for only local 

contact within a sequence as it follows a repetitive ‘abcdef’ heptad pattern (Lupas and 

Gruber, 2005; McLachlan et al., 1975; Whitby and Phillips, 2000) (Fig. 1A). Classically 

within a coiled-coil, positions are solvent exposed except the a and d residues, which form a 

hydrophobic oligomer interface. Sequence and structural deviations in Tpm from an 

idealized coiled-coil impart inhomogeneity and flexibility necessary for proper function of 
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the protein (Brown et al., 2001; Hitchcock-DeGregori, 2008; Singh and Hitchcock-

DeGregori, 2006). This results in a complex folding pathway with multiple transitions seen 

in thermal denaturation (Ishii et al., 1992; Singh and Hitchcock-DeGregori, 2003). Subtle 

sequence changes such as point mutations, for example G126A and E180G in rat Tpm, have 

dramatic effects on stability and proteolytic susceptibility (Ly and Lehrer, 2012; 

Matyushenko et al., 2015; Nevzorov et al., 2011). This motivates us to explore differences 

between allergenic and non-allergenic forms of Tpm at the structural level in addition to 

sequence.

For the current study, pig and shrimp homologs are used as exemplars of non-allergenic and 

allergenic Tpm respectively. They share 56% sequence identity and 70% similarity with no 

gaps (Fig. 1B, C). Traditional methods of measuring antigenicity, such as the Jameson-Wolf 

index, compiles structural features from sequence such as surface probability, 

hydrophobicity, backbone flexibility and secondary structure prediction, as an indicator of 

antigenic potential (Jameson and Wolf, 1988). Comparing both sequence homology and 

antigenicity in pig and shrimp Tpm reveals no clear correlations with known epitopes. This 

suggests that a more detailed structural understanding is needed to understand differences in 

stability and digestibility between allergenic and non-allergenic homologs. Using a 

combination of proteomic, biophysical and molecular simulation approaches we identify 

consistent differences in structural stability and dynamics between allergenic epitopes and 

non-epitopes in Tpm.

RESULTS AND DISCUSSION

Simulating gastric and intestinal digestion

Laboratory digestion simulations were performed on purified Tpms from natural sources. 

Penaeus aztecus Tpm was isolated and purified from frozen shrimp purchased at a local 

supermarket. MS/MS analysis of peptide fragments from pepsinolysis confirmed full 

coverage Tpm corresponding to the P. aztecus sequence. Sus scrofa (porcine) Tpm was 

purchased from Sigma Chemicals (St Louis, MO) and further purified to remove lower 

molecular weight contaminants. Both proteins were subject to simulated gastric digestion 

adhering to standardized protocols for assessing food safety (Commission et al., 2003) as 

described in Methods. Briefly, Tpm was incubated in pepsin and HCl at pH 2.0, 37°C to 

mimic the gastric environment. Aliquots were extracted at a series of time points for analysis 

and pepsin inactivated by raising the pH. For simulated intestinal digestion, one-hour and 

two-hour gastric digestion products were adjusted to pH 7.5–7.9 and allowed to digest in a 

solution of chymotrypsin and trypsin, subsequently quenching with the serine protease 

inhibitor Pefabloc SC.

Under simulated gastric conditions, shrimp Tpm demonstrated resistance to digestion, with 

proteolysis proceeding through a series of intermediate molecular weight (MW) species 

(Figure 2a). MALDI-TOF analysis of digestion products showed rapid cleavage of the N- 

and C-termini of full-length shrimp Tpm, producing a major product consisting of residues 

26–274. A subsequent cleavage in the middle produced a population of ~18 kDa shrimp 

Tpm C-terminal fragments. The primary product had a mass corresponding to residues 123–

274, with others starting at nearby positions and ending at 274 (Figure 2e), which persisted 
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throughout the extended four-hour experiment. Notably, similarly sized N-terminal 

fragments were not identified in analysis of the MALDI-TOF mass spectra suggesting 

preferential survival of the C-terminal half of shrimp Tpm. A sequence of proteolytic events 

occurs starting with immediate cleavage of residues 1–25 and 275–284 and a subsequent 

cleavage at position 123 prior to further fragmentation.

Pig Tpm also exhibited significant resistance to proteolysis with major high MW species 

evident through one hour of simulated gastric digestion (Figure 2b). Although some 

intermediate MW species are evident in the digestion, peaks in the MALDI-TOF mass 

spectra could not be uniquely attributed to specific species. Unlike shrimp Tpm, at four 

hours, little of these intermediate MW species in the pig homolog are detected either by 

SDS-PAGE or mass spectrometric analysis (Figure 2f,g).

Despite high sequence similarity, the patterns of gastric digestion are different for the two 

forms of Tpm. Shrimp Tpm shows significantly greater resistance to simulated gastric 

digestion than pig Tpm. Furthermore, shrimp Tpm digestion proceeds through a persistent 

C-terminal half intermediate, whereas similarly long-lived species are not clearly observed 

for pig Tpm.

In ideal cases, non-allergens are rapidly digested in seconds to minutes (Astwood et al., 

1996). The differences between shrimp and pig Tpm digestion are not as clear. Intermediate 

MW species persist in both digestions after two hours, the upper limit for standard gastric 

residence times (Camilleri et al., 1989). Simulated intestinal digestion profiles are also 

similar (Figure 2c,d) in both shrimp and pig experiments. Further examination of differences 

in the digestion, stability and structure of the two Tpms was warranted to gain further insight 

into their allergenic potential.

To examine whether digestion selects for small MW fragments of Tpm corresponding to 

observed epitopes, we used a high-resolution mass spectrometry approach. Gastric and 

intestinal digestion was simulated in vitro as above. Peptide fragments were identified by 

LC-MS/MS, where the spectral count was used to quantify the relative abundance of a 

peptide over the time series. Spectral counts are not necessarily reliable for quantitative 

comparison of abundances between peptides of different chemical compositions (Lundgren 

et al., 2010). Therefore, we have focused our analysis to normalization of relative abundance 

independently for each peptide sequence.

In shrimp Tpm, approximately two-hundred fragments were identified during gastric 

digestion, corresponding to full coverage of the protein sequence. Peptides identified later in 

digestion were inferred to be in regions resilient to enzymatic cleavage. To show this, 

fragment abundances were clustered into four groups based upon the time of peak relative 

abundance. Peptides from the C-terminal half of the protein are more represented in the 

cluster of long surviving peptides than the N-terminal half. In addition, the number of 

peptides overlapping the major epitopes increases in groups with fragment survival (Figure 

3a). Pig Tpm overall produced fewer fragments identifiable by MS/MS. Similar to shrimp, 

fragments that originated in the C terminal half of the protein were more concentrated in 
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long surviving clusters. Unlike shrimp, no correlation was observed between persistence and 

epitope overlap (Figure 3b).

When simulated intestinal digestion phase was added in tandem to simulated gastric 

digestion, shrimp Tpm was found to have twice the number of surviving peptides generated 

and five-fold greater overlap with epitope regions than the pig homolog (Figure 3c,d). These 

observations from high resolution MS/MS indicate that shrimp Tpm allows for greater 

survival of fragments from proteolysis particularly at areas that overlap with common IgE 

epitopes.

Distinct patterns of proteolytic susceptibility were observed between the two Tpms as well 

as between epitope and non-epitope regions. These patterns likely arise from the relationship 

between thermodynamic stability and proteolytic susceptibility. This was explored by 

probing differences in global and local stability in pig and shrimp forms of Tpm.

Understanding digestion in terms of stability

The rate of digestion was expected to be related to local stability and structure as regions 

that are well structured are generally protected against enzymatic cleavage (Park and 

Marqusee, 2004). CD spectroscopy was used to measure loss in α-helicity upon thermal 

denaturation (Figure 4a). Under acid pH, both shrimp and pig Tpm revealed a remarkably 

high dominant transition at 85°C and 88°C respectively. Similar stabilities have been 

observed with other vertebrate Tpms under acidic conditions (Lehrer and Yuan, 1998; 

Williams and Swenson, 1981; Woods, 1977). Proteins tend to be most stable near their 

isoelectric point, and Tpms in general have isoelectric points less than 5 (Lehrer and Yuan, 

1998; Reese et al., 1999; Talley and Alexov, 2010). The high stability of both Tpms at acidic 

pH may explain their resistance to in vitro gastric digestion. This is in contrast with the 

behavior of the peanut allergen Ara h 1, which adopts a molten-globule state that is rapidly 

degraded under gastric conditions (Khan et al., 2013; Ohgushi and Wada, 1983).

Based on this in vitro model, significant digestion appears to occur in the intestinal phase 

under neutral pH conditions. Previous work examining Tpm unfolding has shown multiple 

transitions under neutral conditions (Ishii et al., 1992; Potekhin and Privalov, 1982). 

Consistent with this, multiple transitions were seen for both pig and shrimp upon thermal 

denaturation monitored by CD (Figure 4b). The unusually broad transitions in pig Tpm may 

be due to the fact that it was extracted from skeletal muscle tissue containing multiple 

isoforms, resulting in a heterogeneous population of coiled-coil dimers (Geeves et al., 2015). 

Alternatively, a single isoform vertebrate preparation can be produced using the well-studied 

recombinant rat Tpm construct. Comparing rat and shrimp we find the characteristic three 

folding transitions. The two dominant transitions in shrimp Tpm were at higher temperatures 

than the rat construct. Changes in the positions of folding transitions have been 

demonstrated to alter the pattern of proteolysis in previously studied vertebrate point 

mutations (Ly and Lehrer, 2012; Nevzorov et al., 2011; Sumida et al., 2008). The increased 

stability of shrimp Tpm at neutral pH may account for the differences we observed in 

intestinal digestion.
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We expect the epitopes of shrimp Tpm to correspond to high local stability. The resilient C-

terminal half of shrimp Tpm to gastric digestion has already suggested a dichotomy in 

conformational stability between the N and C terminal regions that separates homologs. In 

order to further explore local stability, we constructed fourteen peptides that spanned the 

Tpm coiled-coil (Figure 5a). One concern is that peptide fragments in isolation may adopt 

other structures beside an α-helical dimeric parallel coiled coil (i.e. antiparallel association 

of helices, or trimer, tetramer, etc.) (Harbury et al., 1993). To constrain conformation, a nine-

residue leader sequence from the yeast transcription factor GCN4 was added to each peptide, 

where Asn 8 in the sequence forms an intermolecular hydrogen bond that specifies a parallel 

dimer (Figure S1) (O’Shea et al., 1991; Zeng et al., 1997). This strategy has been used 

multiple times in the study of Tpm, where presence of the intermolecular Asn-Asn hydrogen 

bond has been confirmed in high-resolution structures (Greenfield et al., 2001; Li et al., 

2002; Murakami et al., 2008).

CD spectra were obtained under gastric conditions (pH 2) to measure local structure. Only 

peptides S3, S5, and S6 in shrimp had significant helical structure (Figure 5b). These 

peptides correspond to the first two epitopes in the N terminal half of the protein. 

Corresponding peptides P3 and P6 from pig were also helical (Figure 5c). The remaining 

peptides across both pig and shrimp Tpm had little to no helical structure. Notably peptide 

S7 which contains the initial cleavage site at position 123 is the least structured in shrimp 

suggesting its rapid proteolysis from local structural instability. In contrast in pig Tpm, 

peptide P7 maintained significant helical structure. Under neutral pH, all peptides from 

shrimp and pig were observed to be less structured (Figure 5d,e), which corresponds to the 

dramatic decrease in global stability between acidic and neutral conditions for full length 

Tpm. In shrimp Tpm, all peptides were unstructured at neutral pH.

Together, these observations suggest a complex model relating epitope stability and 

digestibility. In the N-terminal domain, synthetic peptides spanning epitopes demonstrated 

significant local structure that may explain their persistence in digestion. On the other hand, 

peptides corresponding to the three C terminal epitopes lack local structure. Their 

persistence instead may be due to the proteolytic survival of the larger C terminal region as a 

whole.

Contributions of structure and dynamics

An apparent contradiction exists between observed and predicted proteolytic susceptibility 

of Tpm. One would expect the number of predicted cleavage sites based on known 

specificities of pepsin, trypsin and chymotrypsin to be lower within epitopes. Instead, the 

opposite is found (Figs. 6A, S2). Epitopes in both shrimp and pig Tpm consistently contain a 

higher-than-average number of cleavage sites relative to the intervening regions. This is due 

to the existence of periodic Ala-clusters, groups of alanine at core ‘a’ and ‘d’ positions in the 

helix heptad (Singh and Hitchcock-DeGregori, 2003, 2006). Pepsin, trypsin and 

chymotrypsin prefer larger hydrophobic residues such as Phe or Leu at the P1 position N-

terminal to the scissile bond. Gastrointestinal digestion patterns of Tpm cannot be explained 

based on sequence-derived proteolysis susceptibility.
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Periodic Ala-clusters are conserved across vertebrate and invertebrate Tpms (Barua et al., 

2011). The small, nonpolar core alanines are proposed to allow local helical flexibility that 

facilitates binding to actin, and bending of Tpm as it wraps around the actin filament (Brown 

et al., 2005; Zheng et al., 2016). Molecular simulations of vertebrate Tpms show closer 

helix-helix packing and larger root-mean-square fluctuations at Ala-clusters. If these 

properties extend to invertebrate Tpms under both low and neutral pH conditions, local 

variations in dynamics may likely best describe proteolytic susceptibility. Proteolytic 

susceptibility is related to structural dynamics; local transient unfolding would likely allow 

for a higher probability of cleavage (Park and Marqusee, 2004). Modeling Ala-clusters and 

epitopes along the Tpm coiled-coil clearly shows these two features arrayed in mutually-

exclusive, alternating domains (Fig. 6B).

We simulated shrimp and pig Tpm choosing protonation states for titratable groups that 

reflected either acidic (pH 2.0) or neutral (pH 8.0) conditions. Under acidic conditions both 

Tpms are more helical than neutral (assessed by occupancy of i, i+4 hydrogen bonds), 

consistent with experimental stabilities (Table S1, Fig. S3). Ala-clusters facilitate close 

interhelical spacing of core residues (Fig. 6C, D) for shrimp Tpm under both acid and 

neutral conditions. One significant deviation is noted in shrimp Tpm in the center of epitope 

3 where the interhelical spacing expands at neutral pH. This is potentially due the presence 

of Asp 134 in the helix-helix interface, driving expansion due to charge-charge repulsion in 

the unprotonated state. These structural features were largely similar for pig Tpm (Fig S4).

Ala-cluster regions in shrimp Tpm coincided with regions of elevated flexibility (Fig. 6E, 

S4), while epitopes showed less variation in interhelical spacing. Flexibility is largely anti-

correlated with interhelical spacing, indicating that packing of larger hydrophobic residues 

stabilizes the local fold under both gastric and intestinal conditions. The increased flexibility 

of Ala-clusters is a plausible mechanism of their preferential proteolysis, promoting 

digestive survival of epitope containing fragments.

The heterogeneity of local dynamics provides little discrimination between allergen and 

non-allergen forms of Tpm. Ala-cluster effects on dynamics are seen in both shrimp and pig 

simulations, consistent with the similar stabilities of peptides S1–14 compared to P1-P14. 

The largest differences are seen in order parameters that describe global structural features, 

such as radius of gyration, Rg (Fig. 7, S5). In the case of shrimp Tpm, the coiled coil is a 

relative rigid and straight rod at both acidic and neutral pH across the 70 ns trajectory. In 

contrast, pig Tpm is significantly more dynamic, sampling a range of bent conformations. 

Significant unfolding is not seen on the timescales of these simulations, but larger global 

flexibility of pig Tpm may allow for transient unfolding, leading to proteolytic digestion. 

Overall, the molecular dynamics simulations point to a mechanism of epitope selection 

based on elevated flexibility of Ala-clusters, and allergen vs. non-allergen discrimination 

based on global structural flexibility.

We sought to understand allergenicity and epitope identity from a structural perspective 

using a simple coiled-coil allergen as a model protein. In vitro experiments showed that 

epitopes preferentially survive digestion. However, survival of the five epitopes utilized two 

strategies; high local stability of the two N terminal epitopes versus long range regional 
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stability in the remaining C terminal epitopes. Epitope predictions using local dynamics 

calculated from MD simulations correctly identify epitopes in Tpm. Experimental and 

computational characterizations did not identify a single structural factor that would 

discriminate an allergen from a non-allergen, but significant differences in global dynamics 

may provide future insight. The correlations between digestibility, stability and food allergy 

in the case of Tpm are consistent with a more general tradeoff between stability and 

immunogenicity (Camacho et al., 2008). Understanding how structure and stability 

differentiate allergens will promote a better understanding of the immune interaction with 

antigens and inform protein engineering efforts to design protein therapeutics maximizing 

stability while minimizing immunogenicity (Griswold and Bailey-Kellogg, 2016; Schubert 

et al., 2018).

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the 

Lead Contact Vikas Nanda (nanda@cabm.rutgers.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Tropomyosin proteins presented in this study were isolated from natural animal sources. 

Penaeus aztecus (brown shrimp) was purchased flash-frozen from a local supermarket and 

purified in the laboratory. Sus scrofa (pig) muscle tropomyosin was purchased from Sigma 

Aldrich (St. Louis) and subject to additional purification. Protein identity was verified by 

mass spectrometric analysis of coverage from LC-MS/MS.

METHOD DETAILS

Purification of shrimp tropomyosin (Pen a 1)—Approximately 400 g of brown 

shrimp (shelled and deveined) was minced then washed four times in 800 mL of a dilute salt 

solution [20 mM potassium chloride (KCl), 1.0 mM potassium bicarbonate, 0.1 mM calcium 

chloride, 0.1 mM dithiothreitol (DTT), pH 8.4; 5 min stir and filtered with cheese cloth each 

step]. The solid residue was washed three times in 1.0 L of 95% ethanol (10 min stir each 

step), then washed three times in 800 mL of chilled diethyl ether (5 min manual stir with 

glass rod). The solid residue was dried overnight at room temperature yielding 10 grams of 

dry protein powder, mixed overnight in 100 mL of extraction buffer [25 mM Tris, 1.0 M 

sodium chloride (NaCl), 2 mM EDTA, 1.0 mM DTT, pH 7.5], and centrifuged at 18,000 rpm 

for 40 min to recover the protein supernatant. To every 100 mL of protein solution 

recovered, 50 mL of 1 M NaCl was added and the mixture was stirred for two hours 

followed by the dropwise addition of glacial acetic acid to lower the pH to 4.5 for isoelectric 

precipitation. The protein suspension was centrifuged at 18,000 rpm for 40 min, and the 

pellet was dissolved in dialysis buffer (10 mM Tris, 100 mM NaCl, pH 7.5). The mixture 

was clarified by centrifugation (18,000 rpm for 40 min) followed by sequential protein 

precipitations at 25% and 40% ammonium sulfate. The protein pellet obtained after the 40% 

ammonium sulfate precipitation was dissolved in approximately 10 ml of dialysis buffer, and 

dialyzed with three buffer exchanges (1.5–2.0 L each exchange) over a period of 1 week. All 

washing, extraction and purification steps were performed at 4 °C.
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Final purification was performed on an AKTA FPLC system (GE Healthcare Lifesciences) 

using a Superdex 200 10/300 GL column pre-equilibrated with wash buffer (10 mM Tris, 

100 mM NaCl, pH 7.5) at 4 °C. A volume of 200 μl of Pen a 1 (5 mg/ml) was loaded on the 

column, and 0.5 ml fractions were collected at a flow rate of 0.7 mL/min. The absorbance 

spectrum of the elutant was monitored at 280 nm. Fractions containing purified protein were 

pooled and stored at −20 °C for later use.

Purification of porcine tropomyosin—Tropomyosin from porcine muscle was 

purchased (Sigma Chemicals, St Louis, MO) and reconstituted in ultrapure water. A volume 

of 200 μl (5 mg/ml) was purified on an AKTA FPLC system as previously described. 

Fractions containing purified protein were pooled and stored at −20 °C.

Characterization of peptide/protein by circular dichroism (CD)—The sample was 

mixed in either basic buffer (20 mM sodium phosphate, 150 mM NaCl, pH 8) or acidic 

buffer [20 mM sodium phosphate, 150 mM NaCl, pH 2 adjusted with 12 N hydrochloric 

acid (HCl)]. CD wavelength spectra were measured (190–260 nm scans, 6 sec averaging, 

4 °C) on an AVIV model 420SF spect rophotometer (Aviv Biomedical, Lakewood, NJ). 

Blank buffer subtraction was performed on each sample and the molar residual ellipticity 

(MRE) was calculated from the sample concentration, the number of residues, and a cell 

path length of 0.1 cm. Thermal denaturation spectra of the samples were performed at 222 

nm from 4–95°C (rate of 0.5°C /step, 0.5 min temperature equilibration time, 6 sec 

averaging time).

Simulated gastric digestion of tropomyosin—Full length tropomyosin (shrimp or 

pig) was incubated for one hour at 37 °C in acidic buffer [0.2 M HCl−potassium chloride 

(KCl), pH 2], followed by the addition of pepsin A (Worthington Biochemical Corp., 

Lakewood, NJ) to give 0.33 Units of pepsin activity/μg tropomyosin substrate. Aliquots of 

the mixture were quenched at various times (0, 5, 10, 15, 30, 60, 120 and 240 min) with 0.2 

M sodium bicarbonate (final pH 8–9). Samples were stored at −20 °C for later analysis.

Simulated gastrointestinal digestion of tropomyosin—The pH of digested 

tropomyosin (60 and 120 min gastric digestion) from above was adjusted to a range of 7.5 

−7.9 with 12 N HCl at 37 °C. Trypsin (0.20 Units activity/ μg total substrate) and 

chymotrypsin (0.04 Units activity/μg total substrate) were added to the mixture. Aliquots of 

the mixture were quenched at various times (0, 15 and 30 min) with 5 mM Pefabloc SC 

(Sigma Chemicals, St Louis, MO). Samples were stored at −20 °C for later analysis.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)—
Samples were prepared by mixing digested peptides/protein with an equal volume of 

Laemelli sample buffer (Bio-Rad, Hercules, CA) under reducing conditions with β-

mercaptoethanol. The samples were heated at 95 °C f or 5 min, then run on a 16.5% precast 

Tris-tricine gel (Bio-Rad) and stained with silver nitrate (SilverQuestTM staining kit, Life 

Technologies, Carlsbad, CA). Polypeptide SDS-PAGE standard (Bio-Rad) was used for the 

protein MW standards ladder.
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MALDI-TOF mass spectrometry—MALDI-TOF experiments and analysis were 

conducted at the Rutgers Biological Mass Spectrometry Facility. Samples for both shrimp 

and pig tropomyosin were prepared as described above, and subject to simulated gastric 

digestion in pepsin for 0, 10, 30, 60, 120 and 240 minutes. Subsequent intestinal digestion 

was performed for 30 minutes starting with gastric 60 or 120 digestion end-products. 

Samples were brought to a pH of 8–9 and final concentration of 0.33 mg/mL for 0, 10, 30 

and 240 min gastric digestions, or 0.30 mg/mL for gastric/intestinal digestions of 60 or 120 

minutes. Prior to analysis, samples were 1:5 diluted with matrix (10mg/ml sinapinic acid in 

50% acetonitrile, 0.1% trifloroacetic acid) and deposited on an opti-TOF 384 well insert for 

MALDI-TOF/TOF (ABSciex) using dry-droplet method. The MALDI-TOF data were 

acquired using 4800 MALDI-TOF/TOF (ABSciex) with linear mid mass positive mode. 

Data were acquired from 3kDa to 40 kDa mass range with external calibration by apo-

myoglobin singly charged, doubly charged ions as well as dimer ions. The laser was fixed at 

5.6 kV, and spectra were based on accumulation of 1000 laser shots. Peaks with a minimum 

signal to noise ratio of 10 were exported from the Applied Biosystems 4000 Series database 

into mgf files using the TS2 Mascot utility.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS)—Peptides were 

solubilized in 0.1% trifluoroacetic acid, and analyzed by LC-MS/MS (Dionex Ultimate 3000 

RLSCnano System interfaced with Velos LTQ Orbitrap (Thermo Scientific). Samples were 

separated by reverse phase HPCL (Q-C18, 2.1×50 mm, 3 um, 150 Å, CMP Scientific). After 

loading to the column, sample was washed with 2% loading Buffer B (A: A: 0.2% formic 

acid, B: 0.2% formic acid in acetonitrile) for 4 min with a flow rate of 200 μl/min and 

separated with a linear gradient of 2–50% B in 25 min before the column was washed with 

90% B for 5 min and then equilibrated for 15 min with 2% B. Mass spectrometry data was 

acquired using a data-dependent acquisition procedure with a cyclic series of a full scan 

acquired from mass 300–2000 with resolution of 60,000 followed by MS/MS in the ion trap 

of the 20 most intense ions and a dynamic exclusion duration of 20 sec.

Peak lists in the format of MASCOT Generic Format (MGF.) was generated using the 

Proteome Discover 1.3 (ThermoFisher). Data were searched against custom database 

composed of more than 200 custom proteins including tropomyosin from pig and shrimp 

using a local version of the Global Proteome Machine (GPM) XE Manager version 2.2.1 

(Beavis Informatics Ltd., Winnipeg, Canada) with X!Tandem version 10–12-01–1 to assign 

spectral data 1, 2. Precursor ion mass error tolerance was set to ±10 ppm and fragment mass 

error tolerance to ±0.4 Da. Protease specificity were set as non-specific. Methionine 

oxidation and deamidation at asparagine and glutamine residues were set as variable 

modifications with refinement of dioxidation on methionine, oxidation and dioxidation on 

tryptophan. All LC-MS data were analyzed together in a MudPit analysis. The resulting 

identifications were filtered by log GPM expectancy score (logE, <−5 for protein and <−2 

for peptide).

Molecular Dynamics Simulations—The high resolution structure of the pig Tpm 

structure was used (PDB ID: 1C1G) (Whitby and Phillips, 2000). The shrimp homolog was 

derived from it by making the required substitutions using the protCAD (protein Computer 
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Aided Design) software (Pike and Nanda, 2015; Summa, 2002). The pig sequence is from 

Sus scrofa (NCBI Reference Sequence: NP_001090952.1) and the shrimp from Penaeus 
monodon, identical to P. aztecus (Genbank: AAX37288.1). Proteins were solvated with a 

TIP3P water box with a distance of 10 Å from the protein, using the solvatebox radius 

command in AMBER (Case et al., 2014). The final box dimensions were 77.1 × 62.5 × 

452.6 Å (54 Na+, 174312 waters) for pig Tpm and 116.6 × 64.7 × 417.7 Å (46 Na+, 262218 

waters) for shrimp Tpm.

Structural models were then subjected to molecular dynamics simulations using AMBER14 

(Case et al., 2014), under the ff14sb force field. The ion force field was derived from 

parameters of Joung and Cheatham (Joung and Cheatham, 2008, 2009) for ions in TIP3P 

water. Two rounds of optimization were performed to energetically minimize the structure, 

starting with the steepest descent method and then the conjugate gradient method. Molecular 

Dynamics was performed starting with a 2 fs time step required for the SHAKE algorithm to 

constrain bond lengths. Periodic boundaries were set under constant volume. The system 

was thermalized from 0 to 300 K using Langevin dynamics with a collision frequency of 3 

ps−1. Next an equilibration step was run under constant temperature with no pressure scaling 

for 100 ps. The final MD trajectory was for 90 ns in the NVT ensemble using the weak-

coupling algorithm (Berendsen et al., 1984), maintaining temperature at 300 K, using the 

Berendsen barostat for pressure scaling (reference pressure set to 1 bar, relaxation time 1.0 

ps).

Long-range electrostatics were modeled using the particle mesh Ewald method (Darden et 

al., 1993), with non-bonded interaction cutoff set to 8.0 Å. Coordinates were recorded every 

20 ps. Simulations were allowed to equilibrate for 20 ns, during which time the shrimp 

RMSD reached a consistent level (Fig. S6). Trajectories were analyzed from 20 – 90 ns in 

the trajectory with pytraj, a CPPTRAJ-based python module (Roe and Cheatham III, 2013), 

and MATLAB.

Peptide design, synthesis and purification: Peptides were synthesized at the Tufts 

University Core Facility (http://tucf.org) using solid-phase FMOC chemistry, purified by 

reverse-phase HPLC, and verified by mass spectrometry. N- and C- termini were acetylated 

and amidated, respectively. Peptides were dialyzed in filtered deionized water, lyophilized 

and stored at −20°C. Peptides were dissolved in 20 mM phosphate buffer, 150 mM NaCl, pH 

8. Peptide concentrations were confirmed by measuring the absorbance at 214 nm, using an 

extinction coefficient of 2200 M−1 cm−1 per peptide bond on an AVIV model 14DS UV–Vis 

spectrophotometer. Peptide identifier, sequence, and corresponding Tpm residues are listed 

in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

All LC-MS data were analyzed together in a MudPit analysis. The resulting identifications 

were filtered by log GPM expectancy score (logE, <−5 for protein and <−2 for peptide).
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DATA AND SOFTWARE AVAILABILITY

LC-MS/MS raw data sets and peptide analysis for gastric and intestinal digestion of shrimp 

and pig tropomyosin are available in the Peptide Atlas: www.peptideatlas.org under dataset 

identifier PASS01188.

Shrimp gastric digestion 0 minutes: http://www.peptideatlas.org/PASS/PASS01188/

VLS433.raw

Shrimp gastric digestion 10 minutes: http://www.peptideatlas.org/PASS/PASS01188/

VLS434.raw

Shrimp gastric digestion 30 minutes: http://www.peptideatlas.org/PASS/PASS01188/

VLS435.raw

Shrimp gastric digestion 60 minutes: http://www.peptideatlas.org/PASS/PASS01188/

VLS437.raw

Shrimp gastric digestion 120 minutes: http://www.peptideatlas.org/PASS/PASS01188/

VLS439.raw

Shrimp gastric digestion 240 minutes: http://www.peptideatlas.org/PASS/PASS01188/

VLS436.raw

Shrimp gastric digestion 60 minutes and intestinal digestion 30 minutes: http://

www.peptideatlas.org/PASS/PASS01188/VLS438.raw

Shrimp gastric digestion 120 minutes and intestinal digestion 30 minutes: http://

www.peptideatlas.org/PASS/PASS01188/VLS440.raw

Pig gastric digestion 0 minutes: http://www.peptideatlas.org/PASS/PASS01188/VLS441.raw

Pig gastric digestion 10 minutes: http://www.peptideatlas.org/PASS/PASS01188/

VLS442.raw

Pig gastric digestion 30 minutes: http://www.peptideatlas.org/PASS/PASS01188/

VLS443.raw

Pig gastric digestion 60 minutes: http://www.peptideatlas.org/PASS/PASS01188/

VLS445.raw

Pig gastric digestion 120 minutes: http://www.peptideatlas.org/PASS/PASS01188/

VLS447.raw

Pig gastric digestion 240 minutes: http://www.peptideatlas.org/PASS/PASS01188/

VLS444.raw

Pig gastric digestion 60 minutes and intestinal digestion 30 minutes: http://

www.peptideatlas.org/PASS/PASS01188/VLS446.raw
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Pig gastric digestion 120 minutes and intestinal digestion 30 minutes: http://

www.peptideatlas.org/PASS/PASS01188/VLS448.raw

LC-MS/MS peptide identification and analysis (source data for Figure 3): http://

www.peptideatlas.org/PASS/PASS01188/

LCMSMS_Shrimp_digestion_131003120210_shrimp_NEW.xls

http://www.peptideatlas.org/PASS/PASS01188/

LCMSMS_Pig_digestion_131003164448_pig_NEW.xls

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

1. Sequence-based immunogenicity metrics do not discriminate allergen forms 

of Tpm

2. Tpm allergens are resistant to simulated gastric and intestinal digestion

3. Epitopes are more stable under gastric and intestinal conditions

4. Dynamics discriminate epitopes and allergen Tpms from non-allergens
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Figure 1: 
(a) Tropomyosin forms an extended parallel coiled-coil dimer that consists of approximately 

40 uninterrupted heptad repeats, a regular pattern of seven residues whose position can be 

described as a to g based on their position along the helix. Structure shown is pig Tpm - 

PDB ID 1C1G (Whitby and Phillips, 2000). (b) The five major epitopes identified in 

previous studies (Ayuso et al., 2002) are highlighted in green along the coiled coil. The J-W 

index computes antigenicity based on sequence. For shrimp Tpm, there is no statistical 

difference between epitope and non-epitope antigenicities (student’s t-test p = 0.86), or 

between shrimp and pig epitope regions (p = 0.50). (c) Cross-reactivity has not been 

observed between shrimp and pig Tpms. This is likely not due to lower sequence identity 

within epitopes versus non-epitope regions (p = 0.99).
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Figure 2: 
Time series of digestion under gastric conditions were performed for Tpm purified from (a) 
shrimp and (b) pig muscle tissue. Digestion products were separated with SDS page and 

visualized with silver staining. Similarly, products after 1 hour of simulated gastric digestion 

of (c) shrimp and (d) pig Tpm were further fragmented under enzymatic conditions 

corresponding to the intestinal phase. Gels have been cropped to eliminate superfluous lanes 

– cropping sites are indicated by white space between lanes. (e-g) Residues corresponding to 

dominant fragments surviving gastric digestion were identified with from MALDI-TOF 

spectra. The dominant fragment in shrimp is approximately 18 kDa, and consists of residues 

123 to 274.
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Figure 3: 
Fragments derived from a time course of shrimp and pig Tpm simulated gastric digestion 

was quantified by LC-MS/MS. Approximately 200 fragments were identified across the 

digestion time from 5 min to 4hrs. (a) Shrimp and (b) pig Tpm fragments were quantified 

based on relative abundance across the time series, where abundance is represented by a 

rainbow palette from blue-low to red-high. Peptides were grouped by k-means clustering. 

For each cluster, the total number of peptide, and number of peptides overlapping the 5 

epitope regions and C terminal half of the protein defined as residues 123–284 are tabulated 

on the right. Sequence position and relative are shown for (c) shrimp and (d) pig Tpm. 

Maximum relative abundance of a specific fragment during gastric and intestinal digestion 

time-course are indicated in red. Grey bands demarcate epitopes.
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Figure 4: 
Thermal denaturation of Tpm was observed by CD spectroscopy following helical 

transitions at 222nm. Thermal denaturation (solid lines) and first-derivative plots were 

calculated (dashed lines) of pig (red), shrimp (black), and rat (blue) Tpm at (a) acidic and 

(b) neutral conditions. Temperature ranged from 4°C to 70°C or 95°C for neutral and acidic 

conditions respectively.
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Figure 5: 
(a) 14 peptides were synthesized spanning Tpm sequence for either shrimp or pig proteins. 

Epitopes in red are prior to the initial pepsin cleavage site at residue 123 and defined as part 

of the N terminal half (NTH) of Tpm, conversely, epitopes downstream of the cleavage site 

are in the digestion-resistant (see Fig 2) C terminal half (CTH). (b – e) CD spectra of 

designed peptides from pig and shrimp Tpm sequences under neutral and acidic conditions. 

Spectra of peptides with overlap to epitopes within the NTH and CTH were colored red and 

blue respectively. Residue 123 in shrimp Tpm is suggested to be near the initial cleavage site 

for shrimp Tpm, peptide S7 overlaps it and is highlighted in yellow.
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Figure 6: 
(a) Number of pepsin, trypsin and chymotrypsin cleavage sites for 16-aa fragments of 

shrimp Tpm starting every six residues (i.e. 1–16, 7–22 …). Pink bars indicate fragments 

that overlap epitopes. (b) Epitopes (red) and a or d heptad position Ala-clusters (yellow) 

highlighted on a model of the Tpm coiled coil. (c) interhelical spacing is calculated between 

the d position on one chain and the a and a’ postions on the neighboring chain as (da + 

da’)/2. (d) mean interhelical spacing over the shrimp Tpm molecular dyanmics trajectory at 

acid and neutral pH. (e) standard deviation of interhelical spacing indicating local flexibility 

of core packing. See also Table S1, Figures S2, S3, S4, S6.
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Figure 7. 
Molecular dynamics trajectories of shrimp (blue) and pig (gold) Tpm highlight enhanced 

global flexibility of vertebrate form. Radius of gyration, Rg, was calculated over Cα 
positions for each trajectory. See also Figures S6, S7.
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