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Abstract

In his 1875 monograph on insectivorous plants, Darwin described the feeding reactions of Drosera 
flypaper traps and predicted that their secretions contained a “ferment” similar to mammalian 

pepsin, an aspartic protease. Here we report a high-quality draft genome sequence for the cape 

sundew, Drosera capensis, the first genome of a carnivorous plant from order Caryophyllales, 

which also includes the Venus flytrap (Dionaea) and the tropical pitcher plants (Nepenthes). This 

species was selected in part for its hardiness and ease of cultivation, making it an excellent model 

organism for further investigations of plant carnivory. Analysis of predicted protein sequences 

yields genes encoding proteases homologous to those found in other plants, some of which display 

sequence and structural features that suggest novel functionalities. Because the sequence similarity 

to proteins of known structure is in most cases too low for traditional homology modeling, 3D 

structures of representative proteases are predicted using comparative modeling with all-atom 

refinement. Although the overall folds and active residues for these proteins are conserved, we find 

structural and sequence differences consistent with a diversity of substrate recognition patterns. 

Finally, we predict differences in substrate specificities using in silico experiments, providing 

targets for structure/function studies of novel enzymes with biological and technological 

significance.
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Introduction

The digestive enzymes of carnivorous plants have been a topic of biological interest at least 

since Darwin's 1875 monograph on insectivorous plants [1], where he noted that the 

mucilage secretions of plants in the genus Drosera appeared to contain a “ferment” that he 

conjectured to be similar to mammalian pepsin (now known to be an aspartic protease). 

Despite the tremendous advances in our understanding of biochemistry since Darwin's era, 

researchers are only beginning to characterize the carnivorous plant digestive enzymes 

whose existence he and others posited. To date, only two carnivorous plant genomes, those 

of Genlisea aurea [2] and Utricularia gibba [3], both members of the asterid order Lamiales, 

have been sequenced. The focus of these studies was on the genomes themselves, both of 

which are remarkably small due to their unusually low non-coding DNA content. Both 

Genlisea and Utricularia feed on small, often microscopic, prey and perform their digestive 

functions in closed traps in a relatively thermostable environment (underground or under 

water); thus they are less subject to the environmental constraints faced by carnivorous 

plants that perform their prey capture in exposed environments. These plants, by contrast, 

require stable, highly active digestive enzymes that permit the processing of animal prey 

tissues over relatively long time spans and usually under milder chemical conditions than 

those of their animal counterparts. The digestive process must occur without mastication or 

other mechanical disruption of the prey tissue, and in competition with bacterial and fungal 

growth. The unique proteomic challenges faced by these plants make them attractive targets 

for enzyme discovery.

Carnivorous plant digestive enzymes constitute a rich resource for chemical biology and 

biotechnology applications: their stability, substrate specificities, cleavage patterns, and 

ability to function over different pH ranges are potentially useful in a variety of laboratory 

applications. Furthermore, the evolution of plant carnivory, which has happened 

independently in several lineages [4] presents an opportunity to understand how complex 

signaling mechanisms and mechanical structures can be modified to serve different 

purposes. For our present genome sequencing and enzyme discovery study, we chose the 

Cape sundew (Drosera capensis), which is native to the Cape region of South Africa and 

belongs to the order Caryophyllales. D. capensis represents an excellent model organism for 

the study of carnivory in plants; it is easily cultivated, is capable of self-pollination, matures 

quickly, requires no period of dormancy, and is large and robust, facilitating tissue collection 

for multiple experiments from the same specimen.

The Drosera belong to the order Caryophyllales, which includes some of the most 

specialized and charismatic examples of plant carnivory; the order contains the tropical 

pitcher plants (Nepenthes sp.), the Venus flytrap (Dionaea muscipula), the waterwheel plant 

(Aldrovanda vesiculosa), the dewy pine (Drosophyllum luscitanica), and the sundews 

(Drosera sp.). Proteomic analysis of the trap fluid in Nepenthes established the description 

of the nepenthesins as a distinct aspartic protease family [5]. Nepenthesins from several 

species have been cloned and expressed [6, 7], enabling characterization of their substrate 

specificities, resistance to thermal and chemical denaturation, and pH dependence. More 

recently, a combination of in vitro and in vivo approaches have determined that nepenthesins 
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account for most of the protease activity in Nepenthes pitchers, and that prey capture 

induces both nepenthesin upregulation and a decrease in pitcher fluid pH [8]. The prey 

capture and digestive processes are regulated by the jasmonate signaling pathway in 

Nepenthes mirabilis [8], D. muscipula [9] and D. capensis [10]. Because the jasmonate 

phytohormones are also involved in upregulation of genes required for defensive responses 

to wounding and chemical cues from herbivorous insects, this supports the hypothesis that 

carnivory in the Caryophyllales evolved from defensive responses [11]. Despite the intense 

interest in these plants and their prey capture systems and associated proteins, no genome of 

a carnivorous plant from order Caryophyllales has previously been sequenced, limiting both 

the investigation of their evolutionary relationships and the discovery of novel enzymes from 

these sources.

Proteases are a ubiquitous class of enzymes that catalyze the breaking of peptide bonds, an 

essential function in both normal protein turnover and in the digestion of prey. Despite 

differences in evolutionary history and substrate specificity, proteases can be broadly 

classified by catalytic mechanism based on the primary functional group used to perform 

peptide bond hydrolysis, as tabulated in the MEROPS protease database [12]. The active 

moiety can be the thiol group of a cysteine, the hydroxyl group of a serine or threonine, the 

carboxylic acid of a glutamic acid or aspartic acid, or a metal ion bound to the active site. In 

addition to the widely conserved plant proteases that perform cellular functions related to 

protein turnover, fruit ripening, and programmed cell death, carnivorous plants must also 

produce digestive enzymes; thus, their proteases are expected to provide a rich source of 

biochemical and structural targets.

The genes coding for cysteine proteases and aspartic proteases in the D. capensis genome 

have only moderate sequence identity to known proteases, although important functional 

features are conserved. This presents a problem for traditional homology modeling, which is 

performed by superimposing the primary sequence of the unknown protein over the structure 

of a close homolog and refining via energy minimization. Because traditional homology 

models rely on a high degree of sequence identity (typically 60% or more) to a protein of 

known structure, we use Rosetta [13] via the Robetta server [14] to perform comparative 

modeling with all-atom refinement. This approach uses a combination of fragment 

homology and de novo structure prediction, allowing accurate prediction of tertiary (and in 

some cases quaternary) structure from sequence information. Rosetta has been productively 

applied to understanding the determinants of substrate binding and enzyme activity [15], 

active site design [16], and guiding molecular replacement for protein structure 

determination [17]. Structure prediction using Robetta is regularly evaluated both internally 

and as part of the biennial CASP competition, in which molecular modeling programs are 

tested against new, unpublished structures [18, 19]. Here we apply this strategy to predicting 

enzyme functionality based on structural homology in the absence of close relatives of 

known structure, illustrating how comparative modeling with all-atom refinement can be 

used to guide target selection for a focused structural genomics study. The predicted 

structures enable selection of proteins for resource-intensive biochemical characterization 

and structure determination that are likely to be structurally and functionally interesting. 

Although the proteins here can be understood in terms of comparison to known structures, in 

all three enzyme classes, examples are found where significant structural differences are 
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predicted by the models, suggesting promising targets for structure determination and 

biochemical characterization.

Here we report the sequencing and assembly of a high-quality draft genome for D. capensis 
and a comparative analysis of the sequences and predicted structures of representative 

members of three classes of proteases. Four cysteine proteases and seven aspartic proteases 

were identified from genomic DNA based on phylogenetic analysis and selected for further 

study; homology to cDNA from the previously reported transcriptome of D. muscipula [20] 

as well as data from model organisms is employed to confirm similarity to expressed 

proteins. We use comparative modeling with all-atom refinement to predict three-

dimensional structures for these proteins as well as functional subsequences thereof, finding 

putative global and active site structures that are a close match to those of other known 

members of these protein families, despite limited sequence identity. Differences in protease 

substrate affinity are predicted in silico via substrate docking experiments. The conservation 

of the active site residues suggests that these proteins are functional, while their sequence 

differences from known homologs and variation in substrate affinities make them excellent 

candidates for further biochemical and structural characterization. The predicted structures 

and substrate docking studies provide many opportunities for testing hypotheses about 

structure-function relationships in these aggressively selected enzymes. In particular, we 

identify one group of aspartic proteases—which we refer to as droserasins—whose relative 

similarity to pepsin make them natural candidates for the “ferment” identified by Darwin in 

his 1875 monograph.

Methods

Approximately 1 g (wet mass) of leaf and petiole material was taken from a mature 

(approximately 16 months in age) specimen of D. capensis. Genomic DNA was isolated 

using a protocol developed for recalcitrant plants [21].

Genomic DNA Sequencing

Using a Covaris S2, gDNA was sheared to generate 300 - 500bp fragments. The Bioo 

Scientific NEXTflex Rapid DNA-Seq kit for the Illumina platform was used. The ends of 

the sheared DNA were repaired and then adenylated on the 3′ end, after which the 

fragments were ligated with NEXTflex DNA-Seq adapters and enriched by PCR. The 

libraries were validated by qPCR and sized by Agilent Bioanalyzer DNA high-sensitivity 

chip. The libraries were clustered on the flow-cell at 12pM and sequenced on an Illumina 

HiSeq 2500 high output lane using paired end 100 cycles. The version of HiSeq control 

software was HCS 2.2.38 with real time analysis software, RTA 1.18.64. Reads were 

prepared as 100bp paired-end libraries, with an average insert size of approximately 284bp. 

This process resulted in approximately 133 million usable reads.

Genome Assembly and Validation

Paired-end reads were assembled using the MaSuRCA pipeline (v2.3.2) [22], which 

employs a hybrid algorithm combining de Bruijn graph and overlap-layout-consensus 

approaches. As MaSuRCA utilizes an internal error-correction algorithm (QuorUM [23]), 
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reads were not quality-trimmed prior to processing (although adaptor sequences were 

removed). (Alternate assemblies constructed using SOAPdenovo2 (v2.04) [24] with a 

variety of pre-processing steps also showed no benefit to quality trimming, removal of low-

entropy sequences, or related measures.) Following initial assembly, scaffolds were screened 

for organelle DNA by BLAST searches against known organelle genomes from related 

organisms; specifically, the Fagopyrum esculentum subsp. ancestrale (NC 010776) 

chloroplast genome and the mitochondrial genomes for Silene latifolia (NC 014487.1), Beta 
macrocarpa (NC 015994.1), and Beta vulgaris subsp. maritima (FP 885845.1) were 

employed as references. Scaffolds returning any hits at ≥80% identity with an e-value of 

1e-8 versus any reference were tagged as containing non-genomic DNA and were removed 

from the assembly. Additional screening for vectors, human DNA, or other contaminants 

was performed using the NCBI VecScreen service (with any problematic scaffolds 

removed). The final assembly consists of 18,637 contigs in 13,142 scaffolds, spanning a 

total of 264Mbp. This covers approximately 90% of the estimated 293Mbp [25] in the D. 
capensis genome. The assembly was successfully submitted to the NCBI WGS repository 

(project PRJNA291419, accession LIEC00000000).

Initial evaluation of the assembled genome was performed using QUAST (v2.3) [26]. 

Exclusion of all contigs of length <500bp leads to an N50 of 82,651bp, with a maximum 

scaffold size of approximately 405Kbp (longest contig apx 242Kbp, mean 19Kpb). This 

compares favorably with other published assemblies using Illumina HiSeq reads (e.g., [2]). 

QUAST's default (GlimmerHMM) eukaryotic gene finder predicts approximately 62,000 

unique genes, which is also comparable with other published carnivorous plant assemblies 

[2, 3]. Proteome coverage was assessed using CEGMA pipeline [27] by examining the 

number of Core Eukaryotic Genes contained within the assembly; of the 248 genes in the 

CEGMA core set, complete matches were found for approximately 90% (223/248) and 

partial matches for essentially all (99%, or 245/248). Our assembly thus appears to cover the 

overwhelming majority of the coding region of the D. capensis genome.

Annotation

De novo gene annotation was performed using the MAKER-P (v2.31.8) pipeline [28], 

following the protocol of Campbell et al. [29]. The cDNA library from the D. muscipula 
transcriptome [20] was employed as a source of EST evidence from a closely related 

species; the set of all proteins in the UniProt database from plants in order Caryophyllales 

with evidence at the transcript or protein level was employed as an additional source of 

information on homologous proteins. The Augustus [30] “tomato” model was employed for 

the initial annotation (as the closest relative with an available trained model). Per the 

Campbell et al. protocol, SNAP [31] was also employed via a five-step training cycle: an 

initial MAKER annotation cycle was performed with SNAP untrained; SNAP was trained on 

the initial MAKER output; a second MAKER annotation cycle was performed using the 

trained SNAP model; SNAP was trained on the second round of MAKER output; and, 

finally, a third MAKER annotation cycle was performed using the retrained SNAP model. 

Annotations from this cycle were retained for subsequent analysis.
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Following identification, putative genes were assigned functional annotations using BLAST 

against SwissProt (downloaded 8/30/15) and InterProScan [32] (Campbell et al. support 

protocol 3, basic protocol 5). 8,120 genes were identified by the annotation pipeline, with 

92% having AED scores less than 0.5 and 91% having a recognized Pfam domain. Given the 

substantially higher estimated gene count from QUAST, we regard this as an extremely 

conservative lower bound on the gene content of the D. capensis genome. InterProScan was 

used to assign ontology codes [33] to each putative gene; for each identified GO code, all 

codes ancestral to it in the gene ontology network (under the SUBCLASS relation) were 

identified using OWLtools [34], yielding a total of 1,761 unique annotations. For display in 

Figure 1, GO codes were clustered based on their geodesic distances in the symmetrized 

SUBCLASS network using the ward.D hierarchical clustering method in the R statistical 

computing platform [35] (network analysis performed using the network and sna libraries 

from the statnet library [36, 37, 38]).

Sequence Alignment and Prediction of Putative Protein Properties

Sequence alignments were performed using ClustalOmega [39], with settings for gap open 

penalty = 10.0 and gap extension penalty = 0.05, hydrophilic residues = GPSNDQERK, and 

the BLOSUM weight matrix. The presence and position of a signal sequence flagging the 

protein for secretion was predicted using the program SignalP 4.1 server [40]. Secondary 

structure prediction was performed using the PsiPred server [41, 42] and protein domains 

were predicted using GenTHREADER and pDomTHREADER [43, 44]. Structures were 

predicted using the Robetta server [14]. The PDB files generated by Rosetta for all the 

proteins discussed in this manuscript are available in the Supplementary Information; the 

available files are tabulated in Supplementary Tables S1 and S2.

Substrate Docking and Predicted Affinity Comparisons

Differences in protease substrate affinity were predicted in silico via the following 

procedure. First, hexameric test peptides were constructed using PyMol and prepared as 

flexible ligands using Autodock Tools [45]. Each test peptide was then docked to the target 

protease using Autodock Vina (v1.1.2) [46]—which has been found to show favorable 

performance with this protein family [47]—with a search space centered on the active site. 

Following the recommendations of [48], a linear dimension of 2.857 times the peptide radius 

of gyration was employed, and a maximum of 20 poses were extracted per peptide/protease 

combination. This process was repeated multiple times to obtain a larger pose set for 

subsequent analysis, as described below.

The complete set of poses was employed to construct affinity weights, based on a simplified 

Boltzmann-like model. For each peptide, the total set of observed poses is treated as an 

approximate ensemble of pose microstates for that peptide. We approximate the probability 

of finding the system in microstate i by exp(−Ei/(RT))/Z(T), with Ei being the Vina affinity 

score (converted to appropriate units), T being the system temperature, R being the gas 

constant, and Z being the partition function (here, the sum of the numerator over all 

observed poses). We employ 300K as the effective temperature for purposes of analysis; 

results were not found to be sensitive to this parameter over a physically reasonable range. 

For each pose, we examine the minimum distance from each backbone C=O bond to the 
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active site oxygens (the “active site distance”); the C-N bond following the closest C=O 

bond is taken to be the potential scissile bond for that pose. As the hydrolysis of the C-N 

bond is initiated by a nucleophilic attack on the C=O carbon, successful cleavage depends 

on the carbonyl being within an appropriate distance of the active site. Here, we label poses 

with an active site distance within a specified range (calibration described below) as 

“viable,” while poses with active site distances outside this range are referred to as “non-

viable;” non-viable poses are not expected to contribute to cleavage, but will compete with 

viable poses for the position of the ligand in the active site. Given this model, we define the 

affinity weight of a given bond as the log of the total probability of finding the system in a 

viable pose with that bond as the scissile bond at a random time. Intuitively, high-weight 

bonds are those that have a high total affinity without also having many non-viable poses 

that compete with local viable ones–both factors can conspire to render a bond low-weight. 

Given that a peptide is presented to the active site, the high-affinity bonds are predicted to be 

those with the most opportunities to be severed, and hence those that will be cleaved at the 

highest rates.

Validation of this approach was perfomed using experimental data from Athauda et al. [49] 

on cleavage sites for Nepenthesin 1 versus the B chain of human insulin (UNIPROT P01308, 

residues 25-54). Docking was performed on each sequential insulin hexamer 50 times, for a 

total of approximately 1000 poses per hexamer (approximately 25,000 poses total); affinity 

weights were calculated for each bond using the above procedure, with weights for each 

bond combined by logarithmic summation across all hexamers in which it appeared. The 

range of viable active site distances was found by simulated annealing with the affinity 

weight/cleavage indicator correlation as the objective function; the resulting range was 

found to be 5.11–5.74 Å. The resulting affinity weights are strong cleavage site predictors, 

as shown in Figure 2, with an affinity weight/cleavage correlation of 0.64 (p < 0.001).

Our approach was employed to predict differences in substrate affinity across aspartic 

proteases, as follows. Test peptides were constructed from Drosophila melanogaster myosin 

(heavy chain, muscle; Uniprot P05661) by dividing the complete protein into 327 sequential 

non-overlapping hexameric segments; each hexapeptide was constructed and docked using 

the above procedure, with a minimum of 100 poses per peptide per protease (≥32,700 poses 

per protease total). Each pose set was employed to construct affinity weights as specifed 

above, with pose viability determined via the previously calibrated 5.11–5.74 Å active site 

distance range. This resulted in a total of 1635 affinity weights per protein (5/peptide). For 

purposes of comparison, the relative affinity weights of each potential cleavage site were 

rank ordered for each protease, and the summed absolute differences in ranks (i.e., 

Manhattan metric or L1 norm) were computed for every pair of proteases. To ensure that 

sufficient pose coverage was obtained, split-half reliability was calculated for the total 

distance matrix (with splits being taken over the set of affinity weights); the mean reliability 

(i.e., product-moment correlation between off-diagonal distances) over 1,000 random splits 

was >0.96, indicating a high level of stability.
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Results and Discussion

The D. capensis Genome Contains the Expected Complement of Genes

The D. capensis genome assembly consists of 18,637 contigs in 13,142 scaffolds, spanning a 

total of 264Mbp. This assembly has been submitted to the NCBI WGS repository (project 

PRJNA291419, accession LIEC00000000). Putative genes from the D. capensis genome 

were identified using the MAKER-P [28] pipeline. Gene ontology annotations [33] were 

assigned to putative genes using InterProScan [32]; for each identified GO code, all codes 

ancestral to it in the gene ontology network (under the SUBCLASS relation) were identified 

using OWLtools [34], yielding a total of 1,761 unique annotations (Fig. 1). The high 

diversity of identified functions is indicated by the long-tailed distribution of frequencies. 

Sequence similarity searches to the D. capensis genomic DNA and the recently sequenced 

D. muscipula transcriptome [20] reveal many predicted cysteine proteases and aspartic 

proteases, most with only moderate (30%-40%) sequence identity to their nearest matches 

from model organisms. Although the genome annotation indicates that D. capensis contains 

a full complement of digestive enzymes, including nucleases, chitinases, lipases, and 

amylases, here we focus on we focus on comparative analysis of three classes of proteases: 

the cysteine proteases of MEROPS family C1, and the aspartic proteases of MEROPS 

families A1A and A1B [12].

Key Residues Are Conserved in D. capensis Cysteine Proteases

Clustering of representative sequences with previously characterized cysteine proteases (Fig. 

3) indicates that a diverse array of protease types is found in both D. capensis and D. 
muscipula. Each of the recently identified dionains 1 and 3 has a close relative in D. 
capensis. A sequence alignment comparing four putative cysteine proteases from D. capensis 
(Supplementary Fig. S1) to the well-characterized enzymes papain (Carica papaya, UniProt 

P00784), and pineapple fruit bromelain (Ananas comosus, UniProt O23791) shows that 

these proteins contain the conserved Cys and His residues comprising the cysteine protease 

catalytic dyad as well as the pro-sequences that would be expected for expected for 

functional proteases. All but aspain are predicted to have an N-terminal signal sequence 

targeting the protein for secretion (Supplementary Figure S1).

Included for comparison are related plant cysteine proteases that have been previously 

identified but not yet extensively characterized; zingipain 1 from Zingiber officianale 
(UniProt P82473), and the dionains 1 and 3 from the related Dionaea muscipula (UniProt 

A0A0E3GLN3, and A0A0E3M338, respectively). The sequences are annotated to indicate 

both general amino acid properties and specific functional aspects of C1 family proteases, as 

described in the S.I. For the previously uncharacterized cysteine proteases, SignalP 4.1 [40] 

was used to predict the signal sequences (Supplementary Figs. S2-S3), while the pro-

sequences were predicted by similarity to papain and fruit bromelain. Because the 

zingipain-1 sequence was identified via protein sequencing of the mature enzyme via mass 

spectrometry, this sequence lacks the signal peptide and pro-sequence [50]. As-pain and 

dionain 3 appear to lack signal sequences, although each contains a pro-sequence.
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Molecular Modeling of Cysteine Proteases Reveals Similarities and Differences to Known 
Structures

Papain-type enzymes (MEROPS C1) are common in plants, both as vacuolar proteins and in 

the flesh of many fruits, where they deter insects and cleave endogenous proteins as part of 

the ripening process. This family includes endopeptidases, dipeptidyl peptidases, and 

aminopeptidases [51]. Some are secreted, while others are active in the vacuole, serving 

functions analogous to those of lysozomal cathepsins in animals [52]. The same species may 

have multiple paralogs with different substrate specificities; the tobacco plant (Nicotiana 
tabacum) has at least 60 different cysteine protease genes [53]. This sequence diversity 

enables the organism to produce a broad portfolio of cleavage activities, as demonstrated for 

the ervatamins, where subtle structural differences in the substrate-binding pocket result in 

variable substrate preferences [54].

C1 cysteine proteases necessarily contain a catalytic dyad made up of Cys and His residues; 

in many examples, an asparagine residue also helps to position the catalytic His in the 

correct orientation to deprotonate the Cys [55]. Like many other proteases, the papain-family 

proteins are protected during processing by a pro-sequence that must be cleaved for the 

enzyme to become active. The pro-sequences of C1 proteases in plants can inhibit 

exogenous cysteine proteases, inhibiting the feeding of insect [56], nematode [57], and 

spider mite pests [58]. The inhibitory effect of the pro-sequence can be used to provide 

protection in transgenic plants, conferring resistance to crop varieties otherwise lacking the 

relevant cysteine proteases [59] and protecting against Bt-resistant pests [60]. Despite some 

variation in the lengths of the C-terminal and N-terminal regions, all the cysteine proteases 

investigated here show substantial similarity in the pro-sequences; in particular, the ERFNIN 

motif often found in the pro-sequence of C1 proteases [61] is conserved. The diversity of 

cleavage modes and substrate activities found in the C1 protease family are particularly 

interesting in the context of carnivorous plants, which need a variety of cleavage activities to 

effectively digest the proteins from their prey. The presence of cysteine proteases in the 

digestive fluids of D. indica has previously been inferred from biochemical activity assays 

[62], but the proteins themselves have not yet been characterized.

In this study, four cysteine proteases with moderate sequence homology to proteins of 

known structure have been identified from the genome of D. capensis. Sequence analysis 

(Supplementary Figure S1) and molecular modeling (Supplementary Table 1) predict that all 

four are similar in overall fold to papain and related proteases. Because of their limited 

sequence similarity to targets of known structure, we employ a strategy of comparative 

modeling with all-atom refinement using Rosetta to predict the protease structures. The 

Robetta server employs a combined strategy of comparative and de novo modeling, first 

attempting to find templates from homologues in the protein data bank and then moving to 

de novo prediction in the case where no close homologues exist [13]. For all of the D. 
capensis proteases examined here, structural templates with varying degrees of homology 

were available in the PDB; the modeling was therefore done using iterative comparative 

modeling in all cases. In the Rosetta refine-and-rebuild protocol [63], the target sequence is 

aligned to the parent seqence(s), followed by all-atom refinement runs, generating multiple 

models from which the lowest energy models are selected. This process is repeated 
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iteratively, using more conservative alignment to fewer templates in the case of high 

homology and a broader search of the available conformational space, making use of more 

template sequences, in the case of lower homology. Loops and insertions present in the 

target but not the template are handled as separate fragment structures [64]. All PDB 

structures used to generate the domain predictions for two representative cysteine proteases, 

Dionain 1 and Aspain, are tabulated in Supplementary Tables 2 and 3, respectively. The 

enzymes used in these structure predictions include plant cysteine proteases, e.g. papain and 

variants thereof, as well as mammalian capthepsins.

We separately calculated predicted structures for both the proenzymes and the predicted 

mature sequences for the D. capensis enzymes, as well as the dionains and zingipain 1. 

Interestingly, the structure selected for use as the primary template for the predicted 

structure is not necessarily that with the greatest sequence identity to the target. The parent 

structures for all cysteine proteases described in this study are reported in Supplementary 

Table 3. The Cys and His residues of the catalytic dyad are conserved in all cases, and adopt 

the same conformation within our predicted structures as in the crystal structure of papain 

[65]. Figure 4a shows the predicted structures of the full and mature sequences overlaid for 

droserain 2. Details of the active site regions with the catalytically important residues are 

highlighted for droserain 2 (Fig. 4b) and dionain 3 (Fig. 3c). With one exception (discussed 

below), in all of the cysteine proteases described here the active site residues are identical to 

those in papain: a Cys-His dyad with a stablizing Asn residue.

Comparison between our predicted structure (calculated on Sept. 15, 2015), and the crystal 

structure of Dionain 1 [66] (submitted to the PDB on Dec. 9, 2015), provides a serendipitous 

opportunity to validate our modeling approach. Because the Dionain 1 structure was 

submitted to the PDB after the calculation of our predicted structure, it was not in the 

training set available to Rosetta. This structure therefore serves as a useful validation against 

an out-of-sample observation. Figure 5a shows the predicted structure from Rosetta (gray) 

overlaid with the crystal structure (PDB ID 5A24, green). The agreement between the 

prediction and experimental results is excellent, with overlap of all major secondary 

structural elements and only minor deviations in the loop regions, which are expected to be 

more flexible. Figure 5b shows a partial sequence alignment of Dionain 1 with other 

cysteine proteases, including the parent of the predicted structure, which is cysteine 

endopeptidease B2 from Hordeum vulgare (PDB ID 2FO5) [67]. Comparison of these 

sequences reveals substantial conservation of the residues immediately surrounding the 

active cysteine. Figure 5c shows the active site residues of the predicted structure for 

Dionain 1, which are consistent with this enzyme being a functional cysteine protease. The 

excellent agreement between the molecular model and the experimentally deterimined 

structure indicate that the comparative modeling with all-atom refinement approach is 

capable of generating reasonable structural models, even in the case of only moderate 

sequence homology to the template molecules.

In contrast to Dionain 1, which appears to be a relatively typical plant cysteine protease, 

Aspain contains some structural features not seen in known plant cysteine proteases, but 

observed in proteins from other organisms. An alignment of all sequences used in predicting 

the structure of this enzyme is shown in Supplementary Figure S5. The essential catalytic 
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residues and disulfide bonds are conserved, however this protein also has a potential 

occluding loop, which may confer enhanced substrate specificity. This loop resembles the 

occluding loops that control substrate access, sometimes in a pH-dependent manner, in 

cysteine proteases from other organisms [51]. For example, the mini-loop of the human 

lysozomal protein Cathepsin X confers carboxypeptidase specificity [68, 69]. The predicted 

occluding loop appears immediately preceding the active Cys residue, in the same sequence 

position as the Cathepsin X mini-loop; however the corresponding insertion in Aspain is 

significantly longer (Figure 5b). Figure 5d shows structural comparisons of Aspain (orange), 

its parent structure, which is a cysteine endopeptidase (CysEP) from Ricinus communis 
(PDB ID 1S4V, dark blue) [70], and its structural homolog Cathepsin X (PDB ID 1EF7, 

light blue) [69]. Examination of the sequence alignment indicates that the Ricinus CysEP 

does not contain any insertions at the position of the mini-loop; the template structures used 

by Rosetta are chosen for overall structural homology while the structures of loop and linker 

regions are calculated from small fragments of the template structures [64].

Aspain also displays an unusual active site architecture, shown in Figure 5e. The stabilizing 

Asn residue is absent, but an Asp residue is located close enough to the protonated His to 

play this role (4.5 Å). An example of a similar active site in a papain-like protease is 

observed in the foot-and-mouth disease virus leader proteinase, where an Asp residue 

located 4.5 Å from the active His is required for full activity [71]. This enzyme has a highly 

specific substrate requirement, cleaving Lys-Leu-Lys*Gly-Ala-Gly to remove its own pro-

sequence and Asn-Leu-Gly*Arg-Thr-Thr to disable the 5′ cap of the host ribosome [72]. 

Although it is impossible to determine the substrate preferences of this enzyme based on the 

predicted structure, it does provide an example of how molecular modeling can identify 

enzymes with unusual features that may represent novel activities as candidates for further 

experimental characterization.

D. capensis Aspartic Proteases Cluster Into Two Distinct Families

Aspartic proteases are acid-activated endopeptidases found in a diverse array of organisms, 

including animals, plants, fungi, eubacteria, and archaea. In most plants, aspartic proteases 

play different roles ranging from protein processing [73] to senescence and programmed cell 

death [74]. Some are constituitively expressed in many types of plant tissue [75], while 

others are involved in responses to stressors such as drought [76] and pathogen infection [77, 

78, 79]. Here we focus on examples from MEROPS families A1A (pepsin, cathepsins) and 

A1B (nepenthesins), because these are known to function as digestive enzymes and are 

therefore of particular interest in carnivorous plants. Like the cysteine proteases, the aspartic 

proteases are expressed as zymogens and then cleaved post-translationally to yield the 

mature enzyme.

The aspartic proteases found in D. capensis and their homologs identified from the 

transcriptome of D. muscipula cluster into two distinct families; the nepenthesins, which 

were first discovered in the tropical pitcher plants (Nepenthes sp.), and the droserasins, 

which are related to pepsin. The cluster in Figure 6a shows the relationships among these 

carnivorous plant enzymes and the previously-annotated enzymes porcine pepsin and 

aspartic protease 1 from Arabidopsis thaliana (APA1_ARATH, a housekeeping protease). 
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We find droserasins and nepenthesins both D. capensis and D. muscipula. A protein 

sequence alignment (Supplementary Fig. S6) comparing aspartic proteases from D. capensis 
and D. muscipula with some of their counterparts from N. gracilis and selected model 

organisms reveals well-defined sequence features differentiating the droserasins from the 

nepenthesins. A comparison among the six droserasins identified from D. capensis is shown 

in Supplementary Fig. S7. In addition to the full sequence alignments, we also compared the 

sequences of droserasins 1 and 2 to an 80-amino acid aspartic protease fragment previously 

identified from D. capensis (UniProt E9RJM0_DROCA) (Supplementary Fig. S8). Although 

the active residues are not present, this fragment clearly represents part of a droserasin: 

74/80 residues are identical to droserasin 1 and 64/80 are identical to droserasin 2. 

Examination of the template structures used to model the droserasins and nepenthesins 

(Suppementary Tables 6-8 and Suppementary Figures S10-S12) shows that structures of 

porcine pepsin, porcine pepsinogen, as well as other mammalian aspartic proteases such as 

renin, represent a signficant fraction of the structures used. However, the nepenthesins and 

the droserasins are each characterized by features not found in mammalian pepsin that 

confer additional functionality.

Aspartic Protease Models Reveal Diversity in Structural Features

Signal sequences were predicted using the SignalP 4.1 server [40] for droserasins 1 and 2 

and the putative D. capensis nepenthesin (Supplementary Fig. S9), as reported for 

nepenthesins 1 and 2 from N. gracilis [8]. Structural models of the subsequences believed to 

represent the mature nepenthesins (MEROPS family A1B) are shown in Fig. 7. Nepenthesin 

1 (Fig. 7a) and nepenthesin 2 (Fig. 7b) from N. gracilis have been biochemically 

characterized, but no structures are yet available; we thus predict their three-dimensional 

structures using Rosetta. A list of the molecular models available can be found in 

Supplementary Table 5. The structures used in modeling a representative nepenthesin 

(Nepenthesin 2) are presented in Supplementary Table 6 and Supplementary Figures S10-

S11. The nepenthesin homologs from D. muscipula (Fig. 7c, Diomu_L478T3) and D. 
capensis (Fig. 7d, NEP_DCAP) share with nepenthesins 1 and 2 a two-domain architecture, 

with the active Asp residues (red) located in a cleft between the domains. Their most distinct 

common feature is the nepenthesin aspartic protease (NAP)-specific insert (light blue). The 

nepenthesins contain the nepenthesin aspartic protease (NAP)-specific insert, which is a 

structured region containing three additional disulfide bonds not found in pepsin [7, 5]. 

These disulfide bonds are thought to account for the unusually high stability of nepenthesins. 

Overall, the nepenthesins have six additional cysteines, 4 in the NAP-specific insert and two 

preceding it, that are not present in mature pepsin-like proteases.

The high stability and unique cleavage patterns of nepenthesins 1 and 2 have recently been 

used in mass spectrometry-based proteolysis studies [80, 81]. The molecular models shown 

in Fig. 7 predict similar structures for nepenthesins from different carnivorous plant species; 

however close examination of the models reveals some differences that may account for the 

diversity of their substrate preferences. Experimental structure determination of these 

enzymes and their complexes with substrates and inhibitors, will be critical for 

understanding their functional differences.
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The droserasins (MEROPS A1A), are in many ways more straightforwardly similar to 

pepsin; however, enough subtle differences exist that the use of molecular modeling is 

required to identify the mature form of the enzyme for use in docking studies. The 

sequences used in the structure prediction of Droserasin 2 are presented in Supplementary 

Table 7 and Supplementary Figure S12, while the full list of parent sequences for all the 

aspartic proteases is given in Supplementary Table 8. As for the nepenthesins, mammalian 

aspartic proteases such as pepsin and renin appear frequently, as do the plant enzymes 

prophytepsin and edgp. Although the droserasins share the same overall architecture as the 

nepenthesins, they lack the NAP-specific insert and instead contain an interesting feature not 

found in mammalian enzymes or nepenthesins, the plant-specific insert (PSI). The PSI is a 

domain of 50-100 amino acids with moderate sequence similarity to mammalian saposins 

that is removed during post-translational processing to form a separate functional protein. 

Figure 9a shows both the subsequence predicted to represent the mature enzyme for 

droserasin 1 (dark blue) and the full sequence (overlaid in lighter colors representing 

different sequence regions).

A structural model of the full-length sequence of Diomu_L6139T1, a droserasin from D. 
muscipula is shown in Figure 9b. Diomu_L6139T1 has all the features of a functional 

droserasin, including the signal sequence, the pro-sequence, the active site, and the PSI. For 

each protein, the structures of the zymogen and the mature sequence were predicted 

independently using Rosetta; the structures are nearly superimposable over the sequence 

region where they coincide. The active sites of all the aspartic protease models examined 

have two Asp residues pointed toward each other as expected from the crystal structures of 

pepsin, as shown for droserasin 1 (Fig. 9c) and droserasin 2 (Fig. 9d, and Diomu_L6139T1 

((Fig. 9e). As expected, the secretion signal sequence (light orange) is a long helix, while the 

pro-sequence (pink) consists of helical and loop regions and blocks the active site.

Because the PSI is biologically active in its own right, the droserasin PSIs were modeled 

independently from the full-length protein. The template sequences used for the Droserasin 

2 PSI are presented in Supplementary Table 7 and Supplementary Figure 13. The PSI 

domain was first observed in the crystal structure of a barley (Hordeum vulgare) aspartic 

protease, prophytepsin [82]. Known PSI proteins form membrane-associated dimers, and act 

to suppress the growth of fungal pathogens affecting both plants and humans [83]. After 

cleavage from its parent aspartic protease, the PSI acts as a pH-dependent fusogenic enzyme, 

disrupting membranes and promoting fusion in a similar manner to mammalian saposins and 

viral hemagglutinins, both of which it resembles in sequence and 3D structure. Interestingly, 

although the full-length enzymes are modeled using different structures, all the droserasin 

PSIs examined here are modeled based on the crystal structure of the S. tuberosum PSI 

(PDBID 3RFI) [84]. Except for that of Diomu_L6139T1, the droserasin PSIs are predicted 

to adopt a kinked structure composed of four short helices, which then assembles into a 

domain-swapped dimer (Fig. 9f and g. The PSI of Diomu_L6139T1 is predicted to form a 

more compact four-helix bundle, similar to structures observed for human saposins C and D. 

Upon closer inspection of the two different PSI structures from D. muscipula, the saposin 

fold can be overlaid over one half of the more extended dimeric structure, showing a clear 

relationship between these apparently disparate folds. Both types of PSI structure predicted 

here were observed in a recent modeling study of the S. tuberosum PSI [85] at different pH 
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values, suggesting that the conformation of this domain is strongly dependent on solution 

conditions and providing a basis for future experimental studies. The question of pH-

dependent structural changes and differences in activity are highly relevant to comparative 

studies of carnivorous plants, as the pH of Nepenthes pitcher fluid is about 2, while that of 

Drosera capensis mucilage is approximately 5. This suggests that the D. capensis digestive 

enzymes may be particularly useful in a laboratory context, because they are active under 

milder solution conditions.

Molecular Docking Predicts Differences in Aspartic Protease Substrate Affinities

The cleavage sites for the pro-sequences of the droserasins were initially predicted using the 

UniProt annotations for a pepsin-family aspartic protease from Arabidopsis thaliana 
(UniProt O65390) for which no structures yet exist; the predicted cut site was based on 

sequence homology to pig pepsin A (Fig. 8a). However, the Rosetta structures revealed that 

some of the pro-sequence remained, blocking the active site (Fig. 8b). A new cleavage site 

was then predicted, based on structural rather than sequence homology to pepsin A (Fig. 8c). 

This approach resulted in structures with exposed active sites for all the proteins examined 

here, enabling the docking studies (Supplementary Fig. S13).

Differences in protease substrate affinity were predicted in silico via docking experiments 

using Autodock Vina (v1.1.2) [46]. 327 test peptides six residues in length were constructed 

from Drosophila melanogaster myosin (heavy chain, muscle; Uniprot P05661) and docked 

to each predicted aspartic protease structure. Cleavage propensity for each peptide bond was 

predicted using affinity weights (see methods), and was ranked (over all 1635 bonds) for 

each protease; summed absolute differences in ranks were employed as a measure of 

difference in substrate affinity. A complete link hierarchical clustering of the resulting 

distances (rescaled against the maximum possible distance) is shown in Fig. 6b. Proteases 

clustered together show relatively similar affinity patterns across the test peptides. The 

pattern of similarity in substrate affinity has some resemblance to sequence similarity (Fig. 

6a), but is in many respects distinct. For instance, porcine pepsin shows substantial 

differences in amino acid sequence from most of the other proteins examined, but shows a 

similar substrate affinity pattern to Diomu_L478T3 (to which it shows little sequence 

similarity). The nepenthesins appear to have diverse substrate preferences (with NEP_DCAP 

and NEP2 being closer to to each other than to the other proteins, and both being far from 

NEP1), with droserasins 1-3 and 5 having more consistent (and distinct) behavior. 

Droserasin 4 appears to behave most similarly to Diomu_L6139T1, with both being fairly 

dissimilar to their closest neighbor (NEP1); the Arabadopsis protease APA1_ARATH is 

somewhat intermediate between NEP1 and the DiomuŁ478T3/porcine pepsin cluster.

Conclusion

In summary, we report here the first genome of a carnivorous plant from the order 

Caryophyllales, Drosera capensis. Several new proteases were identified directly from the 

genomic DNA of D. capensis, and compared to their homologs found in the cDNA of 

Dionaea muscipula and in previously studied model organisms. Molecular modeling of these 

proteins suggests that they are functional and may display useful variation in their substrate 
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specificity and cleavage patterns, making them promising targets for biochemical studies. 

The aspartic proteases identified here likely constitute the “ferment” conjectured in early 

observations of Drosera digestion. Although our focus here is on digestive enzymes, the prey 

capture mode of D. capensis suggests the presence of potentially novel transporters, 

glycosyltransferases, and other functional proteins. We expect that the D. capensis genome 

will be a rich resource for these and other potentially useful enzymes, and that molecular 

modeling techniques will be invaluable in identifying promising structural targets with 

biological relevance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
D. capensis genome annotation. The 25 most common functional annotations either directly 

associated or ancestral to directly associated annotations on MAKER-identified genes in D. 
capensis. The fraction of identified genes associated directly or indirectly with each 

annotation code is shown on the vertical axis, with annotations shown in descending order of 

frequency. The description field of each GO code is shown (inset) by rank order. 

Hierarchical clustering of intercode distances within the ontology network was used to group 

the 25 most common functional annotations into four classes (denoted by color): ligand 

binding (aqua); membrane or nuclear location (magenta); and two groups of enzymatic 

functions (orange and violet).
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Figure 2. 
Docking procedure validation for Nepenthesin 1 on human insulin. a. Affinity weights by 

sequence position for human insulin B chain; larger values indicate higher predicted affinity. 

Cleavage sites reported by Athauda et al. [49] are shown in red. Higher affinities are 

significantly associated with cleavage sites (correlation 0.64, p < 0.001), as revealed by the 

marginal distributions of affinity weights for cleavage versus non-cleavage sites (inset). b. 

Receiver operating characteristic (ROC) curve for cleavage/non-cleavage site classification 

in insulin using affinity weights. Affinity weight is a strong predictor of cleavage sites, with 

high true positive rates attainable at fairly low false positive rates.
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Figure 3. 
Cluster analysis of cysteine protease sequences identified from D. capensis, which are 

homologous to a variety of known plant cysteine proteases, including dionain 1 and dionain 

3 from the Venus flytrap, Dionaea muscipula.
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Figure 4. 
Cysteine protease structure predictions. Rosetta was used to predict the structures of the D. 
capensis and D. muscipula cysteine proteases. a Two structures of each enzyme were 

calculated: the full-length chain, and the subsequence believed to represent the mature 

enzyme (dark green, transparent surface). This is illustrated here for droserain 2, with the 

full-length protein in light colors overlaid on the mature enzyme in dark green. Like all the 

droserains and dionains investigated, droserain 2 has a two-domain architecture with the 

active residues located in the interdomain cleft, similar to papain. The signal sequence (light 

orange) and the pro-sequence (pink) are cleaved during maturation. The PDB files for the 

predicted structures corresponding to the full-length and mature sequences of all the 

enzymes investigated are available in the Supporting Information. b, c The active sites of all 

the cysteine proteases investigated contain the active Cys and His residues in the expected 

configuration. Most also have the Asn residue that generally stabilizes the protonated His in 

the active configuration, shown here for droserain 2 and dionain 3.
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Figure 5. 
a The predicted Rosetta structure of Dionain 1 (gray) overlaid with the subsequently solved 

crystal structure (PDBID 1EF7, green) [66]. b Structural comparison among the predicted 

structure of Aspain (orange), the structure of Ricinus communis CysEP (CYSEP_RICCO) 

used by Rosetta as the parent structure of Aspain (PDBID 1S4V, dark blue) [70], and 

Cathepsin X (PDBID 1EF7, light blue) [69]. Structure prediction suggests that aspain has an 

occluding loop located near the active site, in the same position as the mini-loop of 

Cathepsin X. c A sequence alignment of the residues near the active sites showing the 

position of the insertions representing the Cathepsin X mini-loop and Aspain occluding loop 

relative to the active cysteine residues. d The predicted active site of Dionain 1 with the 

active residues highlighted. e The active site of aspain contains the active Cys and His 

residues in the expected configuration, but the His appears to be stabilized by an Asp instead 

of an Asn.
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Figure 6. 
Cluster analysis of aspartic proteases from Caryophyllales carnivorous plants and model 

organisms. a The aspartic proteases found in D. capansis and D. muscipula. belong to two 

distinct groups, the pepsin family and the nepenthesin family. b Cluster analysis of aspartic 

proteases from Caryophyllales carnivorous plants and model organisms based on predicted 

substrate affinity. Here, porcine pepsin shows a similar substrate affinity pattern to 

Diomu_L478T3 (to which it shows little sequence similarity). The nepenthesins have diverse 

substrate preferences; Nepenthesin 1 clusters with droserasin 4, porcine pepsin, and the 

Arabadopsis protease APA1_ARATH), while Nepenthesin 2 and NAP_DCAP cluster 

separately. Droserasins 1-3 and 5 form a distinct group with similar substrate specificities, 

while droserasin 4 and Diomu_L6139T1 are similar to each other.
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Figure 7. 
Nepenthesin structure predictions. Three-dimensional structure prediction of nepenthesins 1 

and 2 from N. gracilis (a and b), Diomu_L478T3 from D. muscipula (c), and NEP_DCAP 

from D. capensis (d). The active site Asp residues are highlighted in red, while the cysteines 

believed to be involved in disulfide bonds (by homology to nepenthesin 1) are shown in 

yellow. The NAP-specific insert, which is not removed during processing and contributes to 

the enhanced stability of the nepenthesins, is colored light blue.
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Figure 8. 
Predictions of the pro-sequence cut site in a model aspartic protease from A. thaliana. a The 

3D structure of the mature form of pig pepsin (PDBID: 4PEP). b The pro-sequence of 

APA1_ARATH was removed using sequence homology to pig pepsin. This approach leaves 

a residual part of the pro-sequence (pink), blocking the active site. c Removing the pro-

sequence of APA1_ARATH according to structural homology to pig pepsin, using structures 

predicted with Rosetta, results in exposure of the active site residues (red).
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Figure 9. 
Structures of both pepsin-type aspartic proteases from D. capensis and D. muscipula 
predicted using Rosetta. a Structures were separately predicted for the full-length and 

mature sequences, illustrated here for droserasin 1. The mature sequence is shown in dark 

blue with a transparent surface, while the full sequence is overlaid in light colors. The signal 

sequence (light orange), pro-sequence (pink) and PSI (light green) are cleaved during 

maturation. b The full-length sequence for Diomu_L6139T1, with cleaved sequence regions 

indicated using the same annotations as in part a. c, d, e The active sites of droserasin 1, 

droserasin 2, and Diomu_6139T1, showing the active Asp residues in red. f Overlay of the 

PSIs for droserasins 1 (dark blue) and 2 (cyan). Inset: monomer of the droserasin 2 PSI 

overlaid with the crystal structure (PDBID 3RFI) of the PSI from a Solanum tuberosum 
aspartic protease (gray). The compact structure is held together by three disulfide bonds 

(yellow, Cys positions shown for the S. tuberosum PSI). g Overlay of the PSIs from 

Diomu_L584T2 and Diomu_L6139T1. Inset: the Diomu_L6139T1 PSI overlaid with a 

crystal structure of human saposin C (PDBID 2GTG). Disulfide bonds are shown in yellow.
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