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5.1 Two examples of the mapping of 3-dimensional fibril structures into their
equivalent graph representations, where the color coding indicates different
protein monomers. Each node in panels B and D corresponds to a protein
monomer, with ties between nodes whose monomers are non-covalently bound.
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Proteins are fundamental building blocks of life: understanding protein structure, function,

aggregation, and degradation is, therefore, one of the central questions in biology. My work

investigates protein aggregation and degradation through computational modeling, protein

structure network analysis, and experimental verification.

One theme of my work is the discovery of new enzymes from the carnivorous plant, Drosera

capensis (D. capensis). With the ever-expanding genomic data, it is imperative to swiftly

move from raw genomic data to chemical results. Using the “target selection pipeline” that

we invented, in silico protein structures can be predicted rapidly, to direct the subsequent

experimental characterization of the promising candidates. Subsequent network analysis pre-

dicts interesting protein properties such as potential enzyme activity, enzyme specificity and

the functional pH range, aiding the selection of functionally useful proteins for experimental

characterization. This approach illustrates a generally applicable way to leverage the wealth

of information provided by whole genome shotgun sequencing for proteomics. Computa-

tional techniques, despite their limitations, are now powerful enough to allow potentially

useful proteins to be identified directly from the genome and filtered for strong indicators of

biochemical function. So far, this work has resulted in three publications including proteases,
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chitinases, and esterase/lipases.

The protease resistance of amyloid fibrils and their central role in more than 40 human

diseases, including Alzheimer’s, makes them an attractive target to test the activity of new

proteases from D.capensis. To advance and streamline scientific discovery related to amyloid

fibrils, it was crucial to have a standardized nomenclature. With collaborators, I introduced

a systematic approach to the nomenclature of fibril topology using graph theoretic concepts

to abstract the structure. The scheme encompasses all amyloid fibrils currently in the Protein

Data Bank (PDB), and can be easily extended to accommodate newer discoveries. The work

also showed that the vast majority of known fibril structures fall into just three topological

categories, something that was previously unnoticed. My work has improved the discussion

of fibril structures by condensing the descriptions of complicated structural features using a

set of universal structural motifs.

The other theme of my work includes solving the protein structure of J2 crystallin, an ag-

gregation resistant protein. J2-crystallin is a novel eye lens protein, highly expressed in

Tripedalia cystophora (box jellyfish) and is an interesting target because of its very high

stability and water-solubility. Unlike most non-cephalopod invertebrates, box jellyfish have

camera-type eyes; therefore, their crystallins present an interesting system from an evolu-

tionary biology perspective, making them an intriguing model system for vertebrates. Inter-

estingly, Basic Local Alignment Search Tool (BLAST) search of J2 in the Protein Data Bank

(PDB) found no proteins above 32 % similarity. Therefore, the structure determination of

J2 is not only important from the evolutionary standpoint but also because of the hypothesis

that J2 possesses a novel protein fold, due to lack of known homology. Here, I present the

biophysical characterization, and solution-state NMR assignments of J2 crystallin, a previ-

ously uncharacterized eye lens protein, addressing the interplay of sequence, structure and

function in the eye lens crystallins.
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Chapter 1

Significance of rapid, in silico

discovery of novel proteins from the

carnivorous plant Drosera capensis

Proteins are fundamental building blocks of life: understanding protein structure, function,

aggregation, and degradation is, therefore, one of the central questions in biology. It is

not only important to discover new proteins as a source to study novel systems but also to

expand the toolkit for chemical biology, biotechnology and proteomics. My work investigates

protein aggregation and degradation through discovering new protein from the carnivorous

plant Drosera capensis, using bioinformatics and genomics tools for analysis and testing the

activity interesting of the newly discovered enzyme candidates experimentally. One may ask

why D. capensis? The digestive enzymes of carnivorous plants have been a topic of biological

interest at least since Darwin’s 1875 monograph on insectivorous plants; in fact, in his book

“Insectivorous plants” [17, 18] Darwin says he cares more about Drosera than the origin of

all the species in the world!
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Darwin observed that the mucilage secretions of plants in the genus Drosera contained a

“ferment” that he conjectured to be similar to mammalian pepsin (now known to be an

aspartic protease) [17, 18]. Only recently scientists are beginning to characterize the carniv-

orous plant digestive enzymes. Before Drosera capensis, only two carnivorous plant genomes,

Genlisea aurea and Utricularia gibba, both members of the asterid order Lamiales, were se-

quenced [19, 20]. Both these plants feed on small, often microscopic, prey and perform their

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

under water), therefore they are less subject to the environmental constraints faced by car-

nivorous plants that perform their prey capture in exposed environments [3]. On the other

hand, carnivorous plants require stable and highly active digestive enzymes that would al-

lows the plant to digest its prey to its component amino acid over relatively long time spans

and usually under milder chemical conditions than those of their animal counterparts [3].

As the digestive process must occur without any mechanical disruption of the prey tissue

while competing with bacterial and fungal growth, carnivorous plants are attractive targets

for enzyme discovery.

Carnivorous plant digestive enzymes are stable, are substrate specific, possess unique cleavage

patterns, and have the ability to function over different pH ranges, presenting a rich resource

for chemical biology and biotechnology laboratory applications [3, 21, 2]. We selected the

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

the order Caryophyllales [3, 21, 2]. D. capensis is an excellent model organism for the study

of carnivory in plants as it can easily be 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 [3, 21, 2].

The sequencing and assembly of a high-quality draft genome for D. capensis by the Martin

lab and the Butts lab can be found in the paper [3] from which a plethora of enzymes

were discovered. However, the journey of a protein sequence to an experimentally studied
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protein takes many years, as observed in Uniprot which has more than 5 million protein

sequences without a structure [22]. To study genomics effectively, it is imperative to quickly

move from raw data to chemical results. Using the target selection pipeline, in silico protein

structures can be predicted rapidly, to direct the subsequent experimental characterization of

the promising candidates [3, 21, 2]. Subsequent network analysis predicts interesting protein

properties such as potential enzyme activity, enzyme specificity and the functional pH range,

aiding the selection of functionally useful proteins for experimental characterization. This

approach illustrates a generally applicable way to leverage the wealth of information provided

by whole genome shotgun sequencing for proteomics. Computational techniques, despite

their limitations, are now powerful enough to allow potentially useful proteins to be identified

directly from the genome and filtered for strong indicators of biochemical function [3, 21, 2].

So far, this work has resulted in three publications including proteases, chitinases, and

esterase/lipases [18, 21, 2]. As the target selection pipeline forms a basis to my PhD, I will

be discussing the target selection pipeline (Figure 1.1) in detail in this chapter.

1.0.1 Genomic DNA assembly and gene discovery

Genomic DNA was isolated using a protocol developed for recalcitrant plants by Prof. Rachel

Martin [18] and details can be found in the paper.

1.0.2 Feature annotation

Sequence alignments are performed using ClustalOmega [24], with settings for gap open

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

and the BLOSUM weight matrix [23]. The presence and position of a signal sequence flagging

the protein for secretion was predicted using the program SignalP 4.1 [24], while other lo-

calization sequences were identified using TargetP [25]. The alignment figures are annotated
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Figure 1.1: Flow chart illustrating the overall strategy for identifying enzymatic targets from
genomic DNA. The workflow is indicated with solid arrows, while dotted arrows represent steps
where information from a later stage of the pipeline enables refinement of earlier stages in an
iterative manner. After genome sequencing, assembly, and gene discovery, target proteins are
identified based on putative enzymatic activity. Functional sequence features are identified by
analogy to annotation reference sequences found in the UniProt database. Structures are predicted
using the Rosetta software, and equilibrated in explicit solvent after removal of sequence regions not
present in the mature enzyme. Structures are compared using network analytic methods, enabling
strategic selection of enzymes for experimental characterization in a future study. [1, 2, 3]
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to highlight chemical properties of the amino acid residues as well as important sequence

features. The amino acid attributes are color-coded as follows: cysteines are yellow, posi-

tively charged residues are blue, negatively charged residues are red, hydrophobic residues

are green, and all others are black [1, 2, 3]. Highly conserved residues are indicated with

a dot above the sequence position. The catalytic triad residues are marked with colored

arrows. SignalP 4.1 [26] is used to predict the signal peptide cleavage site, which is specified

by underlining the residues on either end of the cleavage point. The signal peptide itself is

highlighted in light orange. Strikethrough text indicates sequence regions that are absent in

the active enzyme, in this case the N-terminal signal peptide that is expressed but removed

during maturation. Annotations were performed by homology to the annotations reference

sequences from found in the UniProt database and identified by their UniProt IDs. An

example of chitinase Family 18 is seen in Figure 2.2 [21]. More details on chitinases can be

found in the following chapter.
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 conserved residue

  signal cleavage siteXX

 C in disulfide bond

signal sequence

DCAP_7323          ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
DCAP_0106          ---MAMAK-A SSLLPIFILL LTIPFRSNAG GIAVYWGQED NEGSLADACN SGLYQYVMVA FLCDFGNFQT PTLNLAGHCD PPSGGCTGLS NDIGTCQSKG 
DCAP_7544          ---MATSFHS PLILLLILLA LTLPSKSSAG GIAVYWGQED NEGTLTDTCN SGLYKYVNLA FLCNFGYGQS PTLNLAGHCD PPSGGCKSVS NGIRSCQSRG 
DCAP_2209          MENHSPAKFL PLLALL---I FLSIRPSNAG GIAVYWGQNG NEGSLSDTCT SGNYQYVMIS FLTTFGEGQT PVLNLAGHCD PSSGGCTSLT DDINTCQGSN 
C7F821_NEPMI       MKTHYSSAIL PTLTLF---V FLSINPSHGS GIAVYWGQNG NEGTLSDTCA TGNYQYVLLS FLTTFGNGQT PVLNLAGHCD PSSNGCTGLS TDITSCQNQG 
C7F817_9CARY       MKTHYSSAIL PTLTLF---V FLSINPSHGS GIAVYWGQNG NEGTLSDTCA TGNYQYVLLS FLTTFGNGQT PVLNLAGHCD PSSNGCTGLS TDITSCQNQG 
I7HCY7_NEPAL       MKTHYSSAIL PIVTLF---V FLSINPSHGS GIAVYWGQNG NEGTLSDTCA TGNYNYVLVS FLTTFGNGQT PVLNLAGHCD PSSNGCTGLS TDITSCQNQG 
C7F818_9CARY       MKTHYSSAIL PILTLF---V FLSINPSHGS GIAVYWGQNG NEGTLSDTCA TGNYNYVLVS FLTTFGNGQT PVLNLAGHCD PSSNGCTGLS TDITSCQNQG 
Q06SN0_9CARY       MKTHYSSAIL PILTLF---V FLSINPSHGS GIAVYWGQNG NEGTLSDTCA TGNYNYVLVS FLTTFGNGQT PVLNLAGHCD PSSNGCTGLS TDITSCQNQG 
C7F824_9CARY       MKTHYSSAIL PILTLF---V FLSINPSHGS GIAVYWGQNG NEGTLSDTCA TGNYNYVLVS FLTTFGNGQT PVLNLAGHCD PSSNGCTGLS TDITSCQNQG 
C7F822_9CARY       MKTHYSSAIL PIVTLL---V FLSINPSHGS GIAVYWGQNG NEGTLSDTCA TGNYEYVLIS FLTTFGNGQT PVLNLAGHCD PSSNGCTGLS TDITSCQNQG 
C7F819_9CARY       MKTHYSSAIL PILTLF---V FLSINPSHGS GIAVYWGQNG NEGTLSDTCA TGNYNYVLVS FLTTFGNGQT PVLNLAGHCD PSSNGCTGLS TDITSCKNQG 
C7F823_NEPGR       MKTHYSSAIL PILTLF---V FLSINPSHGS GIAVYWGQNG NEGTLSDTCA TGNYNYVLVS FLTTFGNGQT PVLNLAGHCD PSSNGCTGLS TDITSCKNQG 
CHIT3_VITVI        MA-R-TPQST PLLI--SLSV LALLQTSYAG GIAIYWGQNG NEGTLTQTCN TGKYSYVNIA FLNKFGNGQT PEINLAGHCN PASNGCTSVS TGIRNCQNRG 
DCAP_5455          MS-MTLNKLL PLLIL-PILF PSLVGAWHHG RIAVYWGQNG FEGTLNETCN NGTYKYVNLA FLYIFGGGQA PQLNLAGHCD PQSGGCVSLA SEIEHCQSIG 
DCAP_2879          MS-MSLNKLL PLLIL-PILF PSIVGAWHHG RIAVYWGQNG NEGTLTETCN NGTYKYVNLA FLYIFGGGQV PQLNLAGHCD PQSGGCVSLA SEIEHCQSIG 
DCAP_4799          MT-MNLDKLL PLILLFAIIL PSL-A--SQG DIAVYWGQNG FEGTLTQTCN NGTYKYVNVA FLYIFGSGQT PVLNLAGHCD PSSGGCVALA SEIEYCQSIG 
DCAP_2737          MP-MNLNKLF PLILLFPIII PSL-AHPSQG GIAVYWGQNG FEGTLTQTCN NGTYKYVNLA FLYIFGSGQT PVLNLAGHCD PPSGGCVALA SEIKYCQSIG 
                                                                                                

DCAP_7323          ---------- ---------- ----MGQLLW R--------T IEPLGGASLD DIDLDIEKDT SNYYSDLVGR LSQLC--QQN GQQLTFSAAP QSPFSDRWDI 
DCAP_0106          VKVLLSLGGG DGNYGFQSQD DARNLAQYLW DNYFGGQ-SS NRPLGGASLD GIDLDIEHGS SNYYPDLVGR LDQLG--QQN GQQLTFSAAP QCPFPDQWDN 
DCAP_7544          IKVFLSLGGA DGNYGFSTAD EARGLAQYLW DNYLGGQ-SG NRPLGDASLD GVDLDIEQGS SHYYADLVGR LSEIG--QQH GKKVYFSAAP QCPFPDQWDD 
DCAP_2209          IKVLLSLGGA VGSYGLSSTD DANQVAAYLW NNYLGGQ-SD SRPLGSAVLD GIDFDIEMGS DQYWGDLASA LNAYG----- -S-VVLSAAP QCPYPDAHLD 
C7F821_NEPMI       IKVLLSLGGA SGSYSLVSTD DANQVAAYLW NNYLGGQ-SD SRPLGSAVLD GIDFDIESGA DDYWGDLASA LKGYS----- -QSVLVSAAP QCPYPDAHLD 
C7F817_9CARY       IKVLLSLGGA SGSYSLVSTD DANQVAAYLW NNYLGGQ-SD SRPLGSAVLD GIDFDIESGT DDYWGDLASA LKGYS----- -QSVLVSAAP QCPYPDAHLD 
I7HCY7_NEPAL       IKVLLSLGGA SGSYSLVSTD DANQVAAYLW NNYLGGQ-SD SRPLGAAVLD GIDFDIESGS DNYWGDLASA LKGYS----- -QSVLVSAAP QCPYPDAHLD 
C7F818_9CARY       IKVLLSLGGA SGSYSLVSTD DADQVAAYLW NNYLGGQ-SD SRPLGSAVLD GIDFDIESGS DNYWGDLASA LKNYS----- -QSVLVSAAP QCPYPDAHLD 
Q06SN0_9CARY       IKVLLSLGGA SGSYSLVSTD DADQVAAYLW NNYLGGQ-SD SRPLGSAVLD GIDFDIESGS DNYWGDLATA LKNYS----- -QSVLVSAAP QCPYPDAHLD 
C7F824_9CARY       IKVLLSLGGA SGSYSLVSTD DADQVAAYLW NNYLGGQ-SD SRPLGSAVLD GIDFDIESGS DNYWGDLATA LKNYS----- -QSVLVSAAP QCPYPDAHLD 
C7F822_9CARY       IKVLLSLGGA SGSYSLVSTD DASQVATYLW NNYLGGQ-SD SRPLGSAVLD GIDFDIEAGS DDYWGDLASA LKGYS----- -QSVLVSAAP QCPYPDAHLD 
C7F819_9CARY       IKVLLSLGGA SGSYTLVSTD DANQVAAYLW NNYLGGQ-SD SRPLGSAVLD GIDFDIEAGS DDYWGDLASA LKGYS----- -QSVLVSAAP QCPYPDAHLD 
C7F823_NEPGR       IKVLLSLGGA SGSYTLVSTD DANQVAAYLW NNYLGGQ-SD SRPLGSAVLD GIDFDIEAGS DDYWGDLASA LKGYS----- -QSVLVSAAP QCPYPDAHLD 
CHIT3_VITVI        IKVMLSIGGG AGSYSLSSSN DAQNVANYLW NNFLGGQ-SS SRPLGDAVLD GIDFDIELGS TLHWDDLARA LSRIEFQQER GRKVYLTAAP QCPFPDKVPG 
DCAP_5455          IKVLLSIGGG AGNYTLTSPA DAKSVARFLW NTYLGGK-SS FRPLGKAVLD GIDFDIELGS TLYYDSLAKD LARYS---AK GKRVHLSAAP QCPFPDAHLG 
DCAP_2879          IKVLLSIGGG AGNYTLTSPA DAKSVARFLW NTYLGGK-SS FRPLGKAVLD GIDFDIELGP TLYYDCLAKD LVRYS---AK GKRVHLSAAP QCPFPDAHLG 
DCAP_4799          IKVLLSIGGG VGTYNLSSVS DAKNVANYLW NTYLGGTNSS FRPLGNATLD GIDFDIELGS TLYYDNLAKF LASYS---IL GRKVYLSAAP QCPFPDAHLG 
DCAP_2737          IKVLLSIGGG VGTYNLSSVS DAKNVANYLW NTYLGGTNSS FRPLGNAILD GIDFDIELGS TLYYNNLAKF LASYS---LL GRKVYLSAAP QCPFPDAHLG 
                    
                         
DCAP_7323          PVLRTGFIDL VWIQFYNNPE CEYNSGDPSA FQNSWNQWTS SVPVSPFFVG LPASPSTGCD GYVDPSDIEL GHSAVC---- ---------- ---------- 
DCAP_0106          PVLQTGLIKL VWIQFYNNPE CEYNSGDPSA FQNSWNQWTS SVPASQFFVG LPASPSAAGD GYVDPSDVNS GILPFIKQSE GKYGGIMLWD RGCDIQTGFS 
DCAP_7544          PVLRTGLIDF VWIQFYNNQE CEFKSGNPVD FQNSWRKWTS SIPARKFFVG LPASHAAAGD GYVPSALMKS QLLPFVQQSG DKYGGVMLWD RGNDIKSGYS 
DCAP_2209          TAIATGLFNY VWVQFYNNPS CEYVSDD-SN LLSSWNQWSP V--VKTLFLG LPASTDAAGS GYIPPDVLTS QVLPSIKGS- SNYGGVMLWN KYYDD--GYS 
C7F821_NEPMI       KAIATGIFDY VWVQFYNNEQ CEYVNDD-TN LLSAWNQWTS SQ-ANVVFLG LPASTAAANS GYIPPDVLTS QVLPSIKAS- SKYGGVMLWS KYYDN--GYS 
C7F817_9CARY       KAIATGIFDY VWVQFYNNEQ CEYVNDD-TN LLSAWNQWTS SQ-ANVVFLG LPASTAAANS GYIPPDVLTS QVLPSIKAS- SKYGGVMLWS KYYDN--GYS 
I7HCY7_NEPAL       QAIATGIFDY VWVQFYNNEQ CEYVSDD-TN LLSAWNQWTS SQ-ANVVFLG LPASTDAASS GYIPPDVLTS QVLPSIKAS- SKYGGVMLWS KYYDN--GYS 
C7F818_9CARY       LAIATGIFDY VWVQFYNNEQ CEYVNDD-TN LLSAWNQWTS SQ-ANVVFLG LPASTDAASS GYISPDVLIS QVLPSIKAS- SKYGGVMLWS KYYDN--GYS 
Q06SN0_9CARY       LAIATGIFDY VWVQFYNNEQ CEYVTDD-TN LLSAWNQWTS SQ-ANVVFLG LPASTDAASS GYISPDVLIS QVLPSIKAS- SKYGGVMLWS KYYDN--GYS 
C7F824_9CARY       LAIATGIFDY VWVQFYNNEQ CEYVTDD-AN LLSAWNQWTS SQ-ANVVFLG LPASTDAASS GYISPDVLIS QVLPSIKAS- SKYGGVMLWS KYYDN--GYS 
C7F822_9CARY       TAIATGIFDY VWVQFYNNEQ CEYVNDD-TN LLSAWNQWTS SQ-ANVVFLG LPASTDAASS GYIPPDVLIS QVLPSIKAS- SKYGGVMLWS KYYDN--GYS 
C7F819_9CARY       TAIATGIFDY VWVQFYNNEQ CEYVNDD-TN LLSAWNQWTS SQ-ANVVFLG LPASTDAASS GYIPPDVLIS QVLPSIKAS- SKYGGVMLWS KYYDN--GYS 
C7F823_NEPGR       TAIATGIFDY VWVQFYNNEQ CEYVNDD-TN LLSAWNQWTS SQ-ANVVFLG LPASTDAASS GYIPPDVLIS QVLPSIKAS- SKYGGVMLWS KYYDN--GYS 
CHIT3_VITVI        TALNTGLFDY VWVQFYNNPP CQYSSGNTNN LLNSWNRWTS SINSTGSFMG LPASSAAAGR GFIPANVLTS QILPVIKRS- PKYGGVMLWS KYYDDQSGYS 
DCAP_5455          TALKTGLFDY VWVQFYNNPP CEYLNGNTTN LLSSWKLWDS QRYIRKLFLG LPAATEAAGS GFIPANVLTS QVLPVIKKT- RKYGGVMLYS RYYDTLTGYS 
DCAP_2879          TALKTGLFDY VWVQFYNNPP CEYLNGNTTN LLSSWKLWDS QKYIRKLFMG LPAATEAAGS GFIPANVLTS QVLSVIKKT- RKYGGVMLFS RYYDTLTGYS 
DCAP_4799          TALRTGLFDY VWVQFYNNPP CEYLNSNTTN LISAWNLWSK QGFIRKLFMG LPAGPQAAGS GFIPTDVLTT QVLPVIKKT- PTYGGVMLWS RYDDTLTGYS 
DCAP_2737          TALRTGLFDY VWVQFYNNPP CEYLNGNTTN LISSWNLWSK QWFIRKLFLG LPAATQAAGS GFIPTDVLTT QVLPVIKKT- PKYGGVMLWS RYYDTLTGYS 
                                                                                                
                    
DCAP_7323          -------
DCAP_0106          NQIIGNV
DCAP_7544          SKIIGNV
DCAP_2209          SAIIGSV
C7F821_NEPMI       SAIKDSV
C7F817_9CARY       SAIKDSV
I7HCY7_NEPAL       SAIKDSV
C7F818_9CARY       SAIKDSV
Q06SN0_9CARY       SAIKDSV
C7F824_9CARY       SAIKDSV
C7F822_9CARY       SAIKDSV
C7F819_9CARY       SAIKDSV
C7F823_NEPGR       SAIKDSV 
CHIT3_VITVI        SSIKSSV
DCAP_5455          EAIIDSV
DCAP_2879          KAIIDSV
DCAP_4799          EAIISSV
DCAP_2737          EAIISSV

   

      

    

    

    

    











  



                  

 



non-proline cis peptide bond

 



 

Figure 1.2: Sequence alignment for Family 18 chitinases, annotated by homology to the reference
sequence CHIT3 VITVI. The “DXDXE” motif, in which the acidic residues are marked with red ar-
rows, is imperative for the enzyme activity. Orange arrows indicate residues implicated in substrate
binding.
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1.0.3 Structure prediction, equilibration and Protein Structure

Network (PSN) Analysis

In collaboration with Prof. Carter Butts, we developed the in silico maturation method.

Preliminary models of the newly discovered enzymes are produced using the online Robetta

implementation [27] of Rosetta [28]. The Rosetta structures contain the full sequences,

simulated in vacuum, and without any post-transnational modifications. In silico matura-

tion matures the preliminary structures obtained from Rosetta, adds the post-translational

modifications and chemical changes needed to make initial model match its native chemical

environment, which includes, but not limited to pro-sequence removal, protonation state

correction, and solvation, and adding disulfide bonds, introducing backbone cuts, oligomer-

ization and metal coordination. During in silico maturation, the signal sequence is removed

and the structure is equilibrated for 500 ps in explicit TIP3P solvent using NAMD[29], using

the CHARMM22 forcefield with the CMAP correction and sodium or chlorine ions were

added as necessary to neutralize the charge of the resulting structure [30]. Examples of

chitinases, esterase/lipases, phospholipases and proteases are represented in the following

chapters.

In addition to the presence or absence of specific features, identifying broader patterns of

structural differentiation can be helpful when selecting putative proteins for expression and

characterization: proteins within different structural subgroups may differ with respect to

other biophysically important properties such as thermal stability, substrate affinity pattern,

overall activity, or aggregation propensity, and choosing a structurally diverse sample thus

has the potential to maximize the chance of identifying proteins with functionally significant

variation [30]. PSNs are a useful tool for such exploration, as they directly represent patterns

of potential interaction among chemical groups rather than e.g. side chain dihedral angles or

other properties that may vary substantially without inducing significant changes in protein

function [30]. PSNs are created for each protein structure by Prof. Carter Butts, using
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custom scripts using VMD and statnet tools [18] and more details can be found in the

paper [30].

1.0.4 Experimental validation

Once the target enzymes were selected using the target selection pipeline, the enzymes can

be expressed and studied experimentally. Projects in the Martin lab include expression of

chitinases [21] and proteases [30]. As seen in subsequent chapters, I wanted to test the

activity of proteases and I talk in-depth in the following chapters.
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Chapter 2

In silico structure prediction and

network analysis of chitinases from

Drosera capensis

2.1 Background

Chitin, a β-(1,4)-N acetylglucosamine (GlcNAc) biopolymer, is the second-most abundant

biopolymer [31]. Chitinases (EC 3.2.1.14) are ubiquitous even among organisms that do

not produce chitin, with the latter employing them for purposes of digestion and/or defense.

These enzymes cleave chitin at the α-1,4 linkage of N-acetyl glucosamine units, although sub-

stantial variation in activity and substrate specificity exists. Some chitinases can also cleave

peptidoglycans at β-1,4 linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine,

and chitodextrins between N-acetyl-D-glucosamine units. Plant chitinases sometimes have

multiple functionalities; some display lysozyme activity [32], while others have a calcium

storage function [33]. In humans, chitinases are produced in response to fungal infections, a
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feature of the innate immune system that is suppressed in immunocompromised individuals,

including AIDS patients, transplant recipients, and burn victims [34]. These enzymes and re-

lated chitin-binding proteins are expressed in human lung tissue, where they are dysregulated

in cystic fibrosis and asthma [35].

In plants, these enzymes are expressed in response to environmental stress and pathogen or

pest infestation [36], driving efforts to overexpress particularly effective examples in trans-

genic crop plants [37]. Carnivorous plants use chitinases as part of the prey capture response:

active chitinases have been found in the pitcher fluid of Nepenthes [38, 39], and in the diges-

tive fluids of the Venus flytrap [6]. However, the extent to which chitin is used as a nitrogen

source remains controversial. Drosera capensis plants fed on chitin incorporate its nitrogen

into their leaf tissue; however nutrient uptake is less efficient than for plants fed on protein

[40]. Examination of insect carcasses after digestion reveals that 40-60% of the total nitrogen

is unused [41, 42], consistent with the observation that the remains of insect exoskeletons

appear mostly intact [43]. However, chitinase expression is upregulated in the presence of

prey in the related species Nepenthes alata. In Drosera rotundifolia, an increase in both

expression of chitinase mRNA and chitinase activity was induced by addition of crustacean

chitin with mechanical stimulation of the traps [44]. The prey-induced induction of chitinase

activity, despite the low efficiency of chitin use, may indicate that chitinases primarily func-

tion to inhibit fungal growth in the traps, just as cytotoxic peptides discourage microbial

growth in the fluid of Nepenthes pitchers [45, 46].

In this work, I compare novel chitinases recently discovered from the genome of the Cape

sundew (D. capensis) [47], to those from other carnivorous plants in order Caryophylalles.

The conservation of the overall protein folds and active site architectures suggests that many

of the D. capensis chitinase sequences form functional enzymes. Using the ‘Target Selection

Pipeline’ described in Chapter 2 which involves sequence analysis, comparative modeling

with all-atom refinement followed by in silico maturation [48], and investigation of protein
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structure networks, structurally distinct subgroups of proteins for subsequent expression and

biochemical characterization could be identified. Author contributions can be found in the

paper [21]. It is important to understand the comparison of Family 19 and Family 18 and

therefore, a portion of the results from the paper [21] are shown in this chapter.

2.2 Materials and Methods

2.2.1 Two Distinct Families of Carnivorous Plant Chitinases Are

Found in D. capensis

Gene sequences annotated as coding for chitinases using the MAKER-P (v2.31.8) pipeline

[49] and a BLAST search against SwissProt (downloaded 8/30/15) and InterProScan [50]

were clustered by sequence similarity, along with chitinases previously identified from Dion-

aea muscipula [6] and various species of Drosera and Nepenthes [51]. Annotated sequence

alignments of the Family 18 and Family 19 chitinases are shown in Figure 3.1. We have

identified four fragments ranging from 41%-100% identity to the DcChit1 1 fragment previ-

ously found by Renner and Specht in D. capensis genomic DNA [51] (Figure2.4). Several

well-characterized reference sequences (e.g chitinases from Vitis vinifera, Brassica napus, and

Hordeum vulgare) are also included for comparison. Using the characterization scheme of

the carbohydrate-active enzymes (CAZy) database [52, 53], the chitinases investigated here

belong to Family 18 (orange) or Family 19 (green). Overall, the sequence identity among

the Family 18 chitinases from Caryophylalles carnivorous plants is much higher than that of

Family 19, as illustrated in Figure 3.1A and B. These two types of chitinases have different

folds and are thought to have evolved independently, [54, 55], consistent with their separa-

tion into separate clusters (Figure 3.1C). Family 18 contains types III and V, while types I,

II and IV belong to Family 19 [6]. My collaborator Vy Doung worked on Family 19. [1].
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Family 18
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C7F818_9CARY

Q06SN0_9CARY
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C7F817_9CARY
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DCAP_7323   
DCAP_0106   
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DCAP_4799   
DCAP_2737   
DCAP_2209   
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DcChitI−4
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DcChitI−3
A9ZMK1_NEPAL
DCAP_0533   
VJH3_9CARY
DCAP_5513   

DcChitI−2

Q6DUK0_9CARY
DcChitI−1
DCAP_4817   
I0CMI6_NEPMI

Q6IVX4_9CARY
I0CMI3_9CARY

I0CMI4_9CARY
Q6IVX2_9CARY

V5TEI0_DIOMU
Q6DUJ9_DIOMU

Q6IV10_DRORT

I0CMI2_DIOMU
Q6IVX8_9CARY

CHI3_CASSA
HORV2

CHI2_BRANA

0246810
sequence dissimilarity

more conserved

less conserved

A

B

C

Figure 2.1: Clustering of chitinases identified from the D. capensis genome, compared with those
from other Caryophylalles carnivorous plants and well-characterized reference sequences. All of the
sequences examined belong to GH Families 18 or 19. The sequence dissimilarity used here is the
e-distance metric of Székely and Rizzo [4] (with α = 1). This parameter is a weighted function of
within-cluster similarities and between-cluster differences with respect to a user-specified reference
metric, defined here as the raw sequence dissimilarity (1 - (%identity)/100).
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2.2.2 Sequence Alignment and Prediction of Putative Protein Struc-

tures

Sequences were aligned with ClustalOmega [56] (gap open penalty = 10.0, gap extension

penalty = 0.05, hydrophilic residues = GPSNDQERK, weight matrix = BLOSUM). Se-

cretion signal sequences were predicted using SignalP 4.1 [26]. Structure prediction was

performed as in [47]. In the first stage, the Robetta [28] implementation of Rosetta [27] was

used to produce an initial model for each protein. In the second stage, the model was sub-

jected to “in silico maturation.” Signal peptides were removed, and disulfide bonds identified

by a combination of homology and distance constraints. Protonation states of active site

residues were corrected to match literature values where necessary; for Family 18 chitinases,

we approximate the sharing of a proton between active site residues D1 and D2 by proto-

nation of D1 (which results in realistic side chain orientations and preserves the attractive

interaction between D1 and D2). In the third and final stage, each matured enzyme model

was equilibrated in explicit solvent (TIP3P water [57]) under periodic boundary conditions

using NAMD [29]. Simulation was performed using the CHARMM36 forcefield [58], with

each model being energy-minimized for 10,000 iterations and then simulated at 293K for

500ps; the final protein conformation was retained for subsequent analysis. For the one ref-

erence sequence for which a structure was available (HORV2, PDB ID 2BAA, [59]), this was

used as the initial starting model (following removal of heteroatoms and protonation using

REDUCE [60]). PDB files corresponding to the equilibrated structures for all the proteins

discussed in this work available to download and discussed in Table 1 and Table 2.

A sequence alignment for Family 18 chitinases from Caryophylalles carnivorous plants is

shown in Figure 2.2. The figure is annotated to highlight specific amino acid properties

and important sequence features. The chemical properties of amino acids are color-coded

as follows: cysteines are yellow, positively charged residues are blue, negatively charged

residues are red, hydrophobic residues are green, and all others are black. Highly conserved
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residues are indicated with a dot above the sequence position. Cysteine residues involved

in structure-stabilizing disulfide bonds are indicated with yellow asterisks, while the active

amino acid residues are marked with colored arrows. SignalP 4.1 is used to predict the signal

peptide cleavage site, which is specified by underlining the residues on either of the cleavage

point. The signal peptide itself is highlighted in light orange. Strikethrough text indicates

sequence regions that are absent in the active enzyme, in this case the N-terminal signal

peptide that is expressed but removed during maturation. Annotations were performed by

homology to a well-characterized acidic endochitinase from Vitis vinifera (CHIT3 VITVI,

Uniprot ID-P51614).
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 conserved residue

  signal cleavage siteXX

 C in disulfide bond

signal sequence

DCAP_7323          ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
DCAP_0106          ---MAMAK-A SSLLPIFILL LTIPFRSNAG GIAVYWGQED NEGSLADACN SGLYQYVMVA FLCDFGNFQT PTLNLAGHCD PPSGGCTGLS NDIGTCQSKG 
DCAP_7544          ---MATSFHS PLILLLILLA LTLPSKSSAG GIAVYWGQED NEGTLTDTCN SGLYKYVNLA FLCNFGYGQS PTLNLAGHCD PPSGGCKSVS NGIRSCQSRG 
DCAP_2209          MENHSPAKFL PLLALL---I FLSIRPSNAG GIAVYWGQNG NEGSLSDTCT SGNYQYVMIS FLTTFGEGQT PVLNLAGHCD PSSGGCTSLT DDINTCQGSN 
C7F821_NEPMI       MKTHYSSAIL PTLTLF---V FLSINPSHGS GIAVYWGQNG NEGTLSDTCA TGNYQYVLLS FLTTFGNGQT PVLNLAGHCD PSSNGCTGLS TDITSCQNQG 
C7F817_9CARY       MKTHYSSAIL PTLTLF---V FLSINPSHGS GIAVYWGQNG NEGTLSDTCA TGNYQYVLLS FLTTFGNGQT PVLNLAGHCD PSSNGCTGLS TDITSCQNQG 
I7HCY7_NEPAL       MKTHYSSAIL PIVTLF---V FLSINPSHGS GIAVYWGQNG NEGTLSDTCA TGNYNYVLVS FLTTFGNGQT PVLNLAGHCD PSSNGCTGLS TDITSCQNQG 
C7F818_9CARY       MKTHYSSAIL PILTLF---V FLSINPSHGS GIAVYWGQNG NEGTLSDTCA TGNYNYVLVS FLTTFGNGQT PVLNLAGHCD PSSNGCTGLS TDITSCQNQG 
Q06SN0_9CARY       MKTHYSSAIL PILTLF---V FLSINPSHGS GIAVYWGQNG NEGTLSDTCA TGNYNYVLVS FLTTFGNGQT PVLNLAGHCD PSSNGCTGLS TDITSCQNQG 
C7F824_9CARY       MKTHYSSAIL PILTLF---V FLSINPSHGS GIAVYWGQNG NEGTLSDTCA TGNYNYVLVS FLTTFGNGQT PVLNLAGHCD PSSNGCTGLS TDITSCQNQG 
C7F822_9CARY       MKTHYSSAIL PIVTLL---V FLSINPSHGS GIAVYWGQNG NEGTLSDTCA TGNYEYVLIS FLTTFGNGQT PVLNLAGHCD PSSNGCTGLS TDITSCQNQG 
C7F819_9CARY       MKTHYSSAIL PILTLF---V FLSINPSHGS GIAVYWGQNG NEGTLSDTCA TGNYNYVLVS FLTTFGNGQT PVLNLAGHCD PSSNGCTGLS TDITSCKNQG 
C7F823_NEPGR       MKTHYSSAIL PILTLF---V FLSINPSHGS GIAVYWGQNG NEGTLSDTCA TGNYNYVLVS FLTTFGNGQT PVLNLAGHCD PSSNGCTGLS TDITSCKNQG 
CHIT3_VITVI        MA-R-TPQST PLLI--SLSV LALLQTSYAG GIAIYWGQNG NEGTLTQTCN TGKYSYVNIA FLNKFGNGQT PEINLAGHCN PASNGCTSVS TGIRNCQNRG 
DCAP_5455          MS-MTLNKLL PLLIL-PILF PSLVGAWHHG RIAVYWGQNG FEGTLNETCN NGTYKYVNLA FLYIFGGGQA PQLNLAGHCD PQSGGCVSLA SEIEHCQSIG 
DCAP_2879          MS-MSLNKLL PLLIL-PILF PSIVGAWHHG RIAVYWGQNG NEGTLTETCN NGTYKYVNLA FLYIFGGGQV PQLNLAGHCD PQSGGCVSLA SEIEHCQSIG 
DCAP_4799          MT-MNLDKLL PLILLFAIIL PSL-A--SQG DIAVYWGQNG FEGTLTQTCN NGTYKYVNVA FLYIFGSGQT PVLNLAGHCD PSSGGCVALA SEIEYCQSIG 
DCAP_2737          MP-MNLNKLF PLILLFPIII PSL-AHPSQG GIAVYWGQNG FEGTLTQTCN NGTYKYVNLA FLYIFGSGQT PVLNLAGHCD PPSGGCVALA SEIKYCQSIG 
                                                                                                

DCAP_7323          ---------- ---------- ----MGQLLW R--------T IEPLGGASLD DIDLDIEKDT SNYYSDLVGR LSQLC--QQN GQQLTFSAAP QSPFSDRWDI 
DCAP_0106          VKVLLSLGGG DGNYGFQSQD DARNLAQYLW DNYFGGQ-SS NRPLGGASLD GIDLDIEHGS SNYYPDLVGR LDQLG--QQN GQQLTFSAAP QCPFPDQWDN 
DCAP_7544          IKVFLSLGGA DGNYGFSTAD EARGLAQYLW DNYLGGQ-SG NRPLGDASLD GVDLDIEQGS SHYYADLVGR LSEIG--QQH GKKVYFSAAP QCPFPDQWDD 
DCAP_2209          IKVLLSLGGA VGSYGLSSTD DANQVAAYLW NNYLGGQ-SD SRPLGSAVLD GIDFDIEMGS DQYWGDLASA LNAYG----- -S-VVLSAAP QCPYPDAHLD 
C7F821_NEPMI       IKVLLSLGGA SGSYSLVSTD DANQVAAYLW NNYLGGQ-SD SRPLGSAVLD GIDFDIESGA DDYWGDLASA LKGYS----- -QSVLVSAAP QCPYPDAHLD 
C7F817_9CARY       IKVLLSLGGA SGSYSLVSTD DANQVAAYLW NNYLGGQ-SD SRPLGSAVLD GIDFDIESGT DDYWGDLASA LKGYS----- -QSVLVSAAP QCPYPDAHLD 
I7HCY7_NEPAL       IKVLLSLGGA SGSYSLVSTD DANQVAAYLW NNYLGGQ-SD SRPLGAAVLD GIDFDIESGS DNYWGDLASA LKGYS----- -QSVLVSAAP QCPYPDAHLD 
C7F818_9CARY       IKVLLSLGGA SGSYSLVSTD DADQVAAYLW NNYLGGQ-SD SRPLGSAVLD GIDFDIESGS DNYWGDLASA LKNYS----- -QSVLVSAAP QCPYPDAHLD 
Q06SN0_9CARY       IKVLLSLGGA SGSYSLVSTD DADQVAAYLW NNYLGGQ-SD SRPLGSAVLD GIDFDIESGS DNYWGDLATA LKNYS----- -QSVLVSAAP QCPYPDAHLD 
C7F824_9CARY       IKVLLSLGGA SGSYSLVSTD DADQVAAYLW NNYLGGQ-SD SRPLGSAVLD GIDFDIESGS DNYWGDLATA LKNYS----- -QSVLVSAAP QCPYPDAHLD 
C7F822_9CARY       IKVLLSLGGA SGSYSLVSTD DASQVATYLW NNYLGGQ-SD SRPLGSAVLD GIDFDIEAGS DDYWGDLASA LKGYS----- -QSVLVSAAP QCPYPDAHLD 
C7F819_9CARY       IKVLLSLGGA SGSYTLVSTD DANQVAAYLW NNYLGGQ-SD SRPLGSAVLD GIDFDIEAGS DDYWGDLASA LKGYS----- -QSVLVSAAP QCPYPDAHLD 
C7F823_NEPGR       IKVLLSLGGA SGSYTLVSTD DANQVAAYLW NNYLGGQ-SD SRPLGSAVLD GIDFDIEAGS DDYWGDLASA LKGYS----- -QSVLVSAAP QCPYPDAHLD 
CHIT3_VITVI        IKVMLSIGGG AGSYSLSSSN DAQNVANYLW NNFLGGQ-SS SRPLGDAVLD GIDFDIELGS TLHWDDLARA LSRIEFQQER GRKVYLTAAP QCPFPDKVPG 
DCAP_5455          IKVLLSIGGG AGNYTLTSPA DAKSVARFLW NTYLGGK-SS FRPLGKAVLD GIDFDIELGS TLYYDSLAKD LARYS---AK GKRVHLSAAP QCPFPDAHLG 
DCAP_2879          IKVLLSIGGG AGNYTLTSPA DAKSVARFLW NTYLGGK-SS FRPLGKAVLD GIDFDIELGP TLYYDCLAKD LVRYS---AK GKRVHLSAAP QCPFPDAHLG 
DCAP_4799          IKVLLSIGGG VGTYNLSSVS DAKNVANYLW NTYLGGTNSS FRPLGNATLD GIDFDIELGS TLYYDNLAKF LASYS---IL GRKVYLSAAP QCPFPDAHLG 
DCAP_2737          IKVLLSIGGG VGTYNLSSVS DAKNVANYLW NTYLGGTNSS FRPLGNAILD GIDFDIELGS TLYYNNLAKF LASYS---LL GRKVYLSAAP QCPFPDAHLG 
                    
                         
DCAP_7323          PVLRTGFIDL VWIQFYNNPE CEYNSGDPSA FQNSWNQWTS SVPVSPFFVG LPASPSTGCD GYVDPSDIEL GHSAVC---- ---------- ---------- 
DCAP_0106          PVLQTGLIKL VWIQFYNNPE CEYNSGDPSA FQNSWNQWTS SVPASQFFVG LPASPSAAGD GYVDPSDVNS GILPFIKQSE GKYGGIMLWD RGCDIQTGFS 
DCAP_7544          PVLRTGLIDF VWIQFYNNQE CEFKSGNPVD FQNSWRKWTS SIPARKFFVG LPASHAAAGD GYVPSALMKS QLLPFVQQSG DKYGGVMLWD RGNDIKSGYS 
DCAP_2209          TAIATGLFNY VWVQFYNNPS CEYVSDD-SN LLSSWNQWSP V--VKTLFLG LPASTDAAGS GYIPPDVLTS QVLPSIKGS- SNYGGVMLWN KYYDD--GYS 
C7F821_NEPMI       KAIATGIFDY VWVQFYNNEQ CEYVNDD-TN LLSAWNQWTS SQ-ANVVFLG LPASTAAANS GYIPPDVLTS QVLPSIKAS- SKYGGVMLWS KYYDN--GYS 
C7F817_9CARY       KAIATGIFDY VWVQFYNNEQ CEYVNDD-TN LLSAWNQWTS SQ-ANVVFLG LPASTAAANS GYIPPDVLTS QVLPSIKAS- SKYGGVMLWS KYYDN--GYS 
I7HCY7_NEPAL       QAIATGIFDY VWVQFYNNEQ CEYVSDD-TN LLSAWNQWTS SQ-ANVVFLG LPASTDAASS GYIPPDVLTS QVLPSIKAS- SKYGGVMLWS KYYDN--GYS 
C7F818_9CARY       LAIATGIFDY VWVQFYNNEQ CEYVNDD-TN LLSAWNQWTS SQ-ANVVFLG LPASTDAASS GYISPDVLIS QVLPSIKAS- SKYGGVMLWS KYYDN--GYS 
Q06SN0_9CARY       LAIATGIFDY VWVQFYNNEQ CEYVTDD-TN LLSAWNQWTS SQ-ANVVFLG LPASTDAASS GYISPDVLIS QVLPSIKAS- SKYGGVMLWS KYYDN--GYS 
C7F824_9CARY       LAIATGIFDY VWVQFYNNEQ CEYVTDD-AN LLSAWNQWTS SQ-ANVVFLG LPASTDAASS GYISPDVLIS QVLPSIKAS- SKYGGVMLWS KYYDN--GYS 
C7F822_9CARY       TAIATGIFDY VWVQFYNNEQ CEYVNDD-TN LLSAWNQWTS SQ-ANVVFLG LPASTDAASS GYIPPDVLIS QVLPSIKAS- SKYGGVMLWS KYYDN--GYS 
C7F819_9CARY       TAIATGIFDY VWVQFYNNEQ CEYVNDD-TN LLSAWNQWTS SQ-ANVVFLG LPASTDAASS GYIPPDVLIS QVLPSIKAS- SKYGGVMLWS KYYDN--GYS 
C7F823_NEPGR       TAIATGIFDY VWVQFYNNEQ CEYVNDD-TN LLSAWNQWTS SQ-ANVVFLG LPASTDAASS GYIPPDVLIS QVLPSIKAS- SKYGGVMLWS KYYDN--GYS 
CHIT3_VITVI        TALNTGLFDY VWVQFYNNPP CQYSSGNTNN LLNSWNRWTS SINSTGSFMG LPASSAAAGR GFIPANVLTS QILPVIKRS- PKYGGVMLWS KYYDDQSGYS 
DCAP_5455          TALKTGLFDY VWVQFYNNPP CEYLNGNTTN LLSSWKLWDS QRYIRKLFLG LPAATEAAGS GFIPANVLTS QVLPVIKKT- RKYGGVMLYS RYYDTLTGYS 
DCAP_2879          TALKTGLFDY VWVQFYNNPP CEYLNGNTTN LLSSWKLWDS QKYIRKLFMG LPAATEAAGS GFIPANVLTS QVLSVIKKT- RKYGGVMLFS RYYDTLTGYS 
DCAP_4799          TALRTGLFDY VWVQFYNNPP CEYLNSNTTN LISAWNLWSK QGFIRKLFMG LPAGPQAAGS GFIPTDVLTT QVLPVIKKT- PTYGGVMLWS RYDDTLTGYS 
DCAP_2737          TALRTGLFDY VWVQFYNNPP CEYLNGNTTN LISSWNLWSK QWFIRKLFLG LPAATQAAGS GFIPTDVLTT QVLPVIKKT- PKYGGVMLWS RYYDTLTGYS 
                                                                                                
                    
DCAP_7323          -------
DCAP_0106          NQIIGNV
DCAP_7544          SKIIGNV
DCAP_2209          SAIIGSV
C7F821_NEPMI       SAIKDSV
C7F817_9CARY       SAIKDSV
I7HCY7_NEPAL       SAIKDSV
C7F818_9CARY       SAIKDSV
Q06SN0_9CARY       SAIKDSV
C7F824_9CARY       SAIKDSV
C7F822_9CARY       SAIKDSV
C7F819_9CARY       SAIKDSV
C7F823_NEPGR       SAIKDSV 
CHIT3_VITVI        SSIKSSV
DCAP_5455          EAIIDSV
DCAP_2879          KAIIDSV
DCAP_4799          EAIISSV
DCAP_2737          EAIISSV
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Figure 2.2: Sequence alignment for Family 18 chitinases, annotated by homology to the reference
sequence CHIT3 VITVI. The “DXDXE” motif, in which the acidic residues are marked with red ar-
rows, is imperative for the enzyme activity. Orange arrows indicate residues implicated in substrate
binding.
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Family 19 contains Class I, II, and IV chitinases, all of which are characterized by an anomeric

inverting mechanism [61, 62]. Annotations for the Family 19 chitinases are shown in Figure

2.3. Family 19 contains Class I, II, and IV chitinases, all of which are characterized by an

anomeric inverting mechanism [61, 62]. The N-terminal chitin-binding domain is present in

Class I and absent in Class II, which are otherwise similar in sequence. Family 19 chitinases

from plants have in common a catalytic domain with an active glutamic acid residue. The

active site motif surrounding the active E is either HETT (type I and II) or HETG (type

IV) [51], both of which are observed in this set of proteins. Annotations for the Family

19 chitinases are shown in Figure 2.3. Amino acid and sequence features are indicated as

in Figure 2.2, with the following additions, when present: the C-rich domain is highlighted

in light green, the P-rich hinge in light blue, and the C-terminal extension (CTE) in light

gray. Both the C-rich domain and the P-rich hinge are highly variable in length and are

absent in some sequences. Only three chitinases in this set contain the CTE, which targets

those sequences to the vacuole. The reference sequences for this cluster are CHI3 CASSA

(Castanea sativa), CHI2 BRANA (Brassica napus), and HORV2 (Hordeum vulgare).
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Q6IV09_DRORT      ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
CHI3_CASSA        ---------- ---------- ---------- ---------- ---------- ---------- -------EQC GRQAGGAACA NNLCCSQFGW CGNTAEYCG- 
Q6IVX8_9CARY      ---------- ---------- MNAPCFCFHA QKMRNHKH-- -----STMRG WVVLLLLNLP FLS---AFQC GQQAGGALCH SGLCCSQWGW CGTTSDYCG- 
V5TEI0_DIOMU      ---------- ---------- ---------- ---------- -------MRN WVLLLLCISP FFSRTLAEQC GSQAGGALCP NGLCCSQYGW CGTTSAYCG- 
Q6DUJ9_DIOMU      ---------- ---------- ---------- ---------- -------MGN WVLLLLCISP FFSRTLAEQC GSQAGGALCP NGLCCSQYGW CGATSAYCG- 
VJH3_9CARY        ---------- ---------- ---------- ---------- -------MKI SLLLLLFVVP LLSGTSAQQC GYQAGGALCP NGLCCSKYGY CGTTSAYCG- 
DCAP_5513         ---------- ---------- ---------- ---------- -------MRI TILLLLCVAP LLSGTYAVQC GSEVGGALCP NGLCCSKYGY CGTTSAYCG- 
Q6DUK0_9CARY      ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
DCAP_4817         ---------- ---------- ---------- ---------- -------MRI TILLLLCVAP LLSGTYAVQC GSEVGGALCP NGLCCSKYGY CGTTSAYCG- 
HORV2             ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
CHI2_BRANA        ---------- ---------- ---------- ---------- ------MKS- CLLLFLIFSF LLSFSLAEQC GRQAGGALCP NGLCCSEFGW CGDTEAYCKQ 
Q6IV10_DRORT      ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
I0CMI2_DIOMU      ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
I0CMI3_9CARY      ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
I0CMI4_9CARY      ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
I0CMI6_NEPMI      ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
Q6IVX2_9CARY      ---------- ---------- ---------- -------M-- -----EIASA KIFFGLSLLG LLALGSAEQC GSQAGGAVCP GGLCCSQYGW CGTTDDYCG- 
Q6IVX4_9CARY      ---------- ---------- ---------- -------M-- -----EIASA KIFFGLSLLG LLALGSAEQC GSQAGGAVCP GGLCCSQYGW CGTTDDYCG- 
DCAP_0533         ---MTIVHAS TNKAKLDFSF FSLPYTSLQT PKLYNYKNMA LSIKIKTH-- FAIIFIIIVV FLSSSLAQDC G-------CD SSLCCSQYGY CGTSDAYCG- 
A9ZMK1_NEPAL      ---------- ---------- ---------- --------MA LSAEINLLTV AFLAGILAGV LPNLVSGQNC G-------CA ANLCCSKWGY CGTGDAYCG- 
                                                                              

Q6IV09_DRORT      ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
CHI3_CASSA        AGCQSQCSSP TT-------- -----TTSSP TASSGGGGDV GSLISASLFD QMLKYRNDPR CKSNGFYTYN AFIAAAR-SF NGFGTTGDVT TRKRELAAFL 
Q6IVX8_9CARY      NGCQSQCGGT ATTPPPSPPS PPPPATPSPP SPPSPVGGDV SSIITREIFE EMLLHRNNAA CPARGFYTYE AFITAAR-FF SGFGTTGDFN TRKRELAAFL 
V5TEI0_DIOMU      AGCQSQCGGS S--------- --------PP S--PSGGGDV GSIVTNEIFN QMLLHRNDNA CPANGFYTYN AFIEAAR-SF PGFGTTGDVN TQRKELAAFF 
Q6DUJ9_DIOMU      AGCQSQCGGS S--------- --------PP S--PSGGGDV GSIVTNEIFN QMLLHRNDNA CPANGFYTYN AFIEAAR-SF PGFGTTGDVN TQRKELAAFF 
VJH3_9CARY        DGCQSQCGGS SPPP--APP- -------SPP S--PSGGGDV SSIITSQIFN QMLLHRNDNA CPANGFYSYQ AFINAAR-KF SGFGTTGDTN TRKNELAAFF 
DCAP_5513         PGCQSQCGGS SPPP--APPS P----TPSPP S--PSGGGDV SSIITSQIFN QMLLHRNDNA CPANGFYSYQ AFLDAAR-KF SGFGTTGDIN TRKKELAAFF 
Q6DUK0_9CARY      ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
DCAP_4817         PGCQSQCGGS SPPP--APPS P----TPSPP S--PSGGGDV SSIITSQIFN QMLLHRNDNA CPAHGFYSYQ AFLDAAR-KF SGFGTTGDIN TRKKELAAFF 
HORV2             ---------- ---------- ---------- --------SV SSIVSRAQFD RMLLHRNDGA CQAKGFYTYD AFVAAAA-AF PGFGTTGSAD AQKREVAAFL 
CHI2_BRANA        PGCQSQCGGT P--------- ---------- ---PGPTGDL SGIISRSQFD DMLKHRNDNA CPARGFYTYD AFINAAK-SF PGFGTTGDTA TRKKEIAAFF 
Q6IV10_DRORT      ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
I0CMI2_DIOMU      ---------- ---------- ---------- ---------- ---------- -MLKHRNDAA CQGRGFYTYD AFIAAAK-SF PQFGTTGSAE IRKREIAAFF 
I0CMI3_9CARY      ---------- ---------- ---------- ---------- --------FN QMLKHRNDGG CPAKGFYTYD AFIAAAK-SF PAFAATGDAA TRKREIAAFL 
I0CMI4_9CARY      ---------- ---------- ---------- ---------- --------FN QMLKHRNDGG CPAKGFYTYD AFIAAAK-SF PAFAATGDAA TRKREIAAFL 
I0CMI6_NEPMI      ---------- ---------- ---------- ---------- ---------N QMLKHRNDGG CPAKGFYTYD AFIAAAK-SF PAFAATGDAA TRKREIAAFL 
Q6IVX2_9CARY      AGCQSQCSFS ---------- ---------- ------GGDP SSLVTRDKFN QMLKHRNDGG CPAKGFYTYD AFIAAAK-SF PAFAATGDAA TRKREIAAFL 
Q6IVX4_9CARY      AGCQSQCSFS ---------- ---------- ------GGDP SSLVTRDKFN QMLKHRNDGG CPAKGFYTYD AFIAAAK-SF PAFAATGDAA TRKREIAAFL 
DCAP_0533         VGCQEGPCKS AVN------- ---------- --NTKNDVSV PDVVSDAFFN GII-DQAAST CEGIGFYSRA GFLSAWESNY TDFGTTGSVE ESLREIAAFF 
A9ZMK1_NEPAL      PGCQEGPCYS SG-------- ---------- ----GGGSSV ADIVTDSFFD GII-NQASSS CAGKYFYSRS AFLDALD-SY PAFGTSSDAD TNKQEIAAFF 
                                                                              

Q6IV09_DRORT      ----HETTGG SLS--AEPFT GGYCFVRQND Q--------- ---------- -SDRYYGRGP IQLTNRNNYE KAGTAIGQEL VNNPDLVATD ATISFKTAIW 
CHI3_CASSA        AQTSHETTGG WATAPDGPYA WGYCFVMENN K-----QTYC R-S-KSWPCV FGKQYYGRGP IQLTHNYNYG QAGKAIGADL INNPDLVATN PTISFKTAIW 
Q6IVX8_9CARY      GQTSHETTGG WATAPDGPYA WGYCFKEEVG QP----GSYC VPS-TQWPCA AGKSYYGRGP IQLSYNYNYG PSGQAIGQPL LENPDLVAGD VIVSFETAIW 
V5TEI0_DIOMU      GQTSHETTGG WPTAPDGPYA WGYCFKQEQG NP----PSYC EPS-TAYPCA PGKSYYGRGP IQISYNYNYG QCGDSIGQPL LANPDLVADD ALISFETAIW 
Q6DUJ9_DIOMU      GQTSHETTGG WPTAPDGPYA WGYCFKQEQG NP----PSYC EPS-TAYPCA PGKSYYGRGP IQISYNYNYG QCGDSIGQPL LANPDLVADD ALISFETAIW 
VJH3_9CARY        GQTSHETTGG WSTAPDGPYA WGYCFKQEQG NP----GDYC APS-STYPCA PGQKYYGRGP IQISYNYNYG LCGAAINQPL LSNPGLVASD ADISFETAIW 
DCAP_5513         --------GG WPTAPDGPYA WGYCFKQEQG NP----GDYC VQS-STYPCA PGKKYYGRGP IQISYNYNYG QCGVAINQPL LSNPDLVASN ADVSFETAIW 
Q6DUK0_9CARY      --------GG WPTAPDGPYA WGYCFKQEQG NP----GDYC VQS-STYPCA PGKKYYGRGP IQISYNYNYG QCGAAINQPL LSNPDLVASN ADVSFETAIW 
DCAP_4817         GQTSHETTGG WPTAPDGPYA WGYCFKQEQG NP----GDYC VQS-STYPCA PGKKYYGRGP IQISYNYNYG QCGAAINQPL LSNPDLVASN ADVSFETAIW 
HORV2             AQTSHETTGG WATAPDGAFA WGYCFKQERG AS----SDYC TPS-AQWPCA PGKRYYGRGP IQLSHNYNYG PAGRAIGVDL LANPDLVATD ATVGFKTAIW 
CHI2_BRANA        GQTSHETTGG WATAPDGPYS WGYCFKQEQN PS----SNYC SPS-AEWPCA SGKSYYGRGP MQLSWNYNYG QCGRAIGSDL LNNPDLVSND PVIAFKAAIW 
Q6IV10_DRORT      -QTTHETRGG WPSAPDGPYA WGYCFLREQG SP----GDYC TPS-SQWPCA PGRKYFGRGP IQISHNYNYG PCGRAIGVDL LNNPDLVATD SVISFKSAFW 
I0CMI2_DIOMU      GQTSHETTGG WPTAPDGPYA WGYCFLTEQG NP----PSYC EPS-SQWPCA AGKKYYGRGP IQLSFNFNYG PAGQAIGQDL LNNPDLVATD PIVSFKTALW 
I0CMI3_9CARY      AQTSHETTGG WASAPDGPYA WGYCYLREQG NP----GSYC VQS-AQWPCV AGKKYYGRGP IQISYNFNYG AAGKAIGVDL LNNPDLVEKD PVVSFKTAIW 
I0CMI4_9CARY      AQTSHETTGG WASAPDGPYA WGYCYLREQG NP----GSYC VQS-AQWPCV AGKKYYGRGP IQISYNFNYG AAGKAIGVDL LNNPDLVEKD PVVSFKTAIW 
I0CMI6_NEPMI      AQTSHETTGG WASAPDGPYA WGYCYLREQG NP----GSYC VQS-AQWPCV AGKKYYGRGP IQISYNFNYG AAGKAIGVDL LNNPDLVEKD PVVSFKTAIW 
Q6IVX2_9CARY      AQTSHETTGG WASAPDGPYA WGYCYLREQG NP----GSYC VQS-AQWPCV AGKKYYGRGP IQISYNFNYG AAGKAIGVDL LNNPDLVEKD PVVSFKTAIW 
Q6IVX4_9CARY      AQTSHETTGG WASAPDGPYA WGYCYLREQG NP----GSYC VQS-AQWPCV AGKKYYGRGP IQISYNFNYG AAGKAIGVDL LNNPDLVEKD PVVSFKTAIW 
DCAP_0533         AHVTHETG-- ---------- -HFCYINEIN GSS---KDYC DETNTEWPCN PSKGYYGRGP IQLSWNFNYG PAGRDLGFDG LNSPETVAND PVISFKTAFW 
A9ZMK1_NEPAL      AHVTHETG-- ---------- -HFCYIEEIG GPSLPTSAYC DPSAAQWPCN PNVGYYGRGP IQISWNYNYG PAGQAIGFDG LNSPQTVAND PIISFKSALW 
                                                                              

Q6IV09_DRORT      FWMSVP---- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
CHI3_CASSA        FWMTPQANKP SSHDVIIGNW RPSAADTSAG RVPSYGVITN IIN-GLECGH GSDDRVANRI GFYKRYCDTL GVSYGNNLDC YNQK--PFA- ---------- 
Q6IVX8_9CARY      FWMTPQYDKP SCHDVMIGKW TPSAPDIAAG RFPGYGVTTN IINGGLECGR GPDARVASRI GFYERYCDIL GVDYGDNLDC YTQW--PFGG ---------- 
V5TEI0_DIOMU      FWMTPQGDKP SCHDVITGNW SPSSADQAAG RLPGYGVITN IINGGVECGK GQDASVADRI GFYTRYCNIL GVNPGNNLDC YNQA--PFS- ---------- 
Q6DUJ9_DIOMU      FWMTPQGDKP SCHDVITGNW SPSSADQAAG RLPGYGVITN IINGGVECGK GQDASVADRI GFYTRYCNIL GVNPGNNLDC YNQA--PFS- ---------- 
VJH3_9CARY        FWMTPQGNKP SCHAVATGQW NPSSADQAAG RVPGYGVITN IINGGVECGQ GEKAEVADRI GFYQRYCSIF GISPGQNLDC YNQR--PFS- ---------- 
DCAP_5513         FWMTPQGSKP SCHAVATGQW TPTAADQAAG RVPGYG---- ---------- ---------- ---------- ---------- ---------- ---------- 
Q6DUK0_9CARY      FWMTPQGSKP SCHAVATGQW TPSAADQAAG RVPGYGVITN IINGGL---- ---------- ---------- ---------- ---------- ----------  
DCAP_4817         FWMTPQGSKP SCHAVATGQW TPSAADQAAG RVPGYGVITN IINGGVECGK GTVPQVADRI GFYQRYCSIM GIAPGGNLDC YNQR--PFS- ----------  
HORV2             FWMTAQPPKP SSHAVIAGQW SPSGADRAAG RVPGFGVITN IINGGIECGH GQDSRVADRI GFYKRYCDIL GVGYGNNLDC YSQR--PFA- ---------- 
CHI2_BRANA        FWMTPQSPKP SCHAVIVGQW QPSDADRAAG RVPGYGVITN IINGGLECGR GQDARVADRI GFYQRYCNIL GVNPGGNLDC YNQR--SFAS VNFFLDAAI- 
Q6IV10_DRORT      FWMS------ ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
I0CMI2_DIOMU      FWMTPQSPKP SCHDVITGQW TPSA------ ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
I0CMI3_9CARY      FWMTPQSPKP SYHEVITGRW TPSA------ ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
I0CMI4_9CARY      FWMTPQSPKP SCHEVITGRW TPSAA----- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
I0CMI6_NEPMI      FWMTPQSPKP SCHAVITGRW TPS------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
Q6IVX2_9CARY      FWMTPQSPKP SCHAVITGRW TPSAADKSAG RVPGFGVVTN IINGGVECGH GQDARVADRI GFYKRYCDIL GVGYGNNLDC YNQR--PFGN GLLWATE--- 
Q6IVX4_9CARY      FWMTPQSPKP SCHAVITGRW TPSAADKSAG RVPGFGVVTN IINGGVECGH GQDARVADRI GFYKRYCDIL GVGYGNNLDC YNQR--PFGN GLLWATE--- 
DCAP_0533         YWMNHVHN-- ----LLI--- ---------- SGQGFGETIR AIN-SIECDG GNTPEVNDRV KYYKQYCDEL AQSCGCAAGL CCSKYGYCGT TSSYCGDGCQ 
A9ZMK1_NEPAL      FWMKNVHS-- ----IIV--- ---------- SGQGFGATIR AIN-SMECNG GNPSAVDDRV GYYVAYCNQF GVSPGGN--L YC-------- ---------- 
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Figure 2.3: Sequence alignment and annotation for Family 19 chitinases. Many sequences in this
cluster contain a chitin-binding C-rich domain (light green) that is connected to the active region by
a P-rich hinge (light blue). Three sequences in this cluster contain a C-terminal extension (CTE)
that causes the proteins to be targeted to the vacuole.
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Four Family 19 chitinase fragments were identified from the D. capensis genome by perform-

ing a BLAST search for DcChit 1, a chitinase fragment previously identified from genomic

DNA of the same organism [51]. Their sequences range from 41%-100% identity to Dc-

Chit1 1. These fragments contain part of the N-terminal region, including the C-rich domain

and the P-rich hinge, neither of which was observed in the original fragment, along with part

of the catalytic domain (Figure 2.4). However, these sequences are all truncated before the

catalytic residues. Sequencing of the D. capensis transcriptome will clarify whether these

are fragments of active genes containing one or more introns, or inactive pseudogenes, which

are relatively common in gene families undergoing rapid evolution [63] (as is the case for

many proteins associated with pathogen defense) [64].

DcChitI_2 ---------- ---------- ---------- -MRITILLLL CVAPLLSGTY AVQCGSEVGG ALCPNGLCCS KYGYCGTTSA YCGPGCQSQC GGSSPPPAPP
I0CMI1_DROCA ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------
DcChitI_1 ---------- ---------- ---------- -MRITILLLL CVAPLLSGTY AVQCGSEVGG ALCPNGLCCS KYGYCGTTSA YCGPGCQSQC GGSSPPPAPP
DcChitI_3 MKTRSIPEIS STAPIISFTL DHTIQTRKIM SPPMKSIHMI CLVAAVIIFL TMPRHLAAQS CGCAAGLCCS KYGYCGTTSD YCGDGCQAGP CSSTPA----
DcChitI_4 ---------- ---------- ---------M SPPMRNYHMT CLVTAVIIFF TMPGHLAAQS CGCAAGLCCS KYGYCGTTSS YCGDGCQAGP CSSTPT----
                                                                                                

DcChitI_2 SPTPSPPSPS GGGDVSSIIT SQIFNQMLLH RNDNACPANG FYSYQAFLDA ARKFSGFGTT GDINTRKKEL AAFFGQTSHE TTG------- ----------
I0CMI1_DROCA ------PSPS GGGDVSSIIT SQIFNQMLLH RNDNACPAHG FYSYQAFLDA ARKFSGFGTT GDINTRKKEL AAFFGQTSHE TT-------- ----------
DcChitI_1 SPTPSPPSPS GGGDVSSIIT SQIFNQMLLH RNDNACPAHG FYSYQAFLDA ARKFSGFGTT GDINTRKKEL AAFFGQTSHE TT-------- ----------
DcChitI_3 ---------G SGVSVPAVVT VAFF-NGIIN KAGSGCPGTG FYSRSAFLSA IGSYPSFGTT GTSDAAKREI AAFFAHVTHE TGCKHIHFFL SKFYAVLYRV
DcChitI_4 ---------S SGVSVPAVVT DAFF-NGIIN QAGSGCPGKG FYSRSAFLSA IGSYPSFGTT GTTDASKQEI AAFFAHVTHE T--------- ----------
                                                                                     

DcChitI_2 ---------- ---
I0CMI1_DROCA ---------- ---
DcChitI_1 ---------- ---
DcChitI_3 IILYAWIKDE AID
DcChitI_4 ---------- ---
                                                                    

Figure 2.4: Chitinase 1 fragments discovered using a BLAST search of the D. capensis genome
against the DcChitI 1 fragment previously identified by Renner and Specht from D. capensis ge-
nomic DNA.

2.2.3 Preliminary Structural Models and In silico Maturation

Preliminary models for both Family 18 and Family 19 chitinases were produced using Rosetta

[28], implemented in the online Robetta server [27]. The Rosetta structures contain the full

sequences, including the N-terminal signal peptides, and in some cases, C-terminal targeting

peptides that are also cleaved during maturation. These Rosetta models then underwent the

in silico maturation process [48], and the process is illustrated in Figure 2.5 for a represen-
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tative family 18 chitinase, DCAP 2209. The initial Rosetta sequence, including the signal

peptide and lacking post-translational modifications, is shown in Figure 2.5. In order to

generate the equilibrated structure Figure 2.5b, which more closely approximates the active

form of the enzyme in solution, the signal sequence is removed, disulfide bonds are added

using homology to a reference sequence (in this case CHIT3 VITVI), and the structure is

equilibrated in explicit solvent. Many Family 18 chitinases from plants contain three disul-

fide bonds [65, 66], although examples without any disulfide bonds also exist [67]. Three are

found in all the Family 18 chitinases in this set, as in CHIT3 VITVI [36], and hevamine from

Hevea brasiliensis (PDB ID: 2HVM) [68]. The functionally important cis peptide bonds are

captured by the molecular models for all the Family 18 chitinases examined here except for

DCAP 7323, which unlikely to be active in any case because it is truncated at the N-terminal

end.

a DCAP_2209 Rosetta (full) b DCAP_2209 Rosetta (equilibrated)

signal sequence

N-terminus

N-terminus

β1
β1

β7

β7

α5

α5

α6

α6

Figure 2.5: DCAP 2209 (a) before and (b) after in silico maturation. The light orange helix in
part a is the N-terminal signal sequence. Important residues are color-coded as follows: Red:
catalytically active residues of the “DXDXE” motif. Orange: aromatic substrate-binding residues.
Yellow: Cysteines in disulfide bonds.

Figure 2.6 shows full-length structures for Q6IVX8 9CARY and Q6IVX2 9CARY (Family

19) from Drosera spatulata. The N-terminal and C-terminal targeting sequences are exposed

on the surface of the protein, as expected. The P-rich hinge in these proteins is variable
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in length, and highly flexible, as illustrated by the different relative conformations of of the

catalytic and C-rich chitin binding domains observed here.

GLLWATE

a Q6IVX8_9CARY

N-term.

b Q6IVX2_9CARY

N-term.

C-term.

signal sequence
C-rich domain
P-rich hinge
vaculolar targeting sequence

Figure 2.6: Initial Rosetta structures for two class I chitinases from Drosera spatulata,
Q6IVX8 9CARY and Q6IVX2 9CARY, illustrating positioning of the N-terminal and C-terminal
targeting sequences and the variability in length and conformation for the P-rich hinge.

All initial and equilibrated structures are available for download as PDB files from our paper

online [1]. The available structures for Families 18 and 19 are tabulated in Tables 1 and 2,

respectively.
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Protein Organism Sequence Elements included File Name

CHIT3 VITVI Vitis vinifera signal, active region CHIT3 VITVI m1.pdb

CHIT3 VITVI Vitis vinifera active region CHIT3 VITVI mature m1.pdb

DCAP 7323 D. capensis active region DCAP 7323 m1.pdb

DCAP 7323 D. capensis active region DCAP 7323 mature m1.pdb

DCAP 0106 D. capensis signal, active region DCAP 0106 m1.pdb

DCAP 0106 D. capensis active region DCAP 0106 mature m1.pdb

DCAP 7544 D. capensis signal, active region DCAP 7544 m1.pdb

DCAP 7544 D. capensis active region DCAP 7544 mature m1.pdb

DCAP 2209 D. capensis signal, active region DCAP 2209 m1.pdb

DCAP 2209 D. capensis active region DCAP 2209 mature m1.pdb

C7F821 NEPMI N. mirabilis signal, active region C7F821 NEPMI m1.pdb

C7F821 NEPMI N. mirabilis active region C7F821 NEPMI mature m1.pdb

C7F817 9CARY D. spatulata signal, active region C7F817 9CARY m1.pdb

C7F817 9CARY D. spatulata active region C7F817 9CARY mature m1.pdb

I7HCY7 NEPAL N. alata signal, active region I7HCY7 NEPAL m1.pdb

I7HCY7 NEPAL N. alata active region I7HCY7 NEPAL mature m1.pdb

C7F818 9CARY D. spatulata signal, active region C7F818 9CARY m1.pdb

C7F818 9CARY D. spatulata active region C7F818 9CARY mature m1.pdb

Q06SN0 9CARY D. spatulata signal, active region Q06SN0 9CARY m1.pdb

Q06SN0 9CARY D. spatulata active region Q06SN0 9CARY mature m1.pdb

C7F824 9CARY D. spatulata signal, active region C7F824 9CARY m1.pdb

C7F824 9CARY D. spatulata active region C7F824 9CARY mature m1.pdb

C7F822 9CARY D. spatulata signal, active region C7F822 9CARY m1.pdb

C7F822 9CARY D. spatulata active region C7F822 9CARY mature m1.pdb

C7F819 9CARY D. spatulata signal, active region C7F819 9CARY m1.pdb

C7F819 9CARY D. spatulata active region C7F819 9CARY mature m1.pdb

C7F823 NEPGR N. gracilis signal, active region C7F823 NEPGR m1.pdb

C7F823 NEPGR N. gracilis active region C7F823 NEPGR mature m1.pdb

DCAP 5455 D. capensis signal, active region DCAP 5455 m1.pdb

DCAP 5455 D. capensis active region DCAP 5455 mature m1.pdb

DCAP 2879 D. capensis signal, active region DCAP 2879 m1.pdb

DCAP 2879 D. capensis active region DCAP 2879 mature m1.pdb

DCAP 4799 D. capensis signal, active region DCAP 4799 m1.pdb

DCAP 4799 D. capensis active region DCAP 4799 mature m1.pdb

DCAP 2737 D. capensis signal, active region DCAP 2737 m1.pdb

DCAP 2737 D. capensis active region DCAP 2737 mature m1.pdb
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Protein Organism Sequence Elements included File Name

HORV2 H. vulgare active region HORV2 PDBID: 2BAA

HORV2 H. vulgare active region HORV2 crystal struc mature m1.pdb

Q6IV09 DRORT D. rotundifolia active region Q6IV09 DRORT m1.pdb

Q6IV09 DRORT D. rotundifolia active region Q6IV09 DRORT mature m1.pdb

CHI3 CASSA Castanea sativa C-rich domain, P-rich hinge, active region CHI3 CASSA m1.pdb

CHI3 CASSA Castanea sativa C-rich domain, P-rich hinge, active region CHI3 CASSA mature m1.pdb

Q6IVX8 9CARY D. spatulata signal, C-rich domain, P-rich hinge, active region Q6IVX8 9CARY m1.pdb

Q6IVX8 9CARY D. spatulata C-rich domain, P-rich hinge, active region Q6IVX8 9CARY mature m1.pdb

V5TEI0 DIOMU D. muscipula signal, C-rich domain, P-rich hinge, active region V5TEI0 DIOMU m1.pdb

V5TEI0 DIOMU D. muscipula C-rich domain, P-rich hinge, active region V5TEI0 DIOMU mature m1.pdb

Q6DUJ9 DIOMU D. muscipula signal, C-rich domain, P-rich hinge, active region Q6DUJ9 DIOMU m1.pdb

Q6DUJ9 DIOMU D. muscipula C-rich domain, P-rich hinge, active region 6DUJ9 DIOMU mature m1.pdb

VJH3 9CARY D. spatulata signal, C-rich domain, P-rich hinge, active region VJH3 9CARY m1.pdb

VJH3 9CARY D. spatulata C-rich domain, P-rich hinge, active region VJH3 9CARY mature m1.pdb

DCAP 5513 D. capensis signal, C-rich domain, P-rich hinge, active region DCAP 5513 m1.pdb

DCAP 5513 D. capensis C-rich domain, P-rich hinge, active region DCAP 5513 mature m1.pdb

Q6DUKO 9CARY D. spatulata active region Q6DUKO 9CARY m1.pdb

Q6DUKO 9CARY D. spatulata active region Q6DUKO 9CARY mature m1.pdb

DCAP 4817 D. capensis signal, C-rich domain, P-rich hinge, active region DCAP 4817 m1.pdb

DCAP 4817 D. capensis C-rich domain, P-rich hinge, active region DCAP 4817 mature m1.pdb

CHI2 BRANA B. napus signal, C-rich domain, P-rich hinge, active region, CTE CHI2 BRANA m1.pdb

CHI2 BRANA B. napus C-rich domain, P-rich hinge, active region CHI2 BRANA mature m1.pdb

Q6IV10 DRORT D. rotundifolia active region Q6IV10 DRORT m1.pdb

Q6IV10 DRORT D. rotundifolia active region Q6IV10 DRORT mature m1.pdb

I0CMI2 DIOMU D. muscipula active region I0CMI2 DIOMU m1.pdb

I0CMI2 DIOMU D. muscipula active region I0CMI2 DIOMU mature m1.pdb

I0CMI3 9CARY D. spatulata active region I0CMI3 9CARY m1.pdb

I0CMI3 9CARY D. spatulata active region I0CMI3 9CARY mature m1.pdb

I0CMI4 9CARY D. spatulata active region I0CMI4 9CARY m1.pdb

I0CMI4 9CARY D. spatulata active region I0CMI4 9CARY mature m1.pdb

I0CMI6 NEPMI N. mirabilis active region I0CMI6 NEPMI m1.pdb

I0CMI6 NEPMI N. mirabilis active region I0CMI6 NEPMI mature m1.pdb

Q6IVX2 9CARY D. spatulata signal, C-rich domain, P-rich hinge, active region, CTE Q6IVX2 9CARY m1.pdb

Q6IVX2 9CARY D. spatulata C-rich domain, P-rich hinge, active region Q6IVX2 9CARY mature m1.pdb

Q6IVX4 9CARY D. spatulata signal, C-rich domain, P-rich hinge, active region, CTE Q6IVX4 9CARY m1.pdb

Q6IVX4 9CARY D. spatulata C-rich domain, P-rich hinge, active region Q6IVX4 9CARY mature m1.pdb

DCAP 0533 D. capensis signal, C-rich domain, P-rich hinge, active region, C-terminal domain DCAP 0533 m1.pdb

DCAP 0533 D. capensis C-rich domain, P-rich hinge, active region, C-terminal domain DCAP 0533 mature m1.pdb

A9ZMK1 NEPAL N. alata signal, C-rich domain, P-rich hinge, active region A9ZMK1 NEPAL m1.pdb

A9ZMK1 NEPAL N. alata C-rich domain, P-rich hinge, active region A9ZMK1 NEPAL mature m1.pdb
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2.2.4 Network Modeling and Analysis

In collaboration with Prof. Carter T. Butts, we mapped each equilibrated protein structure

to a protein structure network (PSN) as defined by the representation of [69] using software

tools from [47]; these in turn make use of VMD [70] and the statnet toolkit [71, 72] within

the R statistical computing system [73]. To compare PSNs, we use the structural distance

approach of [74], which defines a metric on graph pairs that is in our case equal to the number

of edges in one graph that would need to be altered in order to make it isomorphic to the

other. (Isolate addition was performed when comparing graphs with differing numbers of

vertices.) To remove size effects, the raw distance between each pair of PSNs was normalized

by the number of vertices, yielding a metric corresponding to edge changes per vertex.

These normalized structural distances were analyzed using hierarchical clustering using R.

Additional network analysis and visualization was performed using the network and sna

libraries within statnet [72, 75].

2.3 Results

This work reports molecular models and functional predictions from protein structure net-

works for eleven new chitinases from D. capensis, including a novel class IV chitinase with

two active domains. This architecture has previously been observed in microorganisms but

not in plants. This work used a combination of comparative and de novo structure predic-

tion followed by molecular dynamics simulation to produce models of the mature forms of

these proteins in aqueous solution. Protein structure network analysis of these and other

plant chitinases reveal characteristic features of the two major chitinase families. Vy Duong

worked mostly on Family 19 and my work was mostly concentrated on Family 18. It is im-

portant to understand the comparison of Family 19 and Family 18 and therefore, a portion

of the results from the paper [21] are shown in this chapter.
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2.3.1 D. capensis Chitinases are Predicted to Adopt Folds Con-

sistent with Active Enzymes

The catalytic action of family 18 chitinases, which retains the β-anomeric carbon stereo-

chemistry from the substrate to the product, is based on substrate-assisted hydrolysis of the

glycosidic bond [76, 77, 78]. Catalysis is initiated by distorting the -1 sugar ring subsite

adjacent to the glycosidic bond. Next, Asp 123 rotates to form hydrogen bonds with both

Glu 127 and the N-acetyl group of the +1 sugar. This step protonates Glu 127. Then, the

anomeric carbon is subjected to a nucleophilic attack by the oxygen from the N-acetyl group,

forming an oxazolinium ion as an intermediate, followed by cleavage of the glycosidic bond

by hydrolysis to generate smaller fragments. The DXDXE motif is essential for activity,

hence fragments that were lacking this sequence due to truncation were excluded from the

protein set.

Family 18 chitinases, which retain the β-anomeric carbon stereochemistry from the substrate

to the product, adopt the (α-β)8 triosephosphateisomerase (TIM)-barrel fold [66, 76], shown

for DCAP 0106 in Figure 2.7A. The active site (Figure 2.7B), consists of a characteristic

DXXDXDXE motif [66, 76]. The “tunnel” containing the active site is shaped by an unusual

structural feature, two non-proline cis peptide bonds that are highly conserved, although the

particular residues involved are somewhat variable [68, 33]. The cis peptide bonds (shown

in black in Figure 2.7C), are captured by the molecular models for all full-length Family 18

chitinases examined here. The shape of the tunnel and the surface formed by the aromatic

rings opposite the catalytic D and E residues acts to guide the chitin polymer chains into

the active site, leading to processive activity [79]. The ability of Family 18 chitinases to keep

the strand that is currently being degraded from re-encountering solid substrate is thought

to be a key determinant of their ability to hydrolyze crystalline polysaccharides [80].

The Family 19 chitinases, all of which are characterized by an anomeric inverting mechanism
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Figure 2.7: Equilibrated structures of the mature sequences of chitinases from carnivorous plants.
A. DCAP 0106, a representative Family 18 chitinase, after in silico maturation. Numbering of sec-
ondary structure elements follows the convention of Si et al. [5]. B. Notably, the tunnel containing
the active site has two surfaces with different chemical properties; the aromatic rings (orange) hold
the more hydrophobic face of the chitin polymer in place, while the acidic residues (red) perform
hydrolysis of the glycosidic linkages. C. Two conserved non-proline cis peptide bonds (black) are
critical to shaping the active site tunnel in Family 18 chitinases. D. Chitinase VF-1 from Dionaea
muscipula V5TEI0 DIOMU [6], with important sequence features and active site residues labeled
(red: acidic active residue. blue: basic active residue. yellow: disulfide bond). E. The two-domain
chitinase DCAP 0533. Color coding is as in D, with the addition of substrate-binding residues in
orange.[1]
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[61], have diverse structural features. Much of the structural and functional diversity results

from two highly variable regions, the C-rich chitin-binding domain and the P-rich hinge

[81, 82], each of which may vary in length or be absent altogether. We have identified two

class I chitinases (DCAP 4817 and DCAP 5513) and one class IV chitinase (DCAP 0533)

from the D. capensis genome. Most of the sequences in this set contain N-terminal secre-

tion signals, however two D. spatulata sequences (Q6IVX2 9CARY and Q6IVX4 9CARY)

and the reference sequence CHI2 BRANA contain short C-terminal extensions indicating

targeting to the vacuole, consistent with their playing a purely defensive role. One sequence

each from D. capensis (DCAP 5513), D. rotundifolia (Q6IV09 DRORT), and D. spatulata

(Q6DUK0 9CARY) is missing one or more critical active site residues; in other organisms,

enzymatically non-functional chitinase homologs are often present and can serve as chitin-

binding proteins [83]. The predicted structure after in silico maturation for a representative

chitinase, VF-1 from D. muscipula (Figure 2.7 is in good agreement overall with the homol-

ogy model of Paszota et al. [6], with the active site residues positioned in a shallow cleft on

the surface of the active domain. The two models do differ in the relative orientations of the

domains; however examination of the other models in this set suggests that the P-rich hinge

is highly flexible as seen in Figure 2.6.

2.3.2 The Novel Class IV Chitinase DCAP 0533 Has Two Func-

tional Domains

This work identified a new class IV chitinase from D. capensis, DCAP 0533. A class IV

chitinase has previously been described as one of the most abundant proteins in the pitcher

fluid N. alata [45], where it preferentially hydrolyzes small GlcNAc oligomers over larger

polymeric substrates [84]. Unlike other known plant chitinases, DCAP 0533 contains two

class IV catalytic domains. The N-terminal domain appears to be fully active, while the C-

terminal domain lacks one of the active residues but contains a full complement of substrate-
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binding residues (Figure 2.7E, Figures 2.9, Figure 2.10). Multidomain chitinases containing

dedicated substrate-binding domains have previously been observed in microbes [85]. For

example, ChiA from the thermophilic archeon Pyrococcus kodakaraensis, has two chitinase

domains and three catalytically inactive substrate binding domains, allowing separate op-

timizaton of substrate binding and catalytic function [86]. AFM data suggests the binding

is mostly determined by interaction of the aromatic residues in the binding site (orange in

Figure 2.7E) with the pyranose rings of the substrate [87]. This type of functionality has

not been previously observed in plants; we hypothesize that it is an adaptation associated

with carnivory, perhaps related to more effective breakdown of small oligosaccharides to

components that can be used as a nitrogen source.

Structurally, each domain consists of two lobes with eight helices each, separated by a large

active site cleft Figure 2.10(a). In Figure 2.10(b), the two domains of this protein are

shown overlaid with the crystal structures of class IV chitinases from Zea mays (PDBID:

4MCK, 60% identity with the NTD) and Picea abies (PDBID: 3HBE, 64% identity with

the CTD). The NTD Figure 2.10(c) has an N-terminal signal peptide, a conserved C-rich

binding domain, and a catalytic domain that appears to be functional. In its homolog

CHIA MAIZE, Chaudet et. al. characterized four catalytic residues (E62, E71, E165, and

R171) [88], all of which have counterparts in the NTD of DCAP 0533 (E173, E182, E278,

R290) Figures 2.9 and 2.10. Previous modeling studies of well-characterized class I chitinases

from barley, mustard, and chestnut seed homologs (barley: E67, mustard: E212, chestnut:

E124) suggest the necessity of E62 in CHIA MAIZE and E173 in the NTD of DCAP 0533 as

a proton donor [89, 90, 91]. Overall, mutagenesis studies highlight the significance of E62 as

an essential residue of the catalytic triad (E62, E165, R171 in CHIA MAIZE) which we use

to infer an equivalent catalytic triad in the NTD of DCAP 0533 (E173, E278, and R290). It

has also been hypothesized that purpose of the triad is to alter the surrounding environment

to induce activation of the glutamic acid in the HETG/I (class IV) or HETT (class I/II)

motif by changing its pKa [91].
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Q6WSR8_PICAB     ---------- ---------- ---------- -----MGSII IDKSVMALVL VLLLV-GVSV NAQNCGCATG VCCSQYGYCG TTSAYCGKGC KSGPCYSSGG
N_term_DCAP_0533 MTIVHASTNK AKLDFSFFSL PYTSLQTPKL YNYKNMALSI KIKTHFAIIF IIIVVFLSSS LAQDCGCDSS LCCSQYGYCG TSDAYCGVGC QEGPCKSAVN
C_term_DCAP_0533 ---------- ---------- ---------- ---------- ---------- ---------- -AQSCGCAAG LCCSKYGYCG TTSSYCGDGC QAGPCSSTPT
CHIA_MAIZE       ---------- ---------- ---------- -----MANAP RILALGL--L ALLCAAAGPA AAQNCGCQPN FCCSKFGYCG TTDAYCGDGC QSGPCRSGGG
C5YBE7_SORBI     ---------- ---------- ---------- -----MENAP RILTVLALGL ALLCAGAGPA AAQNCGCQPG YCCSQYGYCG KGDAYCGKGC RSGPCQGGGG

Q6WSR8_PICAB     GSPS------ -AGGGSVGGI ISQSFFNGLA GGAASSCEGK GFYTYNAFIA AAN-AYSGFG TTGSNDVKKR ELAAFFANVM HETGGLCYIN EKNP-PINYC
N_term_DCAP_0533 NT-------- -KNDVSVPDV VSDAFFNGII DQAASTCEGI GFYSRAGFLS AWESNYTDFG TTGSVEESLR EIAAFFAHVT HETGHFCYIN EINGSSKDYC
C_term_DCAP_0533 ---------- -SSGVSVPAV VTDAFFNGII NQAGSGCPGK GFYSRSAFLS AIG-SYPSFG TTGTTDASKQ EIAAFFA--- HENGGA---- --SQPKSQYC
CHIA_MAIZE       GGGGGGGGGG GSGGANVANV VTDAFFNGIK NQAGSGCEGK NFYTRSAFLS AVN-AYPGFA HGGTEVEGKR EIAAFFAHVT HETGHFCYIS EINK-SNAYC
C5YBE7_SORBI     ---------- --SGANVGSV VTDAFFNGIK NQAPNWCEGK NFYTRSAFLN AAN-AYPGFA HGGSEVEGKR EIAAFFAHVT HETGHFCYIN EINGASRNYC

Q6WSR8_PICAB     QS-SSTWPCT SGKSYHGRGP LQLSWNYNYG AAGKSIGFDG LNNPEKVGQD STISFKTAVW FWMKNSNCHS AITSGQGFGG TIKAINS-ME CNGGNSGEVS
N_term_DCAP_0533 DETNTEWPCN PSKGYYGRGP IQLSWNFNYG PAGRDLGFDG LNSPETVAND PVISFKTAFW YWMNHVH-N- LLISGQGFGE TIRAINS-IE CDGGNTPEVN
C_term_DCAP_0533 DASYTQYPCN PNKGYYGRGP LQLSWNYNYG AAGSSIGFDG LNSPETVANN AVISFKTALW FWMNNGI-HS AIVSGQGFGA TIRAINS-GE CNGGNLGAVN
CHIA_MAIZE       DASNRQWPCA AGQKYYGRGP LQISWNYNYG PAGRDIGFNG LADPNRVAQD AVIAFKTALW FWMNNVH--- -GVMPQGFGA TIRAINGALE CNGNNPAQMN
C5YBE7_SORBI     DANNRQWPCA PGKKYYGRGP LQISWNYNYG PAGKAIGFDG LGNPDKVAQD PVISFKTALW FWMNNVH--- -QVMPQGFGA TIRAINGALE CNGKNPGAVN

Q6WSR8_PICAB     SRVNYYKKIC SQLGVDPGAN VSC
N_term_DCAP_0533 DRVKYYKQYC DEL------- ---
C_term_DCAP_0533 ARVQYYKQYC SQFGVAPGAS LTC 
CHIA_MAIZE       ARVGYYKQYC QQLRVDPGPN LIC 
C5YBE7_SORBI     ARVGYYKDYC KQFGVDPGNN LTC

❋ ❋ ❋●● ● ●●● ●● ● ●●●●●● ● ●●● ●● ● ●

❋● ❋● ● ●●●● ● ●● ● ●●●● ● ● ● ●●●● ●● ● ●● ●● ●●
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Figure 2.8: Sequence alignment and annotation of Q6WSR8 PICAB, CHIA MAIZE, and the N-
terminal domain (NTD) and C-terminal domain (CTD) of DCAP 0533. For the purpose of compar-
ison, the sequence is manually separated above. We observe high sequence conservation regarding:
the signal cleavage site, C-rich domain length and location, cysteines composing disulfide bonds,
other binding site residues surrounding the main binding site residues (orange arrows), and catalytic
residues except Glu407 of the CTD which is unaligned with Glu113 of Q6WSR8 PICAB

Class IV chitinases exhibit an amino acid substitution in the first active site region rela-

tive to Class I chitinases, resulting in a HETG/I motif instead of the HETT motif [51]. A

deletion of four amino acids in the Cys-rich binding domain is also observed in class IV chiti-

nases, as shown for a class IV chitinase from Nepenthes alata (A9ZMK1 NEPAL) [84] and

DCAP 0533 in 2.3. Figure 2.9 shows a sequence alignment of the N- and C-terminal domains

of the Class IV chitinase DCAP 0533 with single domain class IV chitinases from Picea abies

(Q6WSR8 PICAB), Zea mays (CHIA MAIZE), and Sorghum bicolor (C5YBE7 SORBI).

The two domains of DCAP 0533 were aligned with the most closely related annotated class

IV chitinases, those from Picea abies (EC: 3.2.1.14, Uniprot: Q6WSR8 PICAB), Zea mays

(EC: 3.2.1.14, Uniprot: CHIA MAIZE), and Sorghum bicolor (Uniprot: C5YBE7 SORBI)

[92, 51, 88] (Figure 2.10).

Linked to the NTD by a cysteine and glycine-rich linker sequence, the CTD of DCAP 0533
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(Figure 2.10(d) potentially houses a second catalytic domain or binding domain whose clos-

est structural homolog is Q6WSR8 PICAB from Norway spruce (Picea abies) (Figure 2.9).

Binding site residues and cysteines involved in disulfide bond formation are conserved in

both chitinases. Comparing this sequence with the catalytic triad of Q6WSR8 PICAB

(E113, R230, E218), we observe a potentially equivalent triad in the CTD (E407, E507,

R519) (Figure 2.10). Ubhayasekera et. al. describe the flexibility of E113 and demonstrate

two conformations that it can adopt during catalysis [92]. Although E407 is not located in

the equivalent sequence position to E113, the flexibility of this residue in Q6WSR8 PICAB

suggests that Glu407 may be at an appropriate distance to function as part of the CTD

triad. Alternatively, the CTD may lack catalytic activity and act as a binding domain as in

multidomain chitinases from archaea and bacteria.

2.3.3 Description of a Novel Two-Domain Class IV Chitinase

Class IV chitinases exhibit an amino acid substitution in the first active site region rela-

tive to Class I chitinases, resulting in a HETG/I motif instead of the HETT motif [51]. A

deletion of four amino acids in the Cys-rich binding domain is also observed in class IV chiti-

nases, as shown for a class IV chitinase from Nepenthes alata (A9ZMK1 NEPAL) [84] and

DCAP 0533 in 2.3. Figure 2.9 shows a sequence alignment of the N- and C-terminal domains

of the Class IV chitinase DCAP 0533 with single domain class IV chitinases from Picea abies

(Q6WSR8 PICAB), Zea mays (CHIA MAIZE), and Sorghum bicolor (C5YBE7 SORBI).

The two domains of DCAP 0533 were aligned with the most closely related annotated class

IV chitinases, those from Picea abies (EC: 3.2.1.14, Uniprot: Q6WSR8 PICAB), Zea mays

(EC: 3.2.1.14, Uniprot: CHIA MAIZE), and Sorghum bicolor (Uniprot: C5YBE7 SORBI)

[92, 51, 88] (Figure 2.10).
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Structurally, each domain consists of two lobes with eight helices each, separated by a large

active site cleft (Figure 2.10(a). In Figure 2.10(b), the two domains of this protein are shown

overlaid with the crystal structures of class IV chitinases from Zea mays (PDBID: 4MCK,

60% identity with the NTD) and Picea abies (PDBID: 3HBE, 64% identity with the CTD).

The NTD Figure 2.10(c) has an N-terminal signal peptide, a conserved C-rich binding do-

main, and a catalytic domain that appears to be functional. In its homolog CHIA MAIZE,

Chaudet et. al. characterized four catalytic residues (E62, E71, E165, and R171) [88], all

of which have counterparts in the NTD of DCAP 0533 (E173, E182, E278, R290) (Figures

2.9, 2.10. Previous modeling studies of well-characterized class I chitinases from barley, mus-

tard, and chestnut seed homologs (barley: E67, mustard: E212, chestnut: E124) suggest the

necessity of E62 in CHIA MAIZE and E173 in the NTD of DCAP 0533 as a proton donor

[89, 90, 91]. Overall, mutagenesis studies highlight the significance of E62 as an essential

residue of the catalytic triad (E62, E165, R171 in CHIA MAIZE) which we use to infer

an equivalent catalytic triad in the NTD of DCAP 0533 (E173, E278, and R290). It has

also been hypothesized that purpose of the triad is to alter the surrounding environment to

induce activation of the glutamic acid in the HETG/I (class IV) or HETT (class I/II) motif

by changing its pKa [91].

Linked to the NTD by a cysteine and glycine-rich linker sequence, the CTD of DCAP 0533

(Figure 2.10(d) potentially houses a second catalytic domain or binding domain whose clos-

est structural homolog is Q6WSR8 PICAB from Norway spruce (Picea abies) (Figure 2.9).

Binding site residues and cysteines involved in disulfide bond formation are conserved in

both chitinases. Comparing this sequence with the catalytic triad of Q6WSR8 PICAB

(E113, R230, E218), we observe a potentially equivalent triad in the CTD (E407, E507,

R519) (Figure 2.10). Ubhayasekera et. al. describe the flexibility of E113 and demonstrate

two conformations that it can adopt during catalysis [92]. Although E407 is not located in

the equivalent sequence position to E113, the flexibility of this residue in Q6WSR8 PICAB
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suggests that Glu407 may be at an appropriate distance to function as part of the CTD

triad. Alternatively, the CTD may lack catalytic activity and act as a binding domain as in

multidomain chitinases from archaea and bacteria.

Q6WSR8_PICAB     ---------- ---------- ---------- -----MGSII IDKSVMALVL VLLLV-GVSV NAQNCGCATG VCCSQYGYCG TTSAYCGKGC KSGPCYSSGG
N_term_DCAP_0533 MTIVHASTNK AKLDFSFFSL PYTSLQTPKL YNYKNMALSI KIKTHFAIIF IIIVVFLSSS LAQDCGCDSS LCCSQYGYCG TSDAYCGVGC QEGPCKSAVN
C_term_DCAP_0533 ---------- ---------- ---------- ---------- ---------- ---------- -AQSCGCAAG LCCSKYGYCG TTSSYCGDGC QAGPCSSTPT
CHIA_MAIZE       ---------- ---------- ---------- -----MANAP RILALGL--L ALLCAAAGPA AAQNCGCQPN FCCSKFGYCG TTDAYCGDGC QSGPCRSGGG
C5YBE7_SORBI     ---------- ---------- ---------- -----MENAP RILTVLALGL ALLCAGAGPA AAQNCGCQPG YCCSQYGYCG KGDAYCGKGC RSGPCQGGGG

Q6WSR8_PICAB     GSPS------ -AGGGSVGGI ISQSFFNGLA GGAASSCEGK GFYTYNAFIA AAN-AYSGFG TTGSNDVKKR ELAAFFANVM HETGGLCYIN EKNP-PINYC
N_term_DCAP_0533 NT-------- -KNDVSVPDV VSDAFFNGII DQAASTCEGI GFYSRAGFLS AWESNYTDFG TTGSVEESLR EIAAFFAHVT HETGHFCYIN EINGSSKDYC
C_term_DCAP_0533 ---------- -SSGVSVPAV VTDAFFNGII NQAGSGCPGK GFYSRSAFLS AIG-SYPSFG TTGTTDASKQ EIAAFFA--- HENGGA---- --SQPKSQYC
CHIA_MAIZE       GGGGGGGGGG GSGGANVANV VTDAFFNGIK NQAGSGCEGK NFYTRSAFLS AVN-AYPGFA HGGTEVEGKR EIAAFFAHVT HETGHFCYIS EINK-SNAYC
C5YBE7_SORBI     ---------- --SGANVGSV VTDAFFNGIK NQAPNWCEGK NFYTRSAFLN AAN-AYPGFA HGGSEVEGKR EIAAFFAHVT HETGHFCYIN EINGASRNYC

Q6WSR8_PICAB     QS-SSTWPCT SGKSYHGRGP LQLSWNYNYG AAGKSIGFDG LNNPEKVGQD STISFKTAVW FWMKNSNCHS AITSGQGFGG TIKAINS-ME CNGGNSGEVS
N_term_DCAP_0533 DETNTEWPCN PSKGYYGRGP IQLSWNFNYG PAGRDLGFDG LNSPETVAND PVISFKTAFW YWMNHVH-N- LLISGQGFGE TIRAINS-IE CDGGNTPEVN
C_term_DCAP_0533 DASYTQYPCN PNKGYYGRGP LQLSWNYNYG AAGSSIGFDG LNSPETVANN AVISFKTALW FWMNNGI-HS AIVSGQGFGA TIRAINS-GE CNGGNLGAVN
CHIA_MAIZE       DASNRQWPCA AGQKYYGRGP LQISWNYNYG PAGRDIGFNG LADPNRVAQD AVIAFKTALW FWMNNVH--- -GVMPQGFGA TIRAINGALE CNGNNPAQMN
C5YBE7_SORBI     DANNRQWPCA PGKKYYGRGP LQISWNYNYG PAGKAIGFDG LGNPDKVAQD PVISFKTALW FWMNNVH--- -QVMPQGFGA TIRAINGALE CNGKNPGAVN

Q6WSR8_PICAB     SRVNYYKKIC SQLGVDPGAN VSC
N_term_DCAP_0533 DRVKYYKQYC DEL------- ---
C_term_DCAP_0533 ARVQYYKQYC SQFGVAPGAS LTC 
CHIA_MAIZE       ARVGYYKQYC QQLRVDPGPN LIC 
C5YBE7_SORBI     ARVGYYKDYC KQFGVDPGNN LTC

❋ ❋ ❋●● ● ●●● ●● ● ●●●●●● ● ●●● ●● ● ●
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Figure 2.9: Sequence alignment and annotation of Q6WSR8 PICAB, CHIA MAIZE, and the N-
terminal domain (NTD) and C-terminal domain (CTD) of DCAP 0533. For the purpose of compar-
ison, the sequence is manually separated above. We observe high sequence conservation regarding:
the signal cleavage site, C-rich domain length and location, cysteines composing disulfide bonds,
other binding site residues surrounding the main binding site residues (orange arrows), and catalytic
residues except Glu407 of the CTD which is unaligned with Glu113 of Q6WSR8 PICAB

2.3.4 Network Analysis Shows Substantial Topological Differences

by Family and within Proteins

When selecting potential targets for biophysical characterization, it is useful to consider

general patterns of structural similarity or difference within and between families that may

correlate with functional differences. Protein structure networks are useful for this purpose,

as they directly encode the potential for direct physical interaction between functional groups

(rather than representing detailed structure through properties such as side chain dihedral

angles that can often vary substantially and dynamically without impacting protein func-

tion). In collaboration with Prof. Carter T. Butts, we employ the PSN representation of
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Figure 2.10: DCAP 0533 comparison with CHIA MAIZE (4MCK) and Q6WSR8 PICAB (3HBE)
and close up of catalytic residues and binding residues: (a) Robetta generated predicted structure
with highlighted catalytic residues and binding residues. (b) Superimposition of CHIA MAIZE and
Q6WSR8 PICAB against DCAP 0533. (c) Catalytic site of NTD with 1-letter residue code and
specifier. Catalytic triad consists of E173, E278, R290. (d) Catalytic site of CTD with 1-letter
residue code and specifier. Catalytic triad consists of E407, E507, R519.

[69], where vertices represent small moieties and edges represent the potential for direct in-

teraction (as determined by moiety-specific proximity constraints). Given two or more such

PSNs, we may compare their topology by the structural distance method of [74], identifying

the smallest number of edge changes (i.e. altered inter-moiety interactions) needed to make

one PSN isomorphic to the other. Figure 2.11 depicts respective hierarchical clusterings of

the Family 18 (panel A) and Family 19 (panel B) chitinases based on this notion of structural

similarity, with distances normalized by the number of vertices to yield a metric with units of

average changed interactions per moiety. For Family 18, the pattern of topological similarity

is strikingly close to the pattern of sequence similarity, although somewhat more diversity
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can be seen among structures than among sequences (compare with Figure 4.9). By con-

trast, topological clustering of Family 19 chitinases shows substantial differences from the

equivalent sequence-based clustering. For instance, while DCAP 0533, A9ZMK1 NEPAL,

and Q6IV09 DRORT belong to an outlying but internally cohesive cluster with respect to

sequence similarity, the three show markedly different topologies (and, indeed, are split be-

tween the two large structural clusters characterizing the family). More broadly, we find that

the Family 19 chitinases divide structurally into two primary clusters (rather than the four

obtained from sequence similarity), both of which are internally heterogeneous and neither of

which maps cleanly onto the clusters found by sequence similarity. The relationship between

sequence and structure is thus much more tightly coupled for Family 18 than Family 19.

Further insight into the structural differences between the two families can be obtained by

considering variation in the properties of their respective PSNs. Here, we examine four

basic graph-level indices (GLIs) related to protein network organization. Transitivity [93]

is defined as the fraction of (i, j, k) two-paths for which there exists an (i, k) edge, and

is a standard measure of triadic closure; in the PSN context, higher levels of transitivity

are associated with structures that are closely and uniformly packed, with few cavities or

extended regions. Degree is defined as the number of edges incident on a given vertex; for a

PSN, this corresponds to the number of other moieties with which a given chemical group is

in contact. The standard deviation of the degree distribution within a PSN then provides a

measure of the level of heterogeneity in local packing around chemical groups, and we employ

it here as a second GLI. At a somewhat less local level, the (degree) core number of a given

vertex [94] provides a measure of the extent to which that vertex is embedded in a region of

high cohesion within the graph. More precisely, the k-th core (or k-core) of a graph is defined

as the maximum set of vertices having at least k neighbors within the set. The core number

of a vertex is then the number of the highest-order k-core to which it belongs. Although each

k-core is not necessarily cohesive as a whole, cores with k ≥ 2 are composed of unions of

cohesive subgraphs, such that all vertices with high core numbers necessarily belong to highly
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cohesive subgroups. In a PSN context, cohesive subgroups of moieties are joined by multiple,

redundant paths and cannot be pulled apart without severing large numbers of edges. At

the level of the entire PSN, then, the standard deviation of the core number serves as an

indicator of the degree of heterogeneity in structural cohesion, and distinguishes between

highly organized structures and structures that combine rigidly and loosely bound regions.

Finally, we consider an indicator of the global path structure within the PSN, which we

call M-eccentricity. The eccentricity of a vertex is the maximum geodesic distance from that

vertex to any other vertex in the graph [95]; we here refer to the corresponding mean geodesic

distance as the M-eccentricity. Vertices with high M-eccentricity are on average peripheral

to the graph structure, while those with low M-eccentricity are relatively centrally located.

At the level of the PSN as a whole, the standard deviation of the M-eccentricity distinguishes

between uniformly globular structures and structures with deformations or other elongations,

and we employ it as our fourth GLI.

Panel C of Figure 2.11 shows the distribution of the above GLI values for both chitinase

families. All GLIs were calculated using the sna library [75]; to facilitate visualization,

each GLI was standardized across the combined set of PSNs by subtracting the mean and

dividing by the standard deviation prior to analysis. As is clear from Figure 2.11, the two

families differ markedly on these four characteristics. On average, the Family 18 structures

are substantially more homogeneous with respect to extended structure, local packing, and

cohesion, while also being less transitive (p < 0.001 for all measures, two-tailed t-test).

With respect to variation within family, the Family 18 structures show significantly less

variability in eccentricity heterogeneity and transitivity (permutation test of logged IQR

ratios, respective p values < 1e − 5 and 0.007), but comparable variability with respect to

heterogeneity in local packing and cohesion (respectively p = 0.146 and p = 0.064).

To provide an intuition for how these patterns play out in specific cases, Figure 2.12 shows

vertex-level core numbers and M-eccentricity scores for the structures of CF821 NEPMI
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Figure 2.11: (a)-(b) Within-family clustering of chitinases by normalized structural distances.
Ward’s method (in the generalization of [4]) was employed to construct a hierarchical cluster-
ing of Family 18 (a) and Family 19 (b) chitinases based on topological dissimilarity. Sequence
similarity is broadly recapitulated by the structural distances in Family 18, while Family 19 shows
distinct patterns of variation.

(Family 18) and DCAP 5513 (Family 19). These structures were chosen by finding the PSN

in each family with the smallest median distance to each other structure in the family, and

are hence broadly representative of the classes in question. The core number visualizations

of panels (a) and (b) clearly show that CF821 NEPMI is dominated be a large and uniformly

cohesive core region, with few vertices in the outer region (i.e., lower cores). By contrast, the

highly irregular structure of DCAP 5513 has numerous areas of low cohesion (including much

of the C-rich domain) as well as the highly cohesive region associated with the central helices

(compare with Figure 2.7). Differences in global structure are brought into sharp relief by

the M-eccentricity visualizations of panels (c) and (d). The uniform and tightly connected

topology of CF821 NEPMI results in a large number of vertices with short path distances to

nearly all other chemical groups in the protein, and relatively little overall variation. Moieties

in DCAP 5513, on the other hand, may be at an average distance of more than 9 steps from

the rest of the protein, with large differences between the relatively central vertices in the
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helical region and those in the outer portions of the C-rich domain or the P-rich hinge.

Taken together with the findings above and Prof. Carter T. Butt’s PSN analysis of chiti-

nases from our paper [1], findings suggest substantial structural differences in the basic

organization of the Family 18 and Family 19 chitinases, with the former having more in-

ternally homogeneous structures, and with structural differences being more closely related

to differences in sequence. Family 19 is on the whole more diverse, and contains members

that are on average less internally homogeneous. The presence of a higher volume of low-

cohesion regions in the Family 19 chitinases suggests that these enzymes may be more prone

to thermal denaturation than those in Family 18 (since low-cohesion regions require fewer

disrupted edges to pull apart), but may also have functional significance (e.g., by allowing

enhanced flexibility). Such structural insights from PSN topology complement those gained

by studying specific features, and are more easily extended to analyzing large numbers of

sequences.

2.4 Conclusion

Modeling and analysis of Family 18 and 19 chitinases from D. capensis and several related

species reveal a number of novel enzymes that present promising targets for subsequent

expression and biophysical characterization. These include what is to our knowledge the

first plant chitinase found with multiple active domains, as well as several proteins that

differ in more conventional ways from others in their class. Comparative network analysis of

these structures reveals within- and between-family differences in structural properties, with

Family 18 chitinases tending to be substantially more homogeneous in internal structure and

Family 19 chitinases showing variation in cohesion and packing with possible implications

for both function and thermal stability. These results also demonstrate the potential of in

silico pipelines to move rapidly from genomic DNA to predictions of tertiary structure and
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Figure 2.12: PSN Visualizations for family-representative structures C7F821 NEPMI (Family 18,
(a) and (c)) and DCAP 5513 (Family 19, (b) and (d)). In panels (a) and (b), vertices are colored
by k-core number; vertices with higher core numbers are embedded in more strongly cohesive local
structures. Panels (c) and (d) show vertices by M-eccentricity (with higher values indicating a higher
mean distance to other vertices in the network). The much higher level of internal heterogeneity
in DCAP 5513 versus C7F821 NEPMI is immediately evident, with the former containing complex
and irregular structure that subjects some vertices to higher levels of both cohesion and proximity
than others.
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comparative analysis thereof. As the “genomic revolution” makes such data available at an

ever-increasing rate, such pipelines will become critical to our ability to exploit this scientific

resource.
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Chapter 3

Insights into esterase/lipases,

phospholipases and nucleases from the

carnivorous plant Drosera capensis

Drosera capensis represents a so far underexploited reservoir of novel enzymes with poten-

tially useful activities. In this chapter I present the results from estarase/lipases, phospho-

lipases and nucleases found in Drosera capensis.

3.1 Protein structure networks provide insight into ac-

tive site flexibility in esterase/lipases from the car-

nivorous plant Drosera capensis

Esterase/lipases play important roles in plant defense, stress responses, and drought toler-

ance. Plant genomes and transcriptomes have provided a wealth of data about expression
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patterns and the circumstances under which these enzymes are upregulated, e.g. pathogen

defense and response to drought; however predicting the function of these enzymes from

genomic or transcriptome data is challenging due to weak sequence conservation among the

diverse members of this group. Functional blocks mediating enzyme activity have been iden-

tified; however progress to date has been hampered by the paucity of information on the

structural relationships among these sequence regions and their relationships with substrate

specificity and enzymatic activity. We have developed a methodology for efficient target

selection based on molecular modeling and analysis of protein structure networks. Here

this approach is demonstrated for 26 previously uncharacterized esterase/lipases from the

genome of the carnivorous plant Drosera capensis. Analysis of the network relationships

among functional blocks and among the chemical moieties making up the catalytic triad

reveals potentially functionally significant differences that are not apparent from sequence

analysis alone.

I worked on choosing the protein set, determining the functional regions of interest, gener-

ating the predicted structures, analyzing sequence and structure data, performing sequence

annotation and comparisons and wrote the manuscript with my co-authors on this paper. A

portion of the paper [2] is reproduced in this chapter to understand the importance of the

results found in this study. For more details and in-depth analysis, please refer the paper

[2].

3.1.1 Background

In land plants, tissues that are exposed to air are protected by the cuticle, a composite

biomaterial comprising a cross-linked polyester scaffold interpenetrated by wax components

[96]. The cuticle provides a barrier that minimizes water loss and protects the plant from

pathogen infection. The relative quantities of hydrophilic and hydrophobic components
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must be appropriately balanced and spatially located to adhere to the underlying cell walls

while presenting a hydrophobic surface to the air interface [97]. Numerous enzymes are in-

volved in producing the polymer components of this material, including esterases, lipases,

and GDSL esterase/lipases. Esterase/lipases belong to the large α/β hydrolase enzyme su-

perfamily, in which the catalytic triad consists of a nucleophile, an acid, and a stabilizing

histidine (in this case Ser-Asp-His). This study focusses on the GDSL esterase/lipases, char-

acterized by the proximity of the active serine residue to the N-terminus, as well as by its

surrounding residues (canonically GDSL). Numerous plant GDSL esterase/lipases have been

discovered from genome and transcriptome data [98, 99]; however their specific functions

and substrate preferences remain relatively unexplored despite their potential commercial

and technological importance. Much of what is known about the specific enzymatic activ-

ities of proteins in this family comes from studies of crop plants that produce large fruits.

[100]. Esterase/lipases present attractive targets for biotechnology applications because of

their potential for producing robust yet ultimately biodegradable polyester materials and

hydrophobic surface coatings.

This study presents molecular modeling and functional analyses of 26 esterase/lipases re-

cently discovered from the genome of the Cape sundew (Drosera capensis) [47]. The con-

servation of active site residues, key functional sequence blocks, and overall protein folds

suggests that many of the D. capensis esterase/lipase sequences form functional enzymes;

however the diversity of sequence and structural features indicates a range of potential molec-

ular targets and enzymatic activities. The study uses sequence analysis, comparative mod-

eling with all-atom refinement followed by in silico maturation and comparison of protein

structure networks to identify distinct subgroups of proteins as a first step toward target

selection for subsequent expression and biochemical characterization. To enable analysis of

structural features with potential functional relevance, the study defines two novel types of

functionally-targeted protein structure networks (FT-PSNs) generated using functional in-

formation specific to this protein class. Clustering of FT-PSNs based on connectivity among
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functional blocks reveals several classes with distinct structural characteristics, which we

hypothesize are related to enzyme flexibility and activity. Network connectivity among

functional sequence blocks acts as a useful descriptor of protein structure and a predictor

of global flexibility, while FT-PSNs based on connectivity among chemical moieties in the

neighborhood of the active site are used to construct measures hypothesized to correlate with

active site flexibility and hence enzyme promiscuity. Comparison with well-characterized ref-

erence sequences suggests that most of the D. capensis esterase/lipases have relatively rigid

active sites, consistent with the specific functionality of the tomato GDSL1 enzyme, the

best-characterized member of this class so far.

3.1.2 Methods

Sequence Alignments

Sequence alignments for the esterase/lipases from D. capensis are shown along with anno-

tation reference sequences from other plants. Cluster 1 (Figure 3.1) contains enzymes with

the traditional GDSL motif, including GDL1 CARPA from Carica papaya. Cluster 2 (Fig-

ure 3.2) contains only sequences from D. capensis, while Cluster 3 (Figure 3.3) contains

two reference sequences from Arabidopsis thaliana. Cluster 4 is split into two figures for

legibility (Figures 3.4 and 3.5). The alignment figures are annotated the same as chitinases

(Chapter 2). Additionally, strikethrough text indicates sequence regions that are absent in

the active enzyme, in this case the N-terminal signal peptide that is expressed but removed

during maturation. Functional blocks I-IV are highlighted with colored boxes. Annotations

were performed by homology to the annotations reference sequences from C. papaya and A.

thaliana found in the UniProt database and identified by their UniProt IDs.
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GDL1_CARPA MEKPSGQFLG LSLLL-LPLL L--------- --PISCNAQQ LFIFGDSLYD NGNKPFLATD VP--STFWPY GLS-IDFPNG RWSDGRIVPD FIA-------
DCAP_3343  MARIQSTTIN LATLVLISTL FL--LSNNAH SVVIPDNHVA LFIFGDSLYD VGMNSYFKHG TL--STYLPY GETFFGKPTG RYCNGRVLPD FVA-------
DCAP_6947  MAPTPSSLLS IALI-LCTSL IVVQCSSSAR AAKAGQKQVP LFVFGDSLFD PGNNNYLNDT KMGQATSWPY GETFFKRATG RLSDGRIVPD FVGMGVRTLD

GDL1_CARPA ---EFLGIPF PPPVLDR-SA NFSSGVTFAT ADATIL-GTP PQTLTLGDQV KAFAQIKSTW T--------D AQRQKGIYMF YIGANDYLNY TNANLN---A 
DCAP_3343  ---EFANLPL LPPYLQPGLS NYTDGVNFAS AGACVLVDTR PGTINLKMQV DYFEEMVTKL RSQIGVAEAN KLLGNAVYLF SIGGNDYVSL VTANLNKPAL 
DCAP_6947  LDTEFFRLPL WKAYLEPGQH RFAGGANFAS GGAGVLSQTH PGTISLREQL SYFKDVVSTL KQQFGEAETK RKLMRAIYLF SMGGNDYFSF YTSY---PNA 

GDL1_CARPA TAQQQEAFVS QVIAKLKDQL LAIYGLGGRK FAFQNLAPLG CLPIVKQDFK TG-NFCLPLA SNLAAQHNQL LSETLENLSE TLDGFNYIIY DYFNSSLRRM 
DCAP_3343  SASYKREYIS TVLGNLTAHI TTIYNTGGRK FAFQNVGPIG CMPSTKALYT GDVGNCVKDP QTLAKTHNAV FLGIAQKLQT QLSGFKYSVF DYYSAAANRV 
DCAP_6947  SESAQKEYVS IVIGNLTEVI EEIYQIGGRK IAFQNVGALG CVPLNRQK-- TGDGSCAEET NALARSHNHA LAESLLSLGR RLPGFKYSIF DYYHAILDRV 

GDL1_CARPA ARPNNYGYFT TNLACCGTGS -HDAFGCGFK NVHSNLCSYQ RGYMFFDGRH NAEKTNEAVA HLIFSADPSV VFPMNLRELF VHP-
DCAP_3343  VYNTRYGFNQ SKIACCGSGA YNGAFTCGSP TVKFQACSDP SDYLWFDAAH PTEKANQQYA QLFWDGAAPN ----TLKALF STTT
DCAP_6947  SNPKKYGFMN GTSACYTGN- -----TPGKT TTKPSLCSDP SKYVWFDSGH TTEACNWQLS KLIWKGKKDI VSPYNVKQLY ELL-
 

signal sequence

signal cleavage siteXX

● conserved residue

active Ser residue

active Asp residue

active His residue

Block I Block II

Block III

Block IV

Figure 3.1: Sequence alignment for Cluster 1 esterase/lipases, annotated by homology to the ref-
erence sequence GDL1 CARPA. The four functional blocks that are critical for enzyme function
are highlighted using outlined colored boxes. The N-terminal signal peptide is highlighted in light
orange. Colored arrows indicate the catalytic triad residues. Conserved residues are marked using
colored dots: acidic (red), basic (blue), hydrophobic (green), and hydrophilic (black) residues.
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GDL1_CARPA MEKPSGQFLG LSLLL-LPLL L--------- --PISCNAQQ LFIFGDSLYD NGNKPFLATD VP--STFWPY GLS-IDFPNG RWSDGRIVPD FIA-------
DCAP_3343  MARIQSTTIN LATLVLISTL FL--LSNNAH SVVIPDNHVA LFIFGDSLYD VGMNSYFKHG TL--STYLPY GETFFGKPTG RYCNGRVLPD FVA-------
DCAP_6947  MAPTPSSLLS IALI-LCTSL IVVQCSSSAR AAKAGQKQVP LFVFGDSLFD PGNNNYLNDT KMGQATSWPY GETFFKRATG RLSDGRIVPD FVGMGVRTLD

GDL1_CARPA ---EFLGIPF PPPVLDR-SA NFSSGVTFAT ADATIL-GTP PQTLTLGDQV KAFAQIKSTW T--------D AQRQKGIYMF YIGANDYLNY TNANLN---A 
DCAP_3343  ---EFANLPL LPPYLQPGLS NYTDGVNFAS AGACVLVDTR PGTINLKMQV DYFEEMVTKL RSQIGVAEAN KLLGNAVYLF SIGGNDYVSL VTANLNKPAL 
DCAP_6947  LDTEFFRLPL WKAYLEPGQH RFAGGANFAS GGAGVLSQTH PGTISLREQL SYFKDVVSTL KQQFGEAETK RKLMRAIYLF SMGGNDYFSF YTSY---PNA 

GDL1_CARPA TAQQQEAFVS QVIAKLKDQL LAIYGLGGRK FAFQNLAPLG CLPIVKQDFK TG-NFCLPLA SNLAAQHNQL LSETLENLSE TLDGFNYIIY DYFNSSLRRM 
DCAP_3343  SASYKREYIS TVLGNLTAHI TTIYNTGGRK FAFQNVGPIG CMPSTKALYT GDVGNCVKDP QTLAKTHNAV FLGIAQKLQT QLSGFKYSVF DYYSAAANRV 
DCAP_6947  SESAQKEYVS IVIGNLTEVI EEIYQIGGRK IAFQNVGALG CVPLNRQK-- TGDGSCAEET NALARSHNHA LAESLLSLGR RLPGFKYSIF DYYHAILDRV 

GDL1_CARPA ARPNNYGYFT TNLACCGTGS -HDAFGCGFK NVHSNLCSYQ RGYMFFDGRH NAEKTNEAVA HLIFSADPSV VFPMNLRELF VHP-
DCAP_3343  VYNTRYGFNQ SKIACCGSGA YNGAFTCGSP TVKFQACSDP SDYLWFDAAH PTEKANQQYA QLFWDGAAPN ----TLKALF STTT
DCAP_6947  SNPKKYGFMN GTSACYTGN- -----TPGKT TTKPSLCSDP SKYVWFDSGH TTEACNWQLS KLIWKGKKDI VSPYNVKQLY ELL-
 

signal sequence

signal cleavage siteXX

● conserved residue

active Ser residue

active Asp residue

active His residue

Block I Block II

Block III

Block IV

Figure 3.2: Sequence alignment and annotation for Cluster 2. The four block regions are determined
by sequence conservation and outlined with colored boxes. Three D. capensis esterase/lipases
contain the N-terminal signal sequence (highlighted in light orange) and three lack it. The catalytic
triad is indicated using colored arrows. Colored dots denote conserved residues.
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GLIP6_ARATH ---------- ---------- ---------- ---------- MSSSSSM--D L---LMCLLL LI-------- ---------- ---SP--VVL AKSSSTVPAI
GDL77_ARATH ---------- ---------- ---------- ---------- ------MTIS TVIAFMSMFL VFV------- ---------- -MSGP----- --IVVEGRAF
DCAP_1840   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- -----MMGEG TDVNKRLGAS
DCAP_1460   ---------- ---------- ---------- --------MR MARVDDHPHR RLFMVCATFV SM-------- ---------- -LSMKLFING VSGDPQVPCY
DCAP_1380   METVGPLGQD YDWAEEDDDD DMNGMEHACM GYISLLHHAT LIRRTALPFE I--QQSAAYF HIVKLKTNTS FVTERKSNGA GVPAPHDVAD AAGSLQVPSM
DCAP_0405   ---------- ---------- ---------- ---------- -------MQN HSLKWMALYL SIV------- --AASLCSGA ---------A VVTDPHFPAM
DCAP_4465   ---------- ---------- ---------- ---------- ---------- ---------- ---------- -MQTSFCSGA ---------A VVTDPYFPAM

GLIP6_ARATH FTFGDSIFDA GNNHYNKNCT AQADFPPYGS SFFH---RPT GRFTNGRTVA DFISEFVGLP LQ-KPFLELQ IQILNGTSNF SNGINFASAG SGLLLDTNKF
GDL77_ARATH FVFGDSLVDS GNNNYL-VTT ARADSPPYGI DFPT--RRPT GRFSNGLNIP DLISEAIGNE EPPLPYLSPE ----LRGRSL LNGANFASAG IGILNDTGFQ
DCAP_1840   FIFGDSLVDA GNNNFL-PTL SRANVTPNGI DFKASGGTPT GRYSNGRTMS DIIGEELGQS NYAVPFLAPN ----STGKAI LHGVNYASGG GGIINSTGSI
DCAP_1460   FIFGDSLVDN GNNNNI-ASL ARSNYLPYGI DFPQ---GPT GRFSNGKTTV DVITQLLGFD DY-IP-PHAT ----ASGEQI LKGVNFASAA AGIREETGQQ
DCAP_1380   FVFGDSIIDV GNNNFL-NSV AKSNFWPYGC DFSR---GPT GRFSNGKTVV DFIGELLGIS NI-PAFADPA ----TAGTKV VTGINYASAA AGILDETGRH
DCAP_0405   FVFGDSVIDS GNNNYL-NSA AKANYFPYGI EFEQ---GPT GRFCNGRTFM DYLAEMLGLP RI-PAFANPL ----ETGHGI LHGVNYASAS AGILEETGIA
DCAP_4465   FVFGDSVIDS GNNNYL-NSV AKANYFPYGI DFEQ---GPT GRFCNGRTFI DYLAEMLGLR RI-PAFANPF ----ETGHGI LHGINYASAS AGILEETGLA

GLIP6_ARATH MGV------- ---TPIQTQL QQFQTLVEQ- ---------N LIEKSIIQES LFLLETGSND IF-NYFLPFR AP----TLSP DAYVNAMLDQ VNKTIDQIYK
GDL77_ARATH FIN------- --IIRMYQQL DYFQQYQQRV SRLIGKP--- -QTQRLVSQA LVLITVGGND FVNNYFLFPY SAR-SRQFTL PDYVRLLISE YKKILLRLNS
DCAP_1840   FIASVVIHWQ INRLGMDVQV DYFNITRKQC DRLLGASN-- -TRNYIMHES IFSITIGSND FLNNYLLPFS SVGSRITQSP TAFVDDMISQ LKNQLTRLYQ
DCAP_1460   LGG------- --RISFNGQV NNYKNTVSQI VNILGDED-- -SAASYLSKC MYTIGLGNND YLNNYFMPLY YST-SNRYTP DQYADVLIQE YSQQIQSLYN
DCAP_1380   WGD------- --RYSLSQQV LNFESTLGQL KNTMATANPT FNMSQHLAKS MVFMSFGSND YINNYLLPSL YTS-SFTYTP VDFANLLLNH YARQILALHS
DCAP_0405   LGD------- --RFSLRRQV QNFEITLTQL RGPMTET--- -EMKDYLPNV LMMMVLGSND YLNNYLLPTL YTS-PKTSQI SLS------- ----------
DCAP_4465   LGD------- --RFSLRRQV QNFEITLTQL RGQITET--- -EMKDYLPNV LMMMVLGSND YLNNYLLPTL YPS-SNLYKP ENFADILISE YNRQIVTLHS

GLIP6_ARATH LGARRIAFFS LGPVGCVPAR AMLPNAPTNK CFGKMNVMAK MYNKRLEDIV NIIPTKYPGA IAVFGAVYGI THRFQTYPAR YGFSDVSNAC CGN-GTLGGL
GDL77_ARATH LGVGRVLVTG AGPLGCAPAE LARSGTSNGR CSAELQRAAS LYDPQLLQMI NELNKKIGRN VFIAANTNQM QEDFLSTPRR YGFVTSKVAC CGQ-GPYNGM
DCAP_1840   LDARKFSVGS VGPIGCIPYQ KIINQLNADQ CADLPNKMAL AYNSKLKDLL IQLNKNLPGA TFVYANVYDL VMELISNYKA YGFVTATQAC CNGGGIFAGI
DCAP_1460   FGARKMALIG IGQIGCSPNE LANNSPDGKT CDGKINSANQ MFNGKLKSLV DQLNSQFSDA HFIYINAYDI FQDMLDNPAA YGFRVTNAGC CGV-GRNNGQ
DCAP_1380   IGLRKFFLAG IAPLGCIPNQ RASGLAPAGR CVDSVNQMLG SFNEGLRSLV SLLNSKYPGS IFVYGNTYGA VGDILNNPTR NGFSVVDRGC CGL-GRNQGQ
DCAP_0405   ---------- ---------- ---------- -------ASI TSRPWLEKLA DQLNSNHPDA KFVYGDTYAA SMDMIANGST YGFNVADEGC CGI-GRNRGQ
DCAP_4465   LGLRKFFMAG IGPLGCIPNQ RASGAGPPGK CVSAVNDMVL MFNLRLDKLA DQLNSNHPDA KFVYGDTYAA SMDMIANGST YGFKVVDEGC CGI-GRNRGQ

GLIP6_ARATH MQCGREGYKI CNNPNEFLFW DFYHPTEHTY RLMSKALWNG N-KNHIRPFN LMALATNKIT F
GDL77_ARATH GLCTVL-SNL CPNRELYVFW DAFHPTEKAN RMIVRHILTG T-TKYMNPMN LSSALAL--- -
DCAP_1840   VPCGPT-SSL CQDRHKHVFW DPYHPSEAAN LILAKQLMDG D-TKYVSPIN LRQLRDL--- -
DCAP_1460   ITCLPM-QQP CPNRNEYLFW DAYHPTEAAN IVVGTRSYRA QSASDAYPYD IQHLAQL--- -
DCAP_1380   ITCLPY-AVP CANRTQYVFW DAFHVTEAVN SLLARRAFFG P-PTDCYPIN IQQLALL--- -
DCAP_0405   VSCLPL-LPP CANRDEYVFW DAFHPTQAAN KTLAAEAYKI I-LSKF---- ---------- -
DCAP_4465   VSCLPL-LPP CANRDEYVFW DAFHPTQAAN KILAAEAYKI I-LSKF---- ---------- -

signal sequence

signal cleavage siteXX

● conserved residue

active Ser residue

active Asp residue

active His residue

Block I Block II

Block III

Block IV

Figure 3.3: Sequence alignment and annotation for Cluster 3. Reference sequences are
GLIP6 ARATH and GDL77 ARATH. All but three Cluster 3 esterase/lipases contain a N-terminal
signal peptide (highlighted in light orange). Functional block regions are outlined using colored
boxes. Colored dots indicate conserved residues.

Preliminary Structural Models and In Silico Maturation

The study performs in silico maturation, which I have previously described for chitinases [21],

for each protein. Figure 3.6A shows the workflow of the overall enzyme discovery process as

described in Chapter 1. Panels (B) and (C) show an example of a Cluster 2 esterase/lipase,

DCAP 8086, before (B) and after (C) the in silico maturation process. Further compari-

son of a Cluster 3 esterase/lipase (DCAP 1460) to Cluster 4 enzymes and a cutin synthase

from Solanum lycopersicum (tomato), G1DEX3 SOLLC, is shown in Figure 3.7. Functional

sequence blocks DCAP 1460 and G1DEX3 SOLLC are highlighted by color (Figure S3.7).

DCAP 4076, has an additional C-terminal domain. A PSI-BLAST search for the sequence

of this domain indicated that it is related to the negative regulator of systemic acquired
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DCAP_6218  ---------- ---------- ---------- -----MAVLY NSRGSNSFVI PENETVPALI VFGDSIVDPG NTDRLDTICR ADHSPYGRDF EGGKATGRFS
DCAP_6260  MIYSGKGRMH QKMPSPT--- KI-------S AISIIIHVLV LHRGTHSQSL PQNVTVPAIF FFGDSVVDPG NSDWILSVCR ADHPPYGRDF EGGVATGRFS
EXL3_ARATH ---------- --MKDNS-SW SCSCSWSSWK -IC-LLSVLF LTETITAVKL PPKLIIPAVI AFGDSIVDTG MNNNVKTVVK CDFLPYGINF QSGVATGRFC
DCAP_1761  --------MQ RLYSSMN-QK SLAAKLVVFQ -FIATLHM-- ------LSAY KLGRRVPAVF VFGDSIVDTG NNNYLQTIGK CDFPPYGCDF PTGLPTGRYS
DCAP_6217  ---------- -MMEFNN-KN QCKAFLVVFK -LAKILTFLN LFLLSEAVIL PNGEEVPAVI AFGDSIVDPG NNNYINTIAR CNFPPYGKDF PGGKATGRFS
DCAP_5461  ---------- ---------- --MKFLCIRI LFAQLLISPL LQELHALVQL PPNVTVPAIF AFGDSILDAG MNNDYPTLCK TNHAPYGRDF KGSKPTGRFS
DCAP_0158  ---------- --MHYSSSSV LIFVFWCLFI ---------- -FHNAEGSKL PEGVTVPAIF VFGDSIVDSG NNNHIITTCR SNFVPYGRDF EECKPTGRFT
DCAP_2088  ---------- ---------- ---------- ---------- ---------L PNNATVPGIF VFGDSVVDTG NNNYNSTLCK SNFPPYGRDF PGGQATGRFS
DCAP_2089  ---------- ---------- ---------- ---------- -------MML PTNVTVPGIF VFGDSIVDSG NNNYISTLCK SNFPPYGRDF PGGQATGRFS

DCAP_6218  NAKIPTDYLA ESLGIKDLLP AYLDPTIETE DLLTGVSFAF ACCGYDPLTP QFFVSIHFHF DFYSSSTCIA LVVVHGWILS VTERVPSLQD QLEYFKEYKK
DCAP_6260  NAKIPSDYTA QEFGVKELLP AYLDISLRTE DLLTGVSFAF TCSGYDPMTS L-IF------ ---------- ---------- ---QVPTLTD QLQHFREWQL
EXL3_ARATH DGRVPADLLA EELGIKSIVP AYLDPNLKSK DLLTGVSFAS GGSGYDPITP K-LV------ ---------- ---------- ---AVISLED QLSYFEEYIE
DCAP_1761  NGKVPADLIV EKLGIKEYLP PYLNQSLEFQ DLVTGVNFAT GATGYDPVSA Q-LA------ ---------- ---------- ---TVKSLDD QLELFKDYKT
DCAP_6217  NGKIPTDLFA ELLGIKELLP AYLDPTLTTQ DLLTGVSFGS GVAGYDPVSA A-LL------ ---------- ---------- ---ATLSLDA QLNLFKEYQS
DCAP_5461  NGYIPTDILA QELGIKEMVP SYLDEGLSPN DMLTGVSFAC GCSGWDPSTS RARY------ ---------- ---------- ---TARTLAE QYGYFEEYIV
DCAP_0158  NGKVPSDLFA EAFGVKELVP PYLDPSLTMD DLLTGVNFAS ACSGYLPATA LHLS------ ---------- ---------- ---PSLSLED QLDLFKEYIS
DCAP_2088  DGIVPSDIVA QAFGVKKFVP AYLDPSLSTD EMLTGVNFAS ACSGYLPLTA TYKC------ ---------- ---------- ---ISLSLEN QLDLFKQYIV
DCAP_2089  DGIVPSDIVG NSE--RKLS- --------NE ---------- ----SSNHLV LFQY------ ---------- ---------- ---FSLSLEN QLDLFKQYVV

DCAP_6218  KLIAAVGEER TSFIVSKSIY VVVAGSNDFT FTYNLF--KL RKEMNMSSYT DLMISQASII L--QALYDLG ARRIGVLQLL ---------- ----------
DCAP_6260  KVKTAVGGKK ASYVISESVY LIVTGNNDFT FNYYGS-LFR SLQYNVSSYC DLLLTFASTF L--QELYNLG ARRIGAIGLP PQGCLPAMRT SAEGHSRPCN
EXL3_ARATH KVKNIVGEAR KDFIVANSLF LLVAGSDDIA NTYYTL-R-A RPEYDVDSYT TLMSDSASEF V--TKLYGYG VRRVAVFGAP PIGCVPSQRT LGGGILRDCA
DCAP_1761  RMTAAIGNSK ASKLISKSAY LIFAGSNDIT NTYFLT-NLR RPQYDVDSYT DLLVSFASKF Y--QALYAEG VRTMGVMNIP PIGCLPSQRT FAGGLQRSCV
DCAP_6217  KVVAAVGQNR TAEIISKSMY LVCAGSNDVT DTYFAT-PFR KPFYNMTAYA DLLKGFANNF V--KELYSMG ARKIGVFSVP KSGCLPSART LFGGLFRTCV
DCAP_5461  NMKLEVGDEN VSSILSQAFY LVGTGVNDFL NNFDDPSSER RRNHDLASYT DLLIRFASNS L--KALYSLG ARRIGIFGIP PYGHIPFSRT TAGGVFRAPV
DCAP_0158  KLTAEVGEQK TSSLLSQGIL LLATGSNDFN YFYDTQ---- -KNGNITAFL DILVNYTSGF LTPIVI---- ---------- ---------- ----------
DCAP_2088  KPLY------ ---------- ---------- ---------- ---------- ---------H NNKQRLYDTG ARRVVLGDSA PQGCVPAART NYGGLLRFIV
DCAP_2089  KVKAAVGEER TTRIISQSIF IICTGSNDFL YYYETQ---- -KSGNMSAYT DSVVNYASGF LKVRRLYDIG ARRIVLGGAP PQGCLPAART NYGGLLRFIV

DCAP_6218  ---------- -------TLY LRGKNPDSRF VYLDLYNPVL RLVQNPTQSG FQ---ISNVG CCATGTSETS IFCNSLF--D LFSTCKNESE YLFWDAYHPT
DCAP_6260  KQYNQNAMLF NSKLESLMGS LGKNLTGAKL VYLDLYGPLL QLVKNPENFV LPESPVVTKA RKGDTNREMV -FCALRLISR ETLRCTECSS YKASLSISKM
EXL3_ARATH DNYNEAAKLF NSKLSPKLDS LRKTLPGIKP IYINIYDPLF DIIQNPANYG FE---VSNKG CCGTGAIEVA VLCNKI---T S-SVCPDVST HVFWDSYHPT
DCAP_1761  DEYNKAALLF NSKLNTEIES LNRNLSGVAM FFLDVYAPLL DLINNPSQAG FE---VVDKG CCGTGNIEVS FLCNRL---E NLLTCKDATK YIFWDSFHPT
DCAP_6217  PQFDQLALLF NSKLQETVVD LNKNLTGAKL AYIDLYQPLA HLINNGSEYG FQ---VVNRG CCGTGLFEAS ILCNPF---D --ITCKNDSQ YIFWDAFHPT
DCAP_5461  TEFNNAATLF NFKLQTLIDS LNRNFPGAKF GYLDIYSKLM YVIENAADFG CK---VNDRG CCGTGLVEMG VACNGL---V DIFSCKNNSE YVFWDAAHPT
DCAP_0158  ---------- ---------- ---------- ---------- --VCIFFLVG FE---VVNRG CCGTGLFEEG FLCNVF---S IPFSCKHTSK YVFWDGSHPT
DCAP_2088  ESFNQDSLDF NLKLQAMLKS LKNTLQGSRF AYFDLYYTVL DLIQKPHEYG FE---VVGKG CCGTGFFEEG PLCNIF---S SLISCPNASK YVFWDASHPT
DCAP_2089  ESFNQDTLNF NLKLQTMLKS LQNTLQGSRF IYFDFYYTVL DLVQKPHDYG FE---VVDKG CCGTGLFEEG PLCNIV---S TLISCPNASK YVFWDASHPT

DCAP_6218  DRANKIIIEE LFGKKMVSMA CINFGCPEGL SVELAGRTGN RTLASITRAF VQSQRGDIV
DCAP_6260  TMIY------ ---------- ---------- ---------- ---------- ---------
EXL3_ARATH EKTYKVLVSL LINKFVNQFV ---------- ---------- ---------- ---------
DCAP_1761  EATYRIIVDK AVKDNINFFY ---------- ---------- ---------- ---------
DCAP_6217  QRTYQILVNG LVNTTINDLY N--------- ---------- ---------- ---------
DCAP_5461  EQINQYLVTT LTAENLHKFF ---------- ---------- ---------- ---------
DCAP_0158  QAAYKHVLDR ILNVTMPHFF ---------- ---------- ---------- ---------
DCAP_2088  QAAYNIVLAK NFNQTMSKFF ---------- ---------- ---------- ---------
DCAP_2089  QAAYNIIVAR NINQTMSQFF ---------- ---------- ---------- ---------

● ●● ●● ●● ●● ●●●●
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Figure 3.4: Sequence alignment and annotation of Cluster 4a (first set), annotated by homology to
EXL3 ARATH. Cluster 4 is separated into two parts (4a and 4b) for clarity. Block regions I-IV are
shown in colored boxes with active site residues marked by colored arrows. Colored dots indicate
conserved residues. When present, the N-terminal signal peptide is highlighted in light orange.
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DCAP_5138  MEQ-KQDKSV MIKMEMKFEN VLSSFVI-IL VLVLAAENIN AQPLVPALII FGDSSVDTGN NDYIHTLFKA NYPPYGRDFI DKKATGRFCN GKLATDITAD 
APG2_ARATH ---------- -------MDR CTSSFLLLTL VSTLSILQIS FAQLVPAIMT FGDSVVDVGN NNYLPTLFRA DYPPYGRDFA NHKATGRFCN GKLATDITAE 
DCAP_1365  ---------- --MAHVSTAF FAATYKILLL SLLLLVFLVT CEAKVPAIIV FGDSSVDPGN NNQVPTMARS NFAPYGRDLP GGQPTGRFCN GKLVPDFISE 
DCAP_5587  ---------- -------MVI FHHGFIILIF LAQLITLQHV LGSKVPAIIV FGDSSVDTGN NNVIATVLKS NFRPYGRDFD GGRPTGRFSN GRVPADFISE
DCAP_2187  ---------- ---------- ----MARNPA LWNTSKVTSS SPSQVPAVFV FGDSTVDPGN NNYIGTIFTS NYAPYGRDLP NHIPTGRFSN GRLATDFIAS 
DCAP_4076  MEQFSTNSTL VIVFLIVSLI ICIPIQTRGG IGFGRHVKNG SDPMVPAILV FGDSTMDPGN NDYIATTFRS NFAPYGRDFA NHEATGRFTN GRLVTDFVAS 

DCAP_5138  TLGFTSYPPS YLSPQAAGKN LAIGANFASA GSGYDDLTAY LSHAIPLSQQ LEYYKEYQGK LSVLVGSSNA NSTLTGALYV IGAGNSDFVQ NYFLNP--VL 
APG2_ARATH TLGFTKYPPA YLSPEASGKN LLIGANFASA ASGYDDKAAL LNHAIPLYQQ VEYFKEYKSK LIKIAGSKKA DSIIKGAICL LSAGSSDFVQ NYYVNP--LL  
DCAP_1365  AIGLKQLVPA YLDPGYTIAD FATGVSFASA GTGYDTTTSN VLSVIPLWRE VEYYKEFQQR LRDYLGEEKA NVIISEALYM TSIGTNDFLE NYYTLP--QR 
DCAP_5587  FFRLKKTVPA YLDPMYDISN FSTGVCFASA GTGYDNSTAA VLSVIPLWKE VEYYKEYQAR LREYLGEREA NHILSEAVYL ISIGTNDFLE NYYLPT-GAR 
DCAP_2187  DLGVKEYVPP YLDPKLMANE LITGVSFASA GSGYDPYTAQ LGGVITMQKQ LEYFREYKAK IEKLVGKEKS RHIIENAAYI VSAGANDFAF NYYLPPLMSR 
DCAP_4076  YLGIKKYVPA YLDPSLSDQE LLTGVSFASG GNGYDPLTPQ LSGVISMQRQ LEYFKEYKSR IEKLVGEEKA DHIVGSAGYV ISAGTNDFVV NYYSTALPIR 

DCAP_5138  QKTYTPAQYA SKLTCIFSKF IKDLYKLGAR RIGATNLPPL GCAPAAITLF GD---HSNNC VTRLNKAALL YNK----KLN ETAAQLQKQY PDLKLVVFNI 
APG2_ARATH YKVYTVDAYG SFLIDNFSTF IKQVYAVGAR KIGVTSLPPT GCLPAARTLF GF---HEKGC VSRLNTDAQN FNK----KLN AAASKLQKQY SDLKIVVFDI 
DCAP_1365  RTQFTVEQYQ DYLVRIAEDF LRQLYGLGAR KFSFGGLPPM GCLPLERATN VQ---GQQGC NEEYNSVAWD FNA----KLY EMVDRLNVQL PGLKMALGNP  
DCAP_5587  SLQFTIEQYQ NFLVGIARNF IVQIYNLGAR KMSLGGLPPM GCLPLERTTN II---GGNAC ISKYNNVAKQ FNS----KLE VLVNQLNGDL PDAKVLFSNP 
DCAP_2187  R-NLSVEQYQ PFLLQIAQDF VQELWKEGAR KIGVVGLAPL GCLPMVITLN TKNITQPRGC LKSPGLVVSS YNQQLQMKLN DIQNQLAVSD QRTKLFYLDI 
DCAP_4076  RNTYSVGEYQ KFLLQNVQEF IQGLWKEGAR KLAVVGLPPM GCLPEVITTN SRSIFQGREC IESLSSISRE YNQQFQSQLD VLQRQFAAEV QTTKLAYIDI 

DCAP_5138  YDAVYDLIQR PQDFGFAESR KGCCGTGVIE TTIFLCNPLS IGTCRNATEY VFWDAVHPSE AANELLASSL LIQGIDLIS- - 
APG2_ARATH YSPLYDLVQN PSKSGFTEAT KGCCGTGTVE TTSLLCNPKS FGTCSNATQY VFWDSVHPSE AANEILATAL IGQGFSLLG- - 
DCAP_1365  FYILQELVLY PQDHGFEVTN RGCCGTGQYE MG-YVCNQ-S PVTCPDASKY VFWDSFHPTE RTNQLVADHL VKNYLVELLH - 
DCAP_5587  YGILLRMIRR PSLYGFEETS RGCCATGRFE MS-YLCNEFS PFTCTDATKF IFWDSFHPTE KANFIIAKHV FERSLGPKFL - 
DCAP_2187  NTPTLSYIQD PTRFGFEEVA RGCCGTGYLE LS-FLCNPTT I-SCPDPSKY VFWDSIHPSQ RTCRLVVDTF RPVLDEMKAS T 
DCAP_4076  YTPIANMVQE PSKYGFEEVN RGCCGTGYVE II-FLCNPIS N-TCTDDSKY VFFDAIHPTE KAYNIIFQYI RPVIDSLKLI G... 
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Figure 3.5: Sequence alignment and annotation of Cluster 4b (second set), annotated by homology
to APG2 ARATH. Cluster 4 is separated into two parts (4a and 4b) for clarity. Block regions
I-IV are shown in colored boxes with active site residues marked by colored arrows. Colored dots
indicate conserved residues. When present, the N-terminal signal peptide is highlighted in light
orange. DCAP 4076 has an additional C-terminal domain (shown in Figure S3.8).
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resistance proteins previously discovered in other plants [2], with approximately 36% se-

quence identity to the SNI1 proteins from Arabidopsis thaliana (Uniprot ID: SNI1 ARATH)

and Glycine max (Uniprot ID: Q0ZFU8 SOYBN). The Arabidopsis protein negatively reg-

ulates DNA recombination and gene expression during short-term stress responses. It has

been suggested that SNI1 ARATH provides a scaffold for other proteins involved in regula-

tion of transcription to bind; it is possible that this domain is playing a similar role here.

DCAP 4076 lacks the N-terminal secretion signal common to many of the esterase/lipases,

suggesting an intracellular function (Figure 3.8). The above results were mostly collected by

Vy, Prof. Martin and Prof. Butts and are reproduced here to illustrate the importance of

estarase/lipases.

The template structures used by Rosetta to calculate the predicted structures for a repre-

sentative esterase / lipase, DCAP 0434, are tabulated in Table 1.
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Block III Block IVBlock IIBlock I signal sequence

N-terminus

            B. DCAP_8086 Rosetta (full)                C. DCAP_8086 Rosetta (equilibrated)

            A.

Gene 
Discovery

Target
Selection

Feature
Annotation

Structure
Prediction

Structure
Equilibration

Experimental
Validation

Experimental
Bioinformatics
Molecular Modeling

      Genomic 
    DNA

Genome
   Assembly

Analysis

Figure 3.6: (A) Flow chart, made by me, illustrating the overall strategy for identifying enzymatic
targets from genomic DNA. The workflow is indicated with solid arrows, while dotted arrows
represent steps where information from a later stage of the pipeline enables refinement of earlier
stages in an iterative manner. After genome sequencing, assembly, and gene discovery, target
proteins are identified based on putative enzymatic activity. Functional sequence features are
identified by analogy to annotation reference sequences found in the UniProt database. Structures
are predicted using the Rosetta software, and equilibrated in explicit solvent after removal of
sequence regions not present in the mature enzyme. Structures are compared using network analytic
methods, enabling strategic selection of enzymes for experimental characterization in a future study.
(B) DCAP 8086 before and (C) after in silico maturation. The light orange helix in part A is the
N-terminal signal sequence, which is cleaved upon maturation. Important residues are color-coded
as follows: dark cyan (catalytically active serine), red (active site aspartic acid), purple (active site
histidine).
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Block III

Block IVBlock II

Block I

DCAP_2088

DCAP_6260

DCAP_5587

DCAP_1460 G1DEX3_SOLLC

A

DC

B

Figure 3.7: Comparison of DCAP 1460 (Cluster 3) to D. capensis esterase/lipases from each of
the other clusters. These pairwise alignments of structural models provide an indication of the
type and magnitude of structural differences between clusters: in general, the overall fold and
secondary structural elements is conserved, although considerable variation can be observed in
their relative positions and the conformations of loops and termini. Alignment was performed
using the matchmaker feature of Chimera with default settings. Functional block regions I-IV are
colored accordingly while the catalytic triad (Ser-His-Asp) residues are colored dark cyan, red,
and purple. Active site residues are located in block I and IV, binding residues in block II-III.
A. Comparison of DCAP 1460 to esterase/lipase DCAP 6260 (Cluster 4a). B. Comparison of
DCAP 1460 to DCAP 5587 (Cluster 4b). C. Comparison of DCAP 1460 to DCAP 2088 (Cluster
4a). D. Comparison of DCAP 1460 to model esterase/lipase, G1DEX3 SOLLC, from Solanum
lycopersicum (tomato).
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Table 1: Rosetta structures for esterase / lipases (PDB files available for download)

Protein Organism Sequence Elements included File Name
GDL1 CARPA Carica papaya signal, active region GDL1 CARPA m1.pdb

DCAP 3343 D. capensis signal, active region DCAP 3343 m1.pdb
DCAP 6947 D. capensis signal, active region DCAP 6947 m1.pdb
DCAP 0448 D. capensis signal, active region DCAP 0448 m1.pdb
DCAP 8086 D. capensis signal, active region DCAP 8086 m1.pdb
DCAP 0434 D. capensis active region DCAP 0434 m1.pdb
DCAP 4098 D. capensis active region DCAP 4098 m1.pdb
DCAP 5529 D. capensis signal, active region DCAP 5529 m1.pdb
DCAP 5165 D. capensis active region DCAP 5165 m1.pdb

GLIP6 ARATH A. thaliana signal, active region GLIP6 ARATH m1.pdb
GDL77 ARATH A. thaliana signal, active region GDL77 ARATH m1.pdb

DCAP 1840 D. capensis active region DCAP 1840 m1.pdb
DCAP 1460 D. capensis signal, active region DCAP 1460 m1.pdb
DCAP 1380 D. capensis active region DCAP 1380 m1.pdb
DCAP 0405 D. capensis signal, active region DCAP 0405 m1.pdb
DCAP 4465 D. capensis active region DCAP 4465 m1.pdb
DCAP 6218 D. capensis active region DCAP 6218 m1.pdb
DCAP 6260 D. capensis active region DCAP 6260 m1.pdb

EXL3 ARATH A. thaliana signal, active region EXL3 ARATH m1.pdb
DCAP 1761 D. capensis active region DCAP 1761 m1.pdb
DCAP 6217 D. capensis signal, active region DCAP 6217 m1.pdb
DCAP 5461 D. capensis signal, active region DCAP 5461 m1.pdb
DCAP 0158 D. capensis signal, active region DCAP 0158 m1.pdb
DCAP 2088 D. capensis active region DCAP 2088 m1.pdb
DCAP 2089 D. capensis active region DCAP 2089 m1.pdb
DCAP 5138 D. capensis active region DCAP 5138 m1.pdb

APG2 ARATH A. thaliana signal, active region APG2 ARATH m1.pdb
DCAP 1365 D. capensis signal, active region DCAP 1365 m1.pdb
DCAP 5587 D. capensis signal, active region DCAP 5587 m1.pdb
DCAP 2187 D. capensis active region DCAP 2187 m1.pdb
DCAP 4076 D. capensis active region DCAP 4076 m1.pdb

All initial and equilibrated structures available for download as PDB files are tabulated in

Tables 1 and 2, respectively.
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● conserved residue

C-terminal domain

catalytic domain

A              

C              B              

SNI1_ARATH      ----MSKETK GNNNTSRVMS GYGGS----- ---------- ---------- LEANTLAMID STGA------ -------KDS RDANEDRLQY LEAV--RAAS
DCAP_4076_CTD PKNGYHKESI GDQRS---SG GDGGEHDGIL FLDAVRFASI VPENGNPPTK LPKFVYGLFE PNTLRVSLWD SKLGSESRAY STCTDSTYAF VFVVFVLMCV
Q0ZFU8_SOYBN    ----MENPSS GERWS---RA G--------- ---------- ---------- IDDNMLAMFD ASETK----- -------DVH QDALDDRIAF IDA-VRASC-

SNI1_ARATH      LVPENGIPPT NKMYQAIFRI LRFGKTLELI TASFQLLTQL HQRFPWVYVS DS-------- -ADQLDIVDE AWSPFNFGSD VDSDEKDLSV R-------SL
DCAP_4076_CTD FFVNHVVKIY SKMWQAIIRI LREGKSMELI IGSYHLLIEL EKRFPRVYMK MLDERELASS KRVDLIVIEE AWSPFDLSGE IGSNEKHAAV SKHNARLDPA
Q0ZFU8_SOYBN    ---EHGKPPT SKIFGAVFHM LRTGKSLELI VGSYKLLVDL DKHFPRVYLS GMDDSRSSSN SPSKLVVVKE AWAPIIGFVD KATAVSEAGD KQSGGSLDHS

SNI1_ARATH      FLQQLIQNMN KRVN--ESEE SDLKILGNMF LFKYLAHVLK LDFTPRNQVY EETMNWSLLK ESFLNLLLAS RKVNFKLLMK DYLSTMCASI DADEKS----
DCAP_4076_CTD GFATLLENLA EASIDTEYRS ---KLLQDML LFQYLVNVLE GDYRPRNRTF ADTQEWNLLR ESLLNRLLGS RKINYKDLVK ISLSILSTSG AAYSQGSDSR
Q0ZFU8_SOYBN    SFQALIEELA EILSETKFEA ASMEPLRNML IFQYLVVVFE DDFLPRNAT- ---LNWSMQR ESLLSLLLGS RKINYKSLMK YFMAILCQLS QLQSELSKHP

SNI1_ARATH      ---------- ---------I SLVELHK--- ---DMLTAMK ELLVMIMELD TSKKKADLEG ITSRGDGVRT PAMEIILDEL TYDGYLLSKF LQVFDDPKWK
DCAP_4076_CTD SHTV----ST GDASATALLL ALPEAERCTR RAAQNLLVMA STGEKMMELD SLRKKAEMQG LTTRADAVRT PALEIILDEL MYNKHFLAPF FEVFDEPKLK
Q0ZFU8_SOYBN    VLQESSESKL SKNCHTALSL ALHGVLKDTC ------VSME KLLVMIMDLD MARKIADIEG HTTRGDSPRT PLMDIILDEL SYNKDSVPVF LKIFSESKWK

SNI1_ARATH      LEIVLQYLTK YIPKPVVRTR RTTVPQAEDS KTLNGILKTF SNGTNPKNIT KKIGPDIVQI LIGHAFLARL TFSD------ ------PHEG DSISEICSSI
DCAP_4076_CTD LEVILKYFGK YSGKPSVRTR RGSG--ATHD ATISRFLMSL SNSKESRTLI KKIGSEVLQL LIAHVLQACI SLPNDELFGV TADLDEGAET HTVEEICRNV
Q0ZFU8_SOYBN    LEIVVQYLWK YITKPSVRTR KSNG--HTED ATFDGALKCF SNKTGTKSLI KKIGVDVVQF LLAHGFQAHL SILSKGNAGD -----KQGGD SAIVDSCQTF

SNI1_ARATH      ISAFTSLKRV DQKI-EILPF GK--EVLFTA GMVLKAKA-- ---------- ----
DCAP_4076_CTD ISAFIKMREL NKIVVDFLGL SLKHVCVQRY GDLTFWKASS VHSSNNPICQ IIEA
Q0ZFU8_SOYBN    ISAFDSLRST DAHM-EILSI GK--EALFTA ATIIFMKS-- ---------- ----
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Figure 3.8: A. Sequence alignment of the C-terminal domain of DCAP 4076 with the SNI1
proteins from Arabidopsis thaliana (Uniprot ID: SNI1 ARATH) and Glycine max (Uniprot ID:
Q0ZFU8 SOYBN). B. Ribbon structure of DCAP 4076, with the catalytic domain in light blue
and the C-terminal domain in dark blue. C. Structural model of DCAP 4076 showing the surface
representation. The active site D (red) and H (magenta) residues are visible at the top of the
model.
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Table 2: Mature structures for esterase / lipases (PDB files available for download)
Protein Organism Sequence Elements included File Name

GDL1 CARPA Carica papaya active region GDL1 CARPA mature m1.pdb
DCAP 3343 D. capensis active region DCAP 3343 mature m1.pdb
DCAP 6947 D. capensis active region DCAP 6947 mature m1.pdb
DCAP 0448 D. capensis active region DCAP 0448 mature m1.pdb
DCAP 8086 D. capensis active region DCAP 8086 mature m1.pdb
DCAP 0434 D. capensis active region DCAP 0434 mature m1.pdb
DCAP 4098 D. capensis active region DCAP 4098 mature m1.pdb
DCAP 5529 D. capensis active region DCAP 5529 mature m1.pdb
DCAP 5165 D. capensis active region DCAP 5165 mature m1.pdb

GLIP6 ARATH A. thaliana active region GLIP6 ARATH mature m1.pdb
GDL77 ARATH A. thaliana active region GDL77 ARATH mature m1.pdb

DCAP 1840 D. capensis active region DCAP 1840 mature m1.pdb
DCAP 1460 D. capensis active region DCAP 1460 mature m1.pdb
DCAP 1380 D. capensis active region DCAP 1380 mature m1.pdb
DCAP 0405 D. capensis active region DCAP 0405 mature m1.pdb
DCAP 4465 D. capensis active region DCAP 4465 mature m1.pdb
DCAP 6218 D. capensis active region DCAP 6218 mature m1.pdb
DCAP 6260 D. capensis active region DCAP 6260 mature m1.pdb

EXL3 ARATH A. thaliana active region EXL3 ARATH mature m1.pdb
DCAP 1761 D. capensis active region DCAP 1761 mature m1.pdb
DCAP 6217 D. capensis active region DCAP 6217 mature m1.pdb
DCAP 5461 D. capensis active region DCAP 5461 mature m1.pdb
DCAP 0158 D. capensis active region DCAP 0158 mature m1.pdb
DCAP 2088 D. capensis active region DCAP 2088 mature m1.pdb
DCAP 2089 D. capensis active region DCAP 2089 mature m1.pdb
DCAP 5138 D. capensis active region DCAP 5138 mature m1.pdb

APG2 ARATH A. thaliana active region APG2 ARATH mature m1.pdb
DCAP 1365 D. capensis active region DCAP 1365 mature m1.pdb
DCAP 5587 D. capensis active region DCAP 5587 mature m1.pdb
DCAP 2187 D. capensis active region DCAP 2187 mature m1.pdb
DCAP 4076 D. capensis active region DCAP 4076 mature m1.pdb

Network Modeling and Analysis

A protein structure network for each protein was calculated as described in chaitinases

(Chapter 2) by Dr. Carter Butts. These structures were then secondarily processed to

construct functionally targeted PSNs (FT-PSNs) using the sna library [75] within statnet.

For further details, please look at the paper [2].
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Figure 3.9: Clustering of esterase/lipase sequences identified from the D. capensis genome along
with reference sequences from other plants.

3.1.3 Results and Discussion

D. capensis Esterase/Lipases Cluster Into Distinct Subfamilies Based on Se-

quence Features

Cluster 1 (Figure 4.9) contains sequences that have the canonical GDSL motif, as found

in the reference sequence GDL1 CARPA, which was isolated from papaya latex [101] and

has been proposed as a “naturally immobilized” biocatalyst for performing regioselective

esterification and transesterification reactions [102]. The enzymes in cluster 2 instead have

GDSN in the first functional block. Clusters 3 and 4 contain the motif GDSX, where X

is usually a hydrophobic residue, but is Ser or Thr in some cases. Overall, the presence of

the three active site residues in 24 of the 25 D. capensis esterase/lipases suggests they are

functionally active enzymes.
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A. DCAP_0158 B. DCAP_1380

2. Block I 4. Block II 6. Block III 8. Block IV1. N-terminus 3. IBR 1 5. IBR 2 7. IBR 3 9. C-terminus

Figure 3.10: A. The sequences of the four conserved blocks. The sizes of the residue labels cor-
relate with the fraction of sequences in the cluster having that residue in the indicated position.
Amino acid properties are color coded as follows: hydrophobic-green, positive-blue, negative-red,
cysteine-yellow, other-black. B. A representative molecular model of a D. capensis esterase/lipase
(DCAP 0434) with the four functional blocks highlighted. C. The active site catalytic triad for a
typical esterase/lipase (DCAP 0434).

Conserved Active Site Residues Suggest Functional Enzymes

In general, esterase/lipases are characterized by four moderately conserved sequence blocks

of length 8-13 residues that contain the cataytic triad, the oxyanion hole proton donors, and

other functionally important residues [103]. Functional sequence blocks I-IV are highlighted

in the sequence alignments in the methods section. In Figure 3.10A, these functional blocks

are represented as sequence logos, where the size of each residue label correlates with the

number of instances at that sequence position within each cluster. The Ser-Asp-His catalytic

triad is located within two block regions: block I (Ser) and block IV (Asp-His). The remain-

ing two blocks contain conserved oxyanion hole residues, Gly in block II and Asn in block

III [100]. Most of the proteins in this set contain the expected functional residues, as exem-

plified by the reference sequences GDL1 CARPA, GLIP6 ARATH, and GDL7 ARATH, as

well as the well-characterized tomato GDSL esterase/lipase G1DEX3 SOLLC. Other results,

including but not limited to PSN’s and molecular modelling can be found in [2]; I have only

included the results that I was directly involved in.
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3.1.4 Conclusion

In summary, molecular modeling and protein structure network analysis of 26 esterase/lipases

identified from the genomic DNA of Drosera capensis suggest that—with the exception of

one protein, DCAP 3343—the active site regions of these enzymes are less flexible than those

of related microbial proteins. The four clusters produced by the initial sequence analysis and

clustering provides a stark contrast to the more limited esterase/lipase inventory typical of

microbes (as evidenced by Uniprot searches). Subsequent principal component analysis of

active site moieties generated from PSNs further categorized the D. capensis and reference

sequences from decreasing to increasing active site rigidity. Together, these findings from

comparative sequence and structural analyses demonstrate the diverse, Drosera capensis

esterase/lipase landscape employed in carnivory, defense, and a plethora of functionalities

with potentially significant, biotechnological applications.

3.2 The Phospholipases Found in D. capensis Form

Four Clusters with Homology to Known Sequences

Phospholipases are a diverse set of enzymes that hydrolyze phospholipids. In plants, phos-

pholipase D, phospholipase C, phospholipase A1 (PLA1), and phospholipase A2 (PLA2) have

been characterized, that hydrolyze glycerophospholipids at different ester bonds as seen in

Figure 3.12 [104, 105]. These enzymes are involved in a broad range of functions in cellu-

lar regulation and development, lipid metabolism, abiotic and biotic stress responses and

membrane remodeling [104, 105, 106]. Within each type of phospholipase family, there are

different families or subfamilies of enzymes that can differ in substrate specificity, cofactor

requirement, and/or reaction conditions. These differences provide insights into determin-

ing the cellular function of specific phospholipases in plants, and they can be explored for
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different industrial applications[104, 105, 106].

With Prof. Rachel Martin, I choose the protein set, generated the predicted structures, and

analyzed the sequence and structure data as seen in Figure 3.11. The other team members

include Shanon Zhuang, Michelle Xu, and Dr. John E. Kelly with Prof. Carter T. Butts. I

performed sequence annotation and comparisons with the team as seen in Figure 3.14 and

Figure 3.15. We are currently in the process of analyzing the structures and writing the

manuscript.
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Figure 3.11: The current chosen set for phospholipases is seen in the Figure 3.11 with four different
families, PLA2 (shown in green), PLA1 (shown in orange), PLDB/D (shown in blue) and PLDA
(shown in red) found in D. capensis

The current chosen set for phospholipases is seen in the Figure 3.11 with four different fami-

lies, PLA2 (shown in green), PLA1 (shown in orange), PLDB/D (shown in blue) and PLDA
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(shown in red) in D. capensis. An example of the phospholipases found in D. capensis is seen

in Figure 3.12 where the active site residues are highlighted and lablelled, and the propep-

tide, C2 and a PLD domain are highlighted in salmon, green and aqua colors respectively.

The figure also shows the cut sites of different enzymes on a phospholipase.

D698

K693

H691 K364

D369

H362

Propeptide
PLD Domain
C2 Domain

O

O
O

O

O

O-

O
O

P

R1

R2

R3PLA2
PLD

PLA1Cutsite

Figure 3.12: An example of the phospholipases found in D. capensis is seen in Figure 3.12 where
the active site residues are highlighted and lablelled, and the propeptide, C2 and a PLD domain
are highlighted in salmon, green and aqua colors respectively. The figure also shows the cut sites
of different enzymes on a phospholipid.

Using the target selection pipeline described in Chapter 1, we have the equilibrated enzyme

structures using the in silico maturation. Figure 3.13 shows cluster PLA 1 representative

DCAP 7326 as an example in (a) and (b). The active site residues are histidine, serine and as-
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partic acid (shown in purple, aqua and red respectively). PLA 2 representative DCAP 2905

as an example in (c) and (d). The active site residue is histidine (highlighted in red) while

the disulfide bonds are shown in yellow. The structures will be available to download when

the paper is published.

(c)

(d)

Figure 3.13: An example of the phospholipases found in D. capensis is seen in Figure 3.12 where
the active site residues are highlighted and labelled, and the propeptide, C2 and a PLD domain
are highlighted in salmon, green and aqua colors respectively. The figure also shows the cut sites
of different enzymes on a phospholipid.
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3.3 Nucleases from Drosera capensis

Nucleases are enzymes capable of cleaving the phosphodiester bonds between nucleotides of

nucleic acids. We found 37 novel nucleases in D. capensis. An example of the nucleases

found in D. capensis is seen in Figure 3.16 where the active site residues are highlighted and

lablelled, and the metal ions are highlighted.

With Prof. Rachel Martin and Prof. Carter Butts, I chose the protein set and generated

the predicted structures. Manuscript in preparation; next steps include in silico maturation,

molecular modelling and analysis of the results.
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DCAP_7326   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- -----DDDKR
PLA16_ARATH MAAIPSHNNL LTINHKNSIT GSSSLNTNFS EINFPAKFRV ATRALSRTDE SSLSAVISRL ERERRERQGL LIEEAEGAGE LWMTAEDIRR RDKKTEEERR
DCAP_3437   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ------MDIA
PLA20_ARATH ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------
DSEL_ARATH  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- --MKRKKKEE EEEKLIVTRE
DCAP_4074   ---------- ---------- ---------- ---------- ---------- ---------- ---------- -----MAYSC KFCFGKPKTP NKMIQDNNKD
DCAP_6629   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- -------MIY

DCAP_7326   LADCWR-EIH GEDDWSRLLD PMDPILRSEL IRYGEMAQAC YDAIDFDPYS KYYGSCKYSR DRFFQSLDME DN----GYEV LRYVYATSNV KLPN-FFKKS
PLA16_ARATH LRDTWR-KIQ GEDDWAGLMD PMDPILRSEL IRYGEMAQAC YDAFDFDPAS KYCGTSRFTR LEFFDSLGMI DS----GYEV ARYLYATSNI NLPN-FFSKS
DCAP_3437   ATANWPALLG TTSSWAHLLD PLDLNLRRLI LRCGDMCQVT YDSFINDKNS TYCGCSRYSK PTLLHKTCFP LAD---QYDV SGFLYATARV SVPESMLLKS
PLA20_ARATH ---------- ---------- ---------- ---------- ---------- --------GK SSFFDKVMLE NAS---DYEV VNFLYATARV SLPEGLLLQS
DSEL_ARATH  FAKRWR-DLS GQNHWKGMLQ PLDQDLREYI IHYGEMAQAG YDTFNINTES QFAGASIYSR KDFFAKVGLE IAHPYTKYKV TKFIYATSDI HVPESFLLFP
DCAP_4074   IAKKWR-LLG GQNDWDGLLD PLDIDLCRYI LFYGDMAQAT YDTFDREKAS KYAGSSLYSK KDLFAKVGLE KGNPY-KYRV TKFLYATSGL SLPDAFIFKS
DCAP_6629   SNKKWR-LLG GQNDWDDLLD PLDIDLRRYI LFYDDMAEAT KVCR--MPGV AYTRKGTYSQ R-----LGW- KRKPL-RVSG DKVLVCHVKV II-ARCLHIQ

DCAP_7326   RRPKVCSNDA HWIGYVAVSN DETS-THLGR RDIVIAWRGT VTSLEWISDL MDILKPISSN E--------- ---------- IPSHDPTMKV ESGFVNLYTD
PLA16_ARATH RWSKVWSKNA NWMGYVAVSD DETSRNRLGR RDIAIAWRGT VTKLEWIADL KDYLKPVTEN K--------- ---------- IRCPDPAVKV ESGFLDLYTD
DCAP_3437   RSREAWDRES NWIGYIAVSN DSVS-EKLGR REVYVAWRGT TRDYEWVDIL GAKLASVKRL MKDGDEDGD- ---------E DEDEDDKEEV MLGWLTMYVS
PLA20_ARATH QSRDSWDRES NWFGYIAVTS DERS-KALGR REIYIALRGT SRNYEWVNVL GARPTSADPL LHGPEQDGSG GVVEGTTFDS DSEDEEGCKV MLGWLTIYTS
DSEL_ARATH  ISREGWSKES NWMGYVAVTD DQGT-ALLGR RDIVVSWRGS VQPLEWVEDF EFGLVNAIKI FGERNDQ--- ---------- -------VQI HQGWYSIYMS
DCAP_4074   LSREAWSKES NFMGFVAVGT DESV-AVLGR RDIVISWRGT IESLEWVNDL EFGLVSASDI LGKGNVHGV- ---------- ---EFVNPMV QEGWYSVYTS
DCAP_6629   VLVEAWSKES NFMGFVVVGT DESM-AVLER RDIVILWRGT IESLEWVNDL EFSLVSPSNI LSKGNVHDV- ---------- ---EFVNPMV QGWWYSVYTS

DCAP_7326   GNESCKYCRF SAREQ----- --VIYEATRL MDMYK---DE VLSITVTGHS L--------- ---------- ---------- -------GPR VGNFRFKERL
PLA16_ARATH KDTTCKFARF SAREQ----- --ILTEVKRL VEEHGDDDDS DLSITVTGHS LGGALAILSA YDIAEMRLN- -RSKKGKVIP VTVLTYGGPR VGNVRFRERM
DCAP_3437   DDPKSEFTKV SARKQ----- --LLKKIGKL IEEYK---HE KLSIVFTGHS LGASLSVISA FDVVENLT-- ------SEIP VSAFVFGCPK VGNKQFNDRL
PLA20_ARATH NHPESKFTKL SLRSQ----- --LLAKIKEL LLKYK---DE KPSIVLTGHS LGATEAVLAA YDIAENGSS- ------DDVP VTAIVFGCPQ VGNKEFRDEV
DSEL_ARATH  QDERSPFTKT NARDQ----- --VLREVGRL LEKYK---DE EVSITICGHS LGAALATLSA TDIVANGYNR PKSRPDKSCP VTAFVFASPR VGDSDFRKLF
DCAP_4074   EDPKSPFNKT SARQQLKFAV IQVLAEVRNL VEKYK---NE EVSITVTGHS LGAALATLNA ADIVANNCSK PRSMPNKSCL VTAIVFASPR VGDANFKKVF
DCAP_6629   EDPKSPFNKT STRQQ----- --VLVEVRNL VERYK---NE EVSITVTSHS LGAALATLNA ADIVANNCNK PRSMPNKSCL VTAIVFASPR VGDAN---VF

DCAP_7326   EGL-GVKVLR VVNVHDMVPK TPGFFVNEHT TRVEQNV-GG LSM-ELLPCE ELVLDHKNSP FLKNTNDPVC AHNLEALLHL LAGYHGRG-- RRFGLSSERD
PLA16_ARATH EEL-GVKVMR VVNVHDVVPK SPGLFLNESR PHALMKIAEG LPWCYSHVGE ELALDHQNSP FLKPSVDVST AHNLEAMLHL LDGYHGKG-- ERFVLSSGRD
DCAP_3437   NSHHNLKILH IRNIIDVIPH YPVRVLG--- ---------- ----YVNTGI ELHIDTRKSP YLKDSKNPSD WHNLQTMLHV VNGWNGSN-- GEFKVRIKRS
PLA20_ARATH MSHKNLKILH VRNTIDLLTR YPGGLLG--- ---------- ----YVDIGI NFVIDTKKSP FLSDSRNPGD WHNLQAMLHV VAGWNGKK-- GEFKLMVKRS
DSEL_ARATH  SGLEDIRVLR TRNLPDVIPI YP--PIG--- ---------- ----YSEVGD EFPIDTRKSP YMKSPGNLAT FHCLEGYLHG VAGTQGTNKA DLFRLDVERA
DCAP_4074   CSYNELKALR VRNFLDIVPD YP--FIG--- ---------- ----YSDVGK ELCIDTSKSK YLKTPGNPST WHNLEAYLHG VAGTQESK-- GGFKLVINRD
DCAP_6629   CSYNELKALR IRNFLYIVPG YP--FIG--- ---------- ----YSDVGK ELFINTTKSK YLKSPGNPST WHNLEAYLHG VAGTQRSK-- GGFKLVIDRG

DCAP_7326   ITLVNKECDF LKDHYEIPPC WRQDENKGML KGKDGRWMQA ERPRHDDQ-P EDMHHHLTQS SLVPGH
PLA16_ARATH HALVNKASDF LKEHLQIPPF WRQDANKGMV RNSEGRWIQA ERLRFEDHHS PDIHHHLSQL RLDHPC
DCAP_3437   LALVNKSCDM LKEECLVPAS WWVEKNKGMV LKEDGEWVMG ELDEENRPSP ED-------- ------
PLA20_ARATH IALVNKSCEF LKAECLVPGS WWVEKNKGLI KNEDGEWVLA PVEEEPVPEF ---------- ------
DSEL_ARATH  IGLVNKSVDG LKDECMVPGK WRVLKNKGMA QQDDGSWELV DHEIDDNEDL DF-------- ------
DCAP_4074   ITLINKFSDI VKDEYCVPVN WWVQKNKGMV QQNDGSWKLM EHEIEDVNNQ ---------- ------
DCAP_6629   IALLNKFLDI IKDAYCVPVN WWVQKIKGMG QQNDVVNNL- ---------- ---------- ------

Figure 3.14: The current chosen set for PLA1 from D. capensis with PLA16 ARATH,
PLA20 ARATH and DESL ARATH from Arabidopsis thaliana as references sequences.
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propeptide conserved residue●

active His residue
active Asp residue
active Lys residue

DCAP_1541   ---------- ---------- ---------- ---------- ---------- -MRCRFVSST AE--DKLARF N---ELQLIS YRHHATVDLD KARVARTRNL
DCAP_6041   MAQILLHGTL HVTIYEVDRL SKGGVSGF-F QKMSIFYMFG GATGSVLFGN LISLQYRKQR IDPHVQMLGI EDVVGGGKG- DRLYATIDLE RARVGRTRLL
DCAP_3595   MAQILLHGTL HVTIYEVNRL SKDGVSGF-F QK-------- ---------- ---------- ---------I EDVVGGGKG- DRLYATIDLE RARVGRTRLL
DCAP_0968   ---------- ---------- ---------- ---------- ---------- ---------- --MCELMAHV EEKVGIGKGT PKMYATIDLE KARVGRTRMI
PLDA1_ARATH MAQHLLHGTL HATIYEVDAL HGGGVRQGFL GKI------- ---------- ---------- ------LANV EETIGVGKGE TQLYATIDLQ KARVGRTRKI

DCAP_1541   NK-RSNPRWN ENFNIYCAHE VHYVIFTIKN DNPVGATLIG RAYLLVEDII NGHSVDRWLD ILDEEGRPT- -RSRIHVRLQ FFSVSHDKNW SQGIGSPQFA
DCAP_6041   DH-DSNPRWY ESFHIYCAHL ASNVVFSVKE EDAIGAPVLG RAYLPVTELL ENEEIDRWLE LLDKEHKPIH KHSKIHVKVQ FLEVTREVNW DRGIKTPKFP
DCAP_3595   DH-DSNPRWY ESFHIYCAHL ASNVVFSVKE DDAIGAPVLG RAYLPVTELL ENEEIDRWLE LLDKEHEPIH KNSKIHVKVQ FLEVTREINW DRGIKTPKFP
DCAP_0968   ENEPANPRWY ESFHVYCAHM ASHVIFTVKD NNPIGATLIG RAYVPVRDLL DGEEVDDWFR ICDEDRNPLD NGAKIHVKLQ FFDVSRERNW DRGIRSAKYP
PLDA1_ARATH KNEPKNPKWY ESFHIYCAHL ASDIIFTVKD DNPIGATLIG RAYIPVDQVI NGEEVDQWVE ILDNDRNPIQ GGSKIHVKLQ YFHVEEDRNW NMGIKSAKFP

DCAP_1541   GVPNTFFRQR QGCGVTLYQD AHVLDNFIPE FELSGGNTYE PRRCWENIFD AISNAKHLVY IAGWSVYTPI TLVRDPRRPK QGGGLTLGEL LIKKANENVK
DCAP_6041   GVPFTFFTQR NGCKVTLYQD SHVPDNFVPK IPLSGGTLYK PHRAWEDVFD AINNAKHLIY ITGWSVYTEI TLIRDNRRPK PGGDITLGEL LKKKANEGVR
DCAP_3595   GVPFTFFTQR NGCKVTLYQD SHVPDNFVPK IPLSGGTLYE PHRAWEDVFD AINNAKHLIY ITGWSVYTEI TLIRDNRRPK PGGDITLGEL LKKKANEGVR
DCAP_0968   GVPYTFFPQR TGCKVSLYQD AHVPDNFIPK IPLSGGKKYE PHRCWEDVFD AISNAKHLIY ITGWSVYTEI ALVRDQKRPK SGGETTLGEL LKRKANEGVK
PLDA1_ARATH GVPYTFFSQR QGCKVSLYQD AHIPDNFVPR IPLAGGKNYE PQRCWEDIFD AISNAKHLIY ITGWSVYAEI ALVRDSRRPK PGGDVTIGEL LKKKASEGVR

DCAP_1541   VCMLVWDDRT SIEVFKKDGL MGTHDQETTD YFRKTRVECV LCPRNPDDGK SIVQGFEVKY MFTHHQKTVV VDSEGFNAAA GSMVMPKRRI IGFVGGIDLC
DCAP_6041   VLMLVWDDRT SIKFFKEDGL MQTHDQETES YFHDTEVHCV LCPRNPDGGH SLVQDLEIST MFTHHQKIVI ADSALPD--- --GNEDKRRI VSFVGGIDLC
DCAP_3595   VLMLVWDDRT SIKFFKEDGL MQTHDQETES YFHDTEVHCV LCPRNPDGGR SLVQNLEIST MFTHHQKIVI ADSALPD--- --GNEDKRRI VSFVGGIDLC
DCAP_0968   VLMLVWDDRT SVGSLKKDGL MATHDEETEN FFRETEVHCV LCPRNPDNGS SIVQDLQIST MFTHHQKIVV VDSAMPG--- --GGSHNRRI VSFVGGIDLC
PLDA1_ARATH VLLLVWDDRT SVDVLKKDGL MATHDEETEN FFRGSDVHCI LCPRNPDDGG SIVQSLQIST MFTHHQKIVV VDSEMPSR-- --GGSEMRRI VSFVGGIDLC

DCAP_1541   DRRYDTQQHS LFRTLDNVHK DDFHQPNFGG SSIRKGGPRE PWHDIHCCLE GPVAWDVLYN FEQRWRKQVG DKHIYSMNEI NQFVMPPSET TSSEDTNTWN
DCAP_6041   DGRYDTQFHS LFRTLNTVHH DDFHQPNFAG SSIKKGGPRE PWHDIHSRLE GPIAWDVLFN FEQRWRKQGG KDLLLNLREL DSVIIPPSPV TYSDDQETWN
DCAP_3595   DGRYDTQFHS LFRTLDTVHH DDFHQPNFAD SSIKKGGPRE PWHDIHSRLE GPIAWDVLFN FEQRWRKQGG KDLLLNLGEL DSVIIPPSPV TYPDDRETWN
DCAP_0968   DGRYDTQFHS LFRTLDTAHH DDFHQPNFPG AAITKGGPRE PWHDIHSRLE GPIAWDVLFN FEQRWRKQGG KDILVPLREL DDL-IAPSPV TFREDPETWN
PLDA1_ARATH DGRYDTPFHS LFRTLDTVHH DDFHQPNFTG AAITKGGPRE PWHDIHSRLE GPIAWDVMYN FEQRWSKQGG KDILVKLRDL SDIIITPSPV MFQEDHDVWN

DCAP_1541   VQIFRSIDGG AVSGLPEVQE KAAAIGLVSG KDNTIERSVQ DAYICAIRRA KNFIYIENQY FIGSSFGWNN -EEIKVEDVG ALNLIPKELS LKIVKKIEAG
DCAP_6041   VQLFRSIDGG AAFGFPDSPE DAAQAGLVSG KDSTVDRSIQ DAYINAIRRA KRFIYIENQY FLGSSFAWKA GDDIKIEDVG CIHLIPKELS LKIVSKIEKG
DCAP_3595   VQLFRSIDGG AAFGFPDSPE DAARAGLVSG KDSTVDRSIQ DAYINAIRRA RRFIYIENQY FLGSSFAWKA GDDIKIEDVG CLHLIPKELS LKIVSKIEKG
DCAP_0968   VQLFRSIDGG AAFGFPDTPE DAARAGLVSG KDNIIDRSIQ DAYIHAIRRA KNFIYIENQY FLGSCFSWDH SDDIKLEDIG ALHLIPKELS LKIVSKIEAR
PLDA1_ARATH VQLFRSIDGG AAAGFPESPE AAAEAGLVSG KDNIIDRSIQ DAYIHAIRRA KDFIYVENQY FLGSSFAWAA -DGITPEDIN ALHLIPKELS LKIVSKIEKG

DCAP_1541   ERFSVYVVIP MWPEGIPESS SVQAILDWQR RTIEMMYNDV ANAIRRARLN THPRDYLSFF CLGNREVKRP GEYLPPEKPE PDSDYSRAQS SRRFMIYVHA
DCAP_6041   EEFKVYIVVP MWPEGIPESG SVQAILDWQR RTLEMMYTDI AQALHAKGIE ANPREYLSFF CLANREVKKS GEYEPSEKPE PDTDYIRAQE SRRFMIYVHA
DCAP_3595   EEFKVYIVVP MWPEGIPESG SVQAILDWQR RTLEMMYTDV AQALHAKGIE ANPREYLSFF CLANREVKKS GEYEPSEKPE PDGDYIRAQE SRRFMIYVHA
DCAP_0968   ERFTVYIVVP MWPEGIPESG SVQAILDWQR RTMSMMYKDI IGALRAKGLQ EDPRNYLTFF CLANREVKRS GEYEPAEQPE PDSDYERAQH ARRFMIYVHS
PLDA1_ARATH EKFRVYVVVP MWPEGLPESG SVQAILDWQR RTMEMMYKDV IQALRAQGLE EDPRNYLTFF CLGNREVKKD GEYEPAEKPD PDTDYMRAQE ARRFMIYVHT
 

DCAP_1541   KMMIVDDEYI IIGSANINQR SMDGGRDTEI AMGAYQPHYL SIRKPARGQI YGFRMALWYE HLRQIQPSFA HPETLECMRD LNKIADDYWK LYSSELLNQD
DCAP_6041   KMMIVDDEYI IIGSANINQR SMEGSRDSEI AMGAFQPYHL GHHQPPRGQI HGFRMSLWYE HLGLLHNTFL NPEDPECVKK VNEIALKYWD LYSSDNLEHD
DCAP_3595   KMMIVDDEYI IIGSANINQR SMEGSRDSEI AMGAFQPYHL GHHQPPRGQI HGFRMSLWYE HLGLLDNTFL NPEDPECVKK VNEIALKYWD LYSSESLEHD
DCAP_0968   KMMIVDDEYI IVGSANINQR SMDGARDSEI AMGAYQPHHL ATHQPARGQV HGFRMALWYE HLGMLDDSFN HPESVHCIKK VNQVADKYWD LYSSESLECD
PLDA1_ARATH KMMIVDDEYI IIGSANINQR SMDGARDSEI AMGGYQPHHL SHRQPARGQI HGFRMSLWYE HLGMLDETFL DPSSLECIEK VNRISDKYWD FYSSESLEHD

DCAP_1541   LPGHLLRYPI EVTGYGGVLN LPGWKQFPDT KAPVLGTKSD
DCAP_6041   LPGHLLHYPI DVTAEGEVVE LPGFENFPDT KAKVLGTKSD
DCAP_3595   LPGHLLHYPI DVTAEGEVVE LPGFENFPDT KAKVLGTKSD
DCAP_0968   IPGHLLRYPV GITSEGDVTE LPGFEFFPDT KAKVLGAKSD
PLDA1_ARATH LPGHLLRYPI GVASEGDITE LPGFEFFPDT KARILGTKSD
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Figure 3.15: The current chosen set for PLDA from D. capensis with PLDA1 ARATH from Ara-
bidopsis thaliana as references sequences.
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Figure 3.16: An example of the nucleases found in D. capensis where the active site residues are
highlighted and labelled, and the metal ions are highlighted.
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Chapter 4

Sequence comparison, molecular

modeling, and network analysis

predict structural diversity in cysteine

proteases from the Cape sundew,

Drosera capensis

Characterization of carnivorous plant digestive enzymes could lead to their use in a variety of

laboratory and applications contexts, including analytical use in proteomics studies as well

as preventing fouling on the surface of medical devices that cannot be treated under harsh

conditions. The proteases of carnivorous plants present attractive targets for exploitation

in chemical biology and biotechnology contexts. New proteases may also prove useful for

cleaving amyloid fibrils, such as those responsible for the transmission of prion diseases or

the formation of biofilms by pathogenic bacteria. The characterization of aspartic proteases

from the tropical pitcher plants (Nepenthes sp.) [107, 108, 109], has already led to useful
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advances in mass spectrometry-based proteomics applications, where the ability to digest

proteins using a variety of cut sites is essential for identifying proteins and peptides from

complex mixtures. Proteases from plant and animal sources are also important components

of pharmaceutical preparations for gluten intolerance, arthritis, and pancreatic disease [110].

Therefore, characterizing proteases from D. capensis has the potential to diversify the tool-

box of proteases with different functional properties that are available for these and other

applications.

I contributed to choosing the protein set, determining the functional regions of interest, gen-

erating the predicted structures, analyzing sequence and structure data, performing sequence

annotation and comparisons and wrote the manuscript with my co-authors on this paper. A

portion of the paper [2] is reproduced in this chapter to understand the importance of the

results found in this study. For more details and in-depth analysis, please refer the paper [2]

4.1 Background

Plant cysteine proteases form a large and diverse family of proteins that perform cellular

housekeeping tasks, fulfill defensive functions, and, in carnivorous plants, digest proteins

from prey. It is typical for plants to contain many different cysteine protease isoforms; for

instance, in the case of tobacco (Nicotiana tabacum), more than 60 cysteine protease genes

have been identified [111]. Many of the cysteine proteases of interest are classified by the

MEROPS database as family C1 [112], a broad class of enzymes including cathepsins and

viral proteases as well as plant enzymes that function to deter herbivory. C1 proteases

can operate as endopeptidases, dipeptidyl peptidases, and aminopeptidases [113]. In plants,

many C1 enzymes are used to degrade proteins in the vacuole, playing many of the same

roles as their lysosomal counterparts in animals [114]. They are also found in fruits, par-

ticularly unripe ones; this protease activity impedes insect feeding and also serves to cleave
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endogenous proteins during fruit ripening. Some families of cysteine proteases in plants have

been subject to diversifying selection due to a molecular arms race between these plants and

their pathogens; as plants produce proteases that suppress fungal growth, fungi evolve in-

hibitors specific to these proteases, driving the diversification of plant proteases involved in

the immune response [64].

The plethora of paralogs found in a typical plant is indicative of the need for a range of dif-

ferent substrate specificities; this is particularly important in the case of carnivorous plants,

which must digest prey proteins to their component amino acids. Aspartic proteases have

long been implicated in Nepenthes pitcher plant digestion [107, 115], and more recently the

cysteine protease dionain 1 has been confirmed as a major digestive enzyme in the Venus

flytrap (Dionaea muscipula) [116]. In Drosera capensis, proteins from prey consititute the

major nitrogen source for producing new plant tissue [40]. Given that plant carnivory ap-

pears to have evolved from defensive systems in general [117], and that the feeding responses

are triggered by the same signaling pathway as is implicated in response to wounding [118],

one would expect cysteine proteases to play a major role; here we investigate some of the

many cysteine protease genes in D. capensis with the objective of adding to the portfolio

of cleavage activities available for chemical biology applications. The D. capensis enzymes

are particularly appealing for mass spectrometry-based proteomics applications, due to their

ability to operate under relatively mild conditions, i.e. at room temperature and pH 5.

This study focuses on the C1 cysteine proteases from the Cape sundew (D. capensis), where

it uses the pipeline from Chapter 1 to identify structurally distinct subgroups of proteins for

subsequent expression and biochemical characterization. C1 cysteine proteases share a com-

mon papain-like fold, a property also predicted for the proteins studied here. Despite this

conservation of the papain fold and critical active and structural residues, sequence analysis
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of the D. capensis cysteine proteases indicates that they represent a highly diverse group

of proteins, some of which appear to be specific to the Droseraceae. In particular, a large

cluster of proteases containing dionains 1 and 3 as well as many homologs from D. capensis

has particular sequence features not seen in papain or other reference enzymes. Finally, a

new class of granulin domain-containing cysteine proteases is identified, based on clustering

of the granulin domains themselves.

Molecular modeling was performed (Prof. Carter Butts and Dr. Xuhong Zhang with the

team) in order to translate this sequence diversity into predicted structural diversity, which

is more informative for guiding future experimental studies. Examination of the predicted

enzyme structures potentially suggests diversity that may imply a variety of substrate prefer-

ences and cleavage patterns. Further, the study uses Rosetta [28, 27] to perform comparative

modeling with all-atom refinement, described in detail in Chapter 1, combining local homol-

ogy modeling based on short fragments with de novo structure prediction. The study then

employs atomistic MD simulation of these initial structures in explicit solvent to produce

equilibrated structures with corrected active site protonation states; these equilibrated struc-

tures serve as the starting point for further analysis.

Quality control was performed using both sequence alignment and inspection of the Rosetta

structures; proteins that are missing one of the critical active residues (C158 or H292, papain

numbering) were discarded, as were some lacking critical disulfide bonds or other structural

features necessary for stability. After winnowing out sequences that are unlikely to pro-

duce active proteases, 44 potentially active proteases were chosen for further analysis. This

methodology allows the development of hypotheses based on predicted 3D structure and ac-

tivity, in contrast to focusing on the first discovered or most abundantly produced enzymes,

enabling selection of the most promising targets for structural and biochemical characteri-
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zation based on the priorities of technological utility rather than relative importance in the

biological context.

4.2 Cysteine Protease Sequence Analysis

Multiple-sequence alignments for cysteine proteases from D. capensis and previously charac-

terized plant cysteine proteases reveal diverse functionality. Annotated sequence alignments

are shown for the DCAP cluster (Figure 4.1), the papain cluster, both catalytic domains

(Figure 4.2) and (Figure 4.3), the vignain cluster, (Figure 4.4), the granulin domain clus-

ter (Figure 4.5), the bromelain cluster (Figure 4.6) and the dionain cluster (Figure 4.7).

The annotations highlight both specific amino acid properties and general sequence features.

Followung the nomenclature of “Target Selection Pipeline” from Chapter 1, hydrophobic

residues are shown in green, positively charged residues in blue, negatively charged residues

in red, and cysteines in yellow. Conserved Cys residues involved in structure-stabilizing

disulfide bonds are indicated with yellow asterisks, while other residues conserved across

all the sequences considered are indicated with solid circles. Residues conserved within the

cluster but not shared with papain are indicated with open circles. The residues of the

catalytic dyad are indicated with colored arrows, yellow for Cys and purple for His. The

position of the stabilizing Asn residue is indicated with a pink asterisk, although this residue

is not conserved in all sequences. Strikethrough text indicates parts of the sequence that

are expressed but removed during post-translational processing; for these proteins, this con-

stitutes an N-terminal region comprised of the signal peptide and the pro-sequence. The

presence and position of a signal sequence targeting the protein for secretion was predicted

using SignalP, and is indicated in the figures by highlighting in light orange, with the pre-

dicted cut site indicated by underlining the residues on either side of the cleavage point. The
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position of the pro-sequences was predicted by sequence similarity to the reference sequences

as well as comparison of the predicted structures to the crystal structure of the mature form

of papain. The pro-seqeunces of many of the sequences studied here contain the ERFNIN

motif (EX3RX3FX2NX3I/VX3N) common to C1-family cysteine proteases. When present,

this sequence is shown above the relevant residues in the alignments. The presence of lo-

calization tags, when present, is indicated by purple highlighting. Granulin domains, when

present, are highlighted in blue.

Sequence consensus analysis for the sequences within each cluster defined in Figure 1.1, are

mapped onto the structure of a representative member of the class in Figure 4.8. Percent

conservation at each position is color coded (red = more conserved, white = intermediate

values, blue = less conserved). These plots demonstrate that the degree of sequence conser-

vation varies greatly among different clusters, i.e. the DCAP cluster has much less sequence

conservation overall than the vignain cluster. In all the clusters, conserved residues are

concentrated in the important secondary structure elements and near the active site cleft,

whereas residues in loops and linkers away from the core of the protein are less likely to

be conserved. All the predicted and equlibrated structures are available to download in the

paper [30].

69



-------- -------

❋●●

●●

●

❋

● ●●●❋ ❋● ●❋●

❋

● ●

●● ●●●●●

signal sequence

propeptide conserved residue●

  signal cleavage siteXX

 C in disulfide bond❋

active Cys residue

active His residue

stabilizing Asn residue❋

XRXXXFXXNX XXIXXXN

EXX
DCAP_2263      ---------- --------MS PPISSAAIIA VILAVVAAAA TTTRASTFTE ENPIRLVSDR LREIESSVVE AVGNSGRALS FARF-LHRYG KRYETVEEMR
DCAP_7862      ---------- --------MS PPISAAAVMA VILAA--AAA TTATVSTFTE ENPIRLVSDR LREIESSVVE AVGNSRRALS FARF-LHRYG KRYETVEETR
DCAP_3370      ---------- ---------M APLT----FL LLLSLTAAAA GVGEEDLLI- ----QQV--- VPT---ATSD PHLAAGH--H FDLFKS-RFN KQYSTQEEHD
DCAP_5561      MVSLERERRA HLWKKLREVR LAIK----YI VIPGMEPVEL LPRRSDIIA- ----R----- ---------- ---------Q LELVESYQLA AEYSG-TELN
PAPA1_CARPA    ---------- ------MAMI PSISKLLFVA ICL-FVYMGL SFGDFSIVGY --SQNDLTST ER-------- ------LIQL FESW-MLKHN KIYKNIDEKI
DCAP_7834      ---------- -------INN SHISSLAFLL LI-------- --T--SINVV --ASRYLSEE VS-------- ------IREQ FEEW-IVQYG RVYADNAEKE
DCAP_4959      ---------- -------INN SHISSLAFLL LI-------- --T--SINVV --ASRYLSEE VS-------- ------IREQ FEEW-IVQYG RVYADNAEKE

DCAP_2263      LRFAVFKENL RLIRSSNRNG MPYTLALNDF ADMSWEEFQK HK LGA AQNCSATLKG NHKMTDATLP DMKDWREV-- -GIVTPVK-N 
DCAP_7862      LRFAVFKENL RLIRSSNRNG MPYTLALNDF ADMSWEEFQK HK-------- -------LGA AQNCSATLKG SHKMTDATLP DVKDWREV-- -GIVTPVK-N 
DCAP_3370      RRFAIFKANL RRARRNQELD PSAEHGVTKF SDLTPREFRE RL--GLRRGG RRGRGKGLGL PADAR---QA P-VLPTGNLP KDFDWREH-- -GAVTGVK-D
DCAP_5561      LRLQIFPTRS KKKSSTT--- ---------- IKCTESDFGS RNDFSLETHT EGTTVSRLPL LPEAEQLCQQ PALLFIVTVT SPFMYQITYP YRYGHYES-V
PAPA1_CARPA    YRFEIFKDNL KYIDETNKKN NSYWLGLNVF ADMSNDEFKE KYTGS----- ---IAGNY-- -TTTELSYEE VLNDGDVNIP EYVDWRQK-- -GAVTPVK-N 
DCAP_7834      KRFVIFQQNV ARIEALRKLN LGYGVGINKF NDMTQEEFEA AYTDG----- --GVVSDL-- -APTPFTFAN IE-------- -------L-- -DSVTEVKDQ 
DCAP_4959      KRFVIFQQNV ARIEALRKLN LGYGVGINKF NDMTQEEFEA AYTDG----- --GVVSDL-- -APTPFTFAN IE-------- -------L-- -DSVTEVKDQ

DCAP_2263      QGHCGSCWTF STTGALEAAY SQAFGKSVSL SEQ-QLVDCA GAF------- NNFGCSGGLP SQAFEYVKY- ----NGGLDT EEAYPYAGKD GECKFSSENV
DCAP_7862      QGHCGSCWTF STTGALEAAY SQAFGKSVSL SEQ-QLVDCA GAF------- NNFGCSGGLP SQAFEYVKY- ----NGGLDT EEAYPYAGKD GECKFSSENV
DCAP_3370      QGSCGSCWSF STTGALEGSN YLATGKLVSL SEQ-QLVDCD HECDPELAGS CDAGCNGGLM NNAFEYILK- ----AGGVQR EEDYPYTGRD ETCKFDKSKV
DCAP_5561      NGVCGSCWAF SATGAIEGAN FIATGKLLNL SEQQQLIDCD HVCDEKKKTD CDSGCRGGLM TNAYKYLIE- ----AGGLME ERDYLYTGKQ GECRFDSSNV
PAPA1_CARPA    QGSCGSCWAF SAVVTIEGII KIRTGNLNEY SEQ-ELLDCD R--------- RSYGCNGGYP WSALQLVA-- ----QYGIHY RNTYPYEGVQ RYCRSREKGP 
DCAP_7834      GPSCGSCWAF AAIAAIEALH SAMYGDLRSL SEQ-QIIDCD K--------- YDNGCKRGLA ARAFKYASSS IGGKHVGIAN EEEYRYLGKT GTCKGNSIGE
DCAP_4959      GPSCGSCWAF AAIAAIEALH SAMYGDLRSL SEQ-QIIDCD K--------- YDNGCKRGLA ARAFKYASSS IGGKHVGIAN EEEYRYLGKT GTCKGNSIGE

DCAP_2263      -GVRVVDSVN ITLGAEDELK HAVAFVRPVS VAF-QVVNGF RFYKDGVYTS DSCGSTPMDV NHAVLAVGYG VEN------- GVPYWLIKNS WGGDWGDNGY 
DCAP_7862      -GVRVVESVN ITLGAEDELK HAVAFVRPVS VAF-QVVNGF RFYKDGVYTS DSCGSTSMDV NHAVLAVGYG VEN------- GVPYWLIKNS WGGDWGDNGY 
DCAP_3370      -ATTVANFSV VSLDEDQIA- ANLVKNGPLA VGI-NAA-YM QTYIGGVSCP YICLR---NL DHGVLLVGYG SAGYAPIRFK EKPYWIIKNS WGENWGENGY 
DCAP_5561      -SVKVVNFTT IPVDEKQIA- AHLVHHGPLA VGL-NAV-FM QTYIGGVSCP LICGK--RWV NHGVLLVGYG SKGFSILRFG NKPYWIINNS WGRNGERTGN 
PAPA1_CARPA    YAAK-TDGVR QVQPYNEGAL LYSIANQPVS VVLEAAGKDF QLYRGGIFVG -PCGN---KV DHAVAAVGYG ---------- -PNYILIKNS WGTGWGENGY 
DCAP_7834      DPVTIVDGYE FVPSNSEIDL ARAVARRPVS VRV-QSGDAL QAYTGGIFKG -PCGK---KL NHAMTIVGYT ---------- -PSYWIVKNS WGVWWGEDGY 
DCAP_4959      DPVTIVDGYE FVPSNSEIDL ARAVARRPVS VRV-QSGDAL QAYTGGIFKG -PCGK---KL NHAMTIVGYT ---------- -PSYWIVKNS WGVWWGEDGY

DCAP_2263      FKMELGKN-- --MCGKSIFQ TRSSTNP--- ---------- ---------- ---------- ---------- ----- 
DCAP_7862      FKMELGKN-- --MC------ ---------- ---------- ---------- ---------- ---------- ----- 
DCAP_3370      YKICRGRN-- --VCGVDSMV STVAALEISH TAATTQA--- ---------- ---------- ---------- ----- 
DCAP_5561      IAFAEGM--- --VCAASTLW R----KEMTK ARAENRNCLK LKGYLHYWGN FGGKNYASSE TSLEYGQHQF SRTHS 
PAPA1_CARPA    IRIKRGTGNS YGVCGLYTS- ---SFYPVKN ---------- ---------- ---------- ---------- ----- 
DCAP_7834      IRMRKGADGP AGLCGIARE- ---PSYPFSY IQRNDS-SKE NQQYYH---- ---------- ---------- ----- 
DCAP_4959      IRMRKGADGP AGLCGIARE- ---PSYPFSY IQRNDS-SKE NQQYYH---- ---------- ---------- -----

❋

●

●●● ●

localization signal

XXAXXXQ
E PQNCSAT

predicted minichain

Figure 4.1: The DCAP cluster contains sequences that are more closely related to other D. capensis
sequences than to any of the references. Several have insertions not found in other sequences,
potentially indicating specific functionalities. DCAP 2263 and DCAP 7862 contain the localization
tag NPIR in their N-terminal pro-domain regions, indicating targeting to the vacuole.
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PAPA1_CARPA   ---------- ---------- --MAMIPSIS KLLFVAIC-- LFVYMGLSFG DFSIVGYSQ- -----NDLTS TERLIQLFES WMLKHNKI-- YKNI------ 
DCAP_2570     ---------- ---------- MSYTIIAL-F FFLLITHSYA LDVSLPSS-- ---NTYKDHD HGHNKTSSRT DAELKRLYDS WLIKHGQT-- YNAINTIKVK 
Droserain 3   ---------- ---------- ----MSTSFK LFALPLTLLL LTVTCSSAHH DFSIVGYAA- -----HDLTC IDKIIRLFES WMERHGKI-- YETI------ 
DCAP_7627     ---------- ---------- ---------- ---------- ---------- ---------- --CGTWQPYN LKAYEKRFKA WQTTYGRE-- YKDR------ 
DCAP_0302     ---------- ---------- ----MAPLLF LFLLQ--C-- ---------- ---------- -----LHPTP ASPSPALFDH WCNHHNKT-- HPTS------ 
DCAP_5993     ---------- ---------- ---------- ---------- ---------- --------SA ASQGTHKQYH RKTYKQRFKA WQNHYGKQ-- YKDK------ 
DCAP_5667     ---------- ---------- ----MATFIP FLAIL----- ---------- --AVLSITAA AAASSLWRRS DEEVMGIYTQ WMAKHRKA-- YNSL------ 
DCAP_5945     ---------- ---------- ---------- ---------- ---------- ---------- ---------S VHSIRVLFER WLVKNRKN-- YNAI------ 
ERVB_TABDI    ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
CPGP1_ZINOF   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
DCAP_6547     LSSLDPQLDR ISHLAIIHQP KPLSMAPLLI LLLFILTSSS FSASSSSSSS DMSIISHNNK V-----NLRT DDEVMTLFES WLVKYKKN-- YNAL------ 
RD21A_ARATH   ---------- ---MGFLK-- --PTMAIL-- FLA------- --MVAVSSAV DMSIISYDEK HGVSTTGGRS EAEVMSIYEA WLVKHGKAQS QNSL------ 
ORYA_ORYSJ    ---------- ------MR-- --ISMALAAA ALL------- --LLLSLAAA DMSIVSY--- ------GERS EEEARRLYAE WKAEHGKS-- YNAV------

PAPA1_CARPA   DEKIYRFEIF KDNLKYIDET NKK----NNS YWLGLNVFAD MSNDEFKEKY TGSI---AGN -----YTTTE LSYEEVLNDG DVNIPEYVDW RQKGAVTPVK 
DCAP_2570     DDYDRRFDAF KDNVAYIEEH NTV----DRP YKLGLNQFAD MTNEEFRAGV KYRDMAKDEE LRDLYWEKRT KKEERYLWRK GDVLPERVDW REKGSVGKVK 
Droserain 3   EEKLHRFEVF RDNLEHIDET NKK----VKS YWLGLNEFAD MTHDEFKSRY LG---LNAGL PKS------G KASNEFTYRD MVDLPKSIDW RKKGAVAPVK 
DCAP_7627     DEWILRFEIY QSNLQLIDFI NCQ----NYT FTLTDKRICR HDNCR--VQV LN---TSVS- ---------R LMDAKPANLG NYTVLDSIDW REKGAVTLVK 
DCAP_0302     QERQTRLSVF LDNLAFVESH NSK---EGTL FSVSLNGFAD LTVEEFRETR LG---LRDWD RGDAVFEN-S IGMEGMGERG EGGVPGEVDW REEGAVTAVK 
DCAP_5993     DEWVLRFGIY QTNLQFADFI NSQ----NLS FSLADNKFAD LTNDEFKSMY LG---LLSDE LPRVN--SED KVNNVKLISR DDSVPDSIDW RKKGAVTPVK 
DCAP_5667     SEKETRFEIF KDNLRYVDEH NSV---EGRT YKVGLNKFAD LTNDEYRNTY LG---TKLDP KRVLL-RRQK GGSKRYAVSD GDRLPRTVDW RKLGAVNPVK 
DCAP_5945     GEKEKRFQIF KDNLAFIEEH NGN---RNES YKLGLNRFAD LKNEEFKEMY LG---KKGRG ERRGNEAER- --YRFAGGGD EEGLPEMVDW RQKGAVAEVK 
ERVB_TABDI    ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---LPSFVDW RSKGAVNSIK 
CPGP1_ZINOF   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- -DVLPDSIDW REKGAVVPVK 
DCAP_6547     GEKEKRFEIF KDNLRFIDEE NSE---GDNR YKLGLNKFAD LTNEEFRSNY LG---VKPGV KRPEKWADEK RISERYASRE DDSLPESVDW REKGAVGPIK 
RD21A_ARATH   VEKDRRFEIF KDNLRFVDEH NEK----NLS YRLGLTRFAD LTNDEYRSKY LG---AKMEK K------GER RTSLRYEARV GDELPESIDW RKKGAVAEVK 
ORYA_ORYSJ    GEEERRYAAF RDNLRYIDEH NAAADAGVHS FRLGLNRFAD LTNEEYRDTY LG---LRNKP R------RER KVSDRYLAAD NEALPESVDW RTKGAVAEIK

PAPA1_CARPA   NQGSC----- ---------- GSCWAFSAVV TIEGIIKIRT GNLNEYSEQE LLDCDR-RSY GCNGGYPWSA LQLVAQY-GI HYRNTYPYEG VQRYCRSREK  
DCAP_2570     NQGHS----- ---------C GSCWAFSAIG AVEGINQIVT GNFTSLSEQE LVDCDA-NND GCDGGDLIYA FEFIVNN-GI SFEEDYPYTG REGTCDQARK 
Droserain 3   NQGSCESLST GANINIGSDA GSCWAFSTVA AVEGINQIVT GNITTLSEQE LIDCDTTYNS GCSGGLMDYA FAYIMSNGGL RKEDDYPYIM EEGTCEDTKA 
DCAP_7627     HQGKC----- ---------- GSCWAFSTLA AVESINQIKT NKLISLSEQQ LVDCDK-SNQ GCNGERMTRA LAYIIKNGGV TTQKNYPYTR KEGDCNAGKA 
DCAP_0302     DQGSC----- ---------- GACWSFSATG AVEGINKIST GSLVSLSEQE LIDCDTSYNS GCGGGLMDYA YKFILDNGGI DTEADYPYQA RQTSCNKNKL 
DCAP_5993     DQGQC----- ---------- GSCWAFSAVA AVEGINQIRT KQLVSLSEQQ LVDCDK-SDQ GCNGGLMEYA FTYIQENGGL ATEKHYPYTG KDGKCSEK-I 
DCAP_5667     DQGAC----- ---------- GSCWAFSTIA TVEGINYVVT GNLTSLSEQE LVDCDRAEDM GCNGGLMDNA FQFILQNGGI DSEDDYPYTA EDGVCDQSRM 
DCAP_5945     DQGQC----- ---------- GSCWAFSTIG AVEGINQIVT GSLITLSEQE LVDCDTDYDS GCNGGLMDYA FEFIIKNGGI DSEDDYPYTA QDGICDQNRK 
ERVB_TABDI    NQKQC----- ---------- GSCWAFSAVA AVESINKIRT GQLISLSEQE LVDCDT-ASH GCNGGWMNNA FQYIITNGGI DTQQNYPYSA VQGSCKPYRL 
CPGP1_ZINOF   NQGGC----- ---------- GSCWAFDAIA AVEGINQIVT GDLISLSEQQ LVDCST-RNH GCEGGWPYRA FQYIINNGGI NSEEHYPYTG TNGTCDT-KE 
DCAP_6547     DQGGC----- ---------- GSCWAFSTIA AVEGINQIVT GELITLSEQE LVDCDTSYNE GCNGGLMDYA FEFIINNGGI DTDQDYPYKG YDSTCDTYRK 
RD21A_ARATH   DQGGC----- ---------- GSCWAFSTIG AVEGINQIVT GDLITLSEQE LVDCDTSYNE GCNGGLMDYA FEFIIKNGGI DTDKDYPYKG VDGTCDQIRK 
ORYA_ORYSJ    DQGGC----- ---------- GSCWAFSAIA AVEGINQIVT GDLISLSEQE LVDCDTSYNE GCNGGLMDYA FDFIINNGGI DTEDDYPYKG KDERCDVNRK

PAPA1_CARPA   GPYAAKTDGV RQVQPYNEGA LLYSIANQPV SVVLEAAGKD FQLYRGGIFV GPCGNKVDHA VAAVGYGP-- --NYILIKNS WGTGWGENGY IRIKRGTGN-  
DCAP_2570     TARVVAIDGF ESVPRKDEKS LQKAVASQPI SVSIDTGGRA VQLYESGIFT GQCGTKLDHS VVLIGYGTEN GTDYWLLRSS WGPRWGENGY LRLERNIKHA 
Droserain 3   VAEMVSIDGY HDVPANEEQS LLKALANQPI SIAIEASGRD FQFYNGGVFD GHCGTELDHG VAAVGYGSTM GIDYIIVKNS WGPKWGEKGY IRMKRNTGK- 
DCAP_7627     GKHKY----- LHL----MTR PSMAVAQQPV SVKIDASGPI FQLYSGD--- APCAANINHE AAAVGYGDES SKKYWIFKNS WGFKWGENGY MRLPRELYFD 
DCAP_0302     KKHVVTIDGY VDVPPNNEEE LLRAVAAQPV SVGICGSERT FQLYSKGIFT GPCSTALDHA VLIVGYGSEN GKEYWIVKNS WGTRWGMNGY IHILRNSGD- 
DCAP_5993     AEPRVTIDRF EKVPENDESI LQLAVAQQPV SVAIDASGPL FQLYSGGIFD GYCGTSLNHG VATVGYSNEN GTKYWIVKNS WGSEWGENGY IRLPRDIEFN 
DCAP_5667     NKRVVSIDGY EDVPSYNERA LKKAVAHQPV SVAIEASGRA LQLYESGVFT GECGTALDHA VVAVGYGRDN GLDYWIVRNS WGADWGEEGY IRIERNAAS- 
DCAP_5945     NAKVVTIDGY EDVPANDEKS LQKAVAHQPV SVAIEAGGRA FQLYESGVFT GTCGTQLDHG VVAVGYGTED GLDYWIVRNS WGSSWGENGY IRLERNINDT 
ERVB_TABDI    --RVVSINGF QRVTRNNESA LQSAVASQPV SVTVEAAGAP FQHYSSGIFT GPCGTAQNHG VVIVGYGTQS GKNYWIVRNS WGQNWGNQGY IWMERNVAS- 
CPGP1_ZINOF   NAHVVSIDSY RNVPSNDEKS LQKAVANQPV SVTMDAAGRD FQLYRNGIFT GSCNISANHY RTVGGRETEN DKDYWTVKNS WGKNWGESGY IRVERNIAE- 
DCAP_6547     NAKVVTIDDY EDVPYNDESA LKKAVASQPV SVAIEGGGRA FQLYDSGIFT GRCGTSLDHG VVAVGYGTEK GKDYWIVRNS WGSDWGEDGY IRLERNIGGP 
RD21A_ARATH   NAKVVTIDSY EDVPTYSEES LKKAVAHQPI SIAIEAGGRA FQLYDSGIFD GSCGTQLDHG VVAVGYGTEN GKDYWIVRNS WGKSWGESGY LRMARNIAS- 
ORYA_ORYSJ    NAKVVTIDSY EDVTPNSETS LQKAVANQPV SVAIEAGGRA FQLYSSGIFT GKCGTALDHG VAAVGYGTEN GKDYWIVRNS WGKSWGESGY VRMERNIKA-

PAPA1_CARPA   SYGVCGLYTS SFYPVKN--  
DCAP_2570     RTGKCGIAME AFYPLKTKE 
Droserain 3   PEGLCGINKM ASYPIKKK- 
DCAP_7627     TAGACGITKM ASYPVKDV- 
DCAP_0302     SKGICGINML ASYPTKASP 
DCAP_5993     TAGACGITKM ASFPVIDAS 
DCAP_5667     FTGRCGIAME PSYPVKRGQ 
DCAP_5945     KTGKCGIAME ASYPLKAGA 
ERVB_TABDI    SAGLCGIAQL PSYPTKA-- 
CPGP1_ZINOF   SSGKCGIAIS PSYPIKEXX 
DCAP_6547     GNGKCGISME PSYPVKKGQ 
RD21A_ARATH   SSGKCGIAIE PSYPIKNGE 
ORYA_ORYSJ    SSGKCGIAVE PSYPLKKGE
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Figure 4.2: Many of the reference sequences belong to the papain cluster despite the diversity of
their sources.. Several proteins in cluster also have C-terminal granulin domains, which are shown
in Fig. S4.3.
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DCAP_2570     STDMVTTVWD GGVARRNRPL AAAFII---V SVHMIILIAN LMDL------ ---------- ---------- ---------- ---------- ---------- 
DCAP_0302     NPP------P --SP-RPGP- ---TKCDLFS SCGEGESCCC ARSLLGFCLS WRCCGLESAV CCKDHKHCCP HDYPICDTQR NQCLKV---- ---------- 
DCAP_5667     EMNKPAWQFE --SE-EEQGV S--SM----- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
DCAP_5945     NPPNPGPSPP --TP-PPPPP APSTVCDDYY SCSEGSTCCC MYQYGDTCFG WGCCPLESAS CCDDHYSCCP QEYPVCDLDE GSCK-SKDSP LSVKAMRRVP 
DCAP_6547     NPPNPGPTPP --SP-VKPP- ---TVCDSYY TCPESSTCCC AFEFGRYCFE WGCCPLEGAT CCDDHYSCCP HTYPICNVEE GICQMSKGNP LGVKMLKRTR 
RD21A_ARATH   NPPNPGPSPP --SP-IKPP- ---TQCDSYY TCPESNTCCC LFEYGKYCFA WGCCPLEAAT CCDDNYSCCP HEYPVCDLDQ GTCLLSKNSP FSVKALKRKP 
ORYA_ORYSJ    NPPNPGPTPP --SP-TPPP- ---TVCDNYY TCPDSTTCCC IYEYGKYCYA WGCCPLEGAT CCDDHYSCCP HEYPICNVQQ GTCLMAKDSP LAVKALKRTL

DCAP_2570     ---------- ---------- ---------- ---------- ---------- --- 
DCAP_0302     ---------- ---------- ---------- ---------- ---------- --- 
DCAP_5667     ---------- ---------- ---------- ---------- ---------- --- 
DCAP_5945     AKSYPKLLGG A----GQIEW ELVNELEHSF EEQKYPIASL IENGILGSFK AYW 
DCAP_6547     ATPKWNLARR GFEGKGMSSS A--------- ---------- ---------- --- 
RD21A_ARATH   ATPFWS---- ----QGRKNI A--------- ---------- ---------- --- 
ORYA_ORYSJ    AKPNLSFLFG ----NGKKSS A--------- ---------- ---------- ---

❋❋ ❋❋ ● ●● ● ●● ●● ● ●● ●● ●

C in disulfide bond❋

 conserved residue●

CXDXXXXCPDXXTCCX XX GX XGCCPXXXXX CCXDXXHCCP XXXXXCDXXX XXCXX

▼ conserved Cys residue
in granulin domain

granulin domain

Pro-rich linker

localization signal

Figure 4.3: The papain cluster granulin domains contain several examples homologous to the refer-
ence proteins RD21 ARATH and ORYA ORYSJ. Papain itself lacks a C-terminal granulin domain,
so it is not included in the alignment. DCAP 2570 and DCAP 5667 are truncated, and therefore do
not contain both disulfide bonds stabilizing the granulin domains. DCAP 5945 contains an extra
C-terminal extension not found in the reference sequences. The conserved sequence region char-
acterizing animal granulin domains is shown above the corresponding sequences for comparison.
The plant granulin sequences have two distinguishing features; an additional conserved Cys residue
is present immediately after the first conserved CC pair in the animal sequence, and a 6-residue
insertion containing another conserved C is present between the first and second CC pairs.
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PAPA1_CARPA    MAMIPSISKL LFVAICLF-- VYMGLSFGDF SIVGYSQNDL TSTERLIQLF ESWMLKHNKI YKNIDEKIYR FEIFKDNLKY IDETNKKNNS YWLGLNVFAD
Aspain         ------MKRD L------PLI LWLRG---DD EAYLHEHIN- ---------L GISKHLH-SV FLDHEEKRRR FNVFKANVRH IHQHNQMNMP YKLRLNEFAD
DCAP_6609      ----METTKI LLVALFLASV LGLAKSFDNA EIFDFEEDDL SSDRTLWDLY GRWRTHH-MV HRNHEEKRAR FNVFKANVHH IHHHNKMGKP YKLRLNKYGD 
CYSEP_VIGMU    ----MAMKKL LWVVLSLSLV LGVAN----- -SFDFHEKDL ESEESLWDLY ERWRSHH-TV SRSLGEKHKR FNVFKANVMH VHNTNKMDKP YKLKLNKFAD 
DCAP_7844      ----MDSKKF LLVTLSLVLV VGLSQ----- -AFDFHEKDL ESEESLWDLY ERWRSHH-TV SRSIEDKHKR FNVFKENVFH VHKVNKMDKP YKLKLNKFAD 
DCAP_2555      --------KF LLVALSLALV VGLSQ----- -AFDFHEKDL ESEESLWDLY ERWRSHH-TV SRSIEDKHKR FNVFKENVFH VHKVNKMDKP YKLKLNKFAD 
DCAP_6618      ---------- ---------- ---------- -----MALDL ESEESLWNLY ERWRNHH-TT SRSIEDKHKR FNVFEKNVLH VHKVNKMDKP YKLRLNKFAD 
DCAP_2122      ----MDSKKF ILVALSMALV IGLSQ----- -GFDFHEKDL ESEESLWNLY ERWRSHH-TT SRSIEGMHKR FNVFKKNVLH VHEVNKMDKP YKLKLNKFAD 
    
                                                      

PAPA1_CARPA    MSNDEFKEKY TGSIAGNYT- --TTELSYEE VLNDGDVNIP EYVDWRQKGA VTPVKNQGSC G--------- ---------- ---------- ----SCWAFS 
Aspain         MTNFEFQSFY -GSSIKHHRM YHPR--SQTP FMYEQADELP LSVNWRTKGE VIPVKNQGKC GKFSCFRYPL QAAGFFLLCY NNLVSWIMVC VYVGSCWAFS 
DCAP_6609      MTNDEFRSFF -GSNIEHHRM YHPR--NQTS FMYAQADELP LSVDWRLRGA VNPIKNQGKC G--------- ---------- ---------- ----SCWAFS 
CYSEP_VIGMU    MTNHEFRSTY AGSKVNHHKM FRGSQHGSGT FMYEKVGSVP ASVDWRKKGA VTDVKDQGQC G--------- ---------- ---------- ----SCWAFS 
DCAP_7844      LTNHEFRTLY ASSKIKHHLM LKGRAQGKGS FMYANVASLP PSIDWRTKGA VTPVKNQGQC G--------- ---------- ---------- ----SCWAFS 
DCAP_2555      LTNHEFRTLY ASSKIKHHRM LKGRAQGKGS FMYANVASVP PSIDWRTKGA VTPVKNQGQC G--------- ---------- ---------- ----SCWAFS 
DCAP_6618      LTSHEFRTQY ASSKIKHHRM LKGKARGSET FSYANVADVP PSVDWRDLGA VTPVKNQGQC GAYSFK---- ---------- -------YLF NLGGSCWAFS 
DCAP_2122      LTSHEFRTQY ASSKIKHHQM LKGKARGSET FSYANVADVP PSVDWRDLGA VTPVKNQGQC G--------- ---------- ---------- ----SCWAFS   
                                                  

PAPA1_CARPA    AVVTIEGIIK IRTGNLNEYS EQELLDCDRR -SYGCNGGYP WSALQLVAQY -GIHYRNTYP YEGVQRYCRS REKGPYAAKT DGVRQVQPYN EGALLYSIAN
Aspain         TVAAIEGINQ IRTNELVSLS EQELVDCDKS -DSGCNGGLI EQGISFVKKI GGLTTESNYP YLAKDGSCST T--------- ---------- MNALVKAVAN
DCAP_6609      AVGAIEGINQ IRTNQLVSLS EQELVDCDKD -DSGCNGGLM EQAFAFVKRI GGLTTERDYP YSANDGTCDS SKQNSIAVTI DGYEVVPQND ENALMKAVAN
CYSEP_VIGMU    TIVAVEGINQ IKTNKLVSLS EQELVDCDKE ENQGCNGGLM ESAFEFIKQK GGITTESNYP YTAQEGTCDE SKVNDLAVSI DGHENVPVND ENALLKAVAN
DCAP_7844      TVVSVEGINA IKTRKLVSLS EQELIDCDNG QNQGCNGGLM EYAFQFVHEK GGLTTEANYP YAAQDGTCDS QKLNSPAVSI DGYETVPQSD EDALQKAVAN
DCAP_2555      TVVSVEGINA IKTRKLVSLS EQELIDCDKG QNQGCNGGLM EYAFQFVHEK GGLTTEANYP YAAQDGTCDS QKLNSPAVSI DGYETVPQSD EDALQKAVAN
DCAP_6618      TVAAIEGINA IKTNNLVSLS EQELVDCDRA ENMGCNGGLM EYAFEFVHQN GGLTTEDAYP YTAQDGACDS EKLNAAVVTI DGYEQVPEND EDALLKAVAN
DCAP_2122      TVAAIEGINA IKTNNLISLS EQELVDCDRA QNMGCNGGLM EYAFEFVHQN GGLTTEDAYP YTAQDGTCDS EKLNAAVVTI DGYEQVPEND EDALQKAVAN      
                             

PAPA1_CARPA    QPVSVVLEAA GKDFQLYRG- ---------- ---------- GIFVGPCGNK VDHAVAAVGY G-----PNYI LIKNSWGTGW GEN-GYIRIK RGTGNSYGVC 
Aspain         QPVSVAVDAS GSSMQFYSS- ---------- ---------- DVFTRRCETE MNHAVVPVGY GVTDNGTNYG IETRGVP--D GERMDTSGCS AVSDAKDGLC 
DCAP_6609      QPVSVSIDAG SSSMQFYSE- ---------- ---------- GVFTGDCGTQ LNHGVVSVGY GATQDGTKYW IVRNSWGTSW GEQ-GYIRMQ RGTDAKEGLC 
CYSEP_VIGMU    QPVSVAIDAG GSDFQFYSE- ---------- ---------- GVFTGDCNTD LNHGVAIVGY GTTVDGTNYW IVRNSWGPEW GEQ-GYIRMQ RNISKKEGLC 
DCAP_7844      QPVSVAIDAG GQDFQFYSE- ---------- ---------- GVFTGECGTD LDHGVAVVGY GTTLDGTKYW IVKNSWGADW GEK-GYIRMQ RGFSSKDGIC 
DCAP_2555      QPVSVAIDAG GQDFQFYSE- ---------- ---------- GVFTGECGTD LDHGVAVVGY GTALDGTKYW IVKNSWGADW GEK-GYIRMQ RGFSSKDGLC 
DCAP_6618      QPVSVAIDAG GQDFQFYFEV TFHLRLLDYN KTEKRKDLEH GVYTGDCGTD LDHGVAAVGY GTTLDGTKYW IVRNSWGADW GEQ-GYIKLE RGVSAKEGKC 
DCAP_2122      QPVSVAIDAG GQDFQFYFE- ---------- ---------- GVYTGDCGTD LDHGVVAVGY GTTLDGTKYW IVRNSWGADW GEQ-GYIRLE RGVSAKEGKC 
                           

PAPA1_CARPA    GLYTSSFYPV KN-------- ---------- ---------- ---
Aspain         GIAMDASYPI KLSSNNTANC YAWTKT---- ---------- ---
DCAP_6609      GIAMDASYPT KLSATNSTAS TPANI----- ---------- ---
CYSEP_VIGMU    GIAMMASYPI KNSSDNPTGS LSSPKDEL-- ---------- ---
DCAP_7844      GIAMEASYPI KNSSVNPT-- ---PAESNDN DDDDWFSKKK DEL
DCAP_2555      GIAMEASYPI KNSSVNPT-- ---PADSDDS DDDDWFSKRK DEL
DCAP_6618      GIAMEASYPT INTDDDSNIP DAGTDGGDDS EDEDWFNKKD EL-
DCAP_2122      GIAMEASYPT INTDDDSNIP DAGTDGGDDS DDEDWFNKKD EL-      
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Figure 4.4: Many proteins in the vignain cluster, including vignain itself, are characterized by
the localization tag KDEL at the C-terminus. This sequence element indicates that the protein is
marked for retention in the endoplasmic reticulum.
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DCAP_7656     MENHPVLAIM GSQLRNQCHW LPLLLLLLLS TLACLSWALS SEYSITGYDP K------DLA SDERISQLFQ QWSQKHGKV- -YRHAKEAAK RRENFKRNLK
DCAP_5115     ---------M GNQLRNQCHW LPLLLLLLLS TLACLSWALS SEYSITGYDP K------DLA SDERIAQLFQ QWSQKHGKV- -YRHAKEAAR RRENFKWNLQ
DCAP_7518     ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
DCAP_6097     ---------M DTQLR--YNQ LSLHLLLLLS SLACLSF EYSITGYDP K------DLA SEDRIAELFR HWREQHGKV- -YKHAGE RLENFKRNLK
PAPA1_CARPA    PSI KLLFVAI CLFVYMGLSF GDFSIVGYSQ N------DLT STERLIQLFE SWMLKHNKI- -YKNIDEKIY RFEIFKDNLK
ORYA_ORYSJ    ---------M RIS------- ----MALAAA ALLLLLSLAA ADMSIVSY-- -------GER SEEEARRLYA EWKAEHGKS- -YNAVGEEER RYAAFRDNLR
RD21A_ARATH   ------MGFL KPT------- ----MAIL-- FLAMVAVSSA VDMSIISYDE KHGVSTTGGR SEAEVMSIYE AWLVKHGKAQ SQNSLVEKDR RFEIFKDNLR

DCAP_7656     YVIEKNSKRN A-ATDHTVGL NRFADLSNQE FKEMYLSKVK KPVYKNMNRT RIMRQGRLRS CDAPSSLDWR KKGVVTGVKD QGDCGSCWAF SSTGAIEGIN 
DCAP_5115     YVIEKNSKRN A-ATDHTVGL NRFADLSNQE FKEMYLSKVK KPAYKNMNRT RIMRQGRLRS CDAPSSLDWR KKGVVTGVKD QGDCGSCWAF SSTGAIEGIN 
DCAP MRSCWAF SSTGAMEGIN 
DCAP_6097     YMIEKNSKRT S-RTSLTVGL NRFADMSNEE FKNKYLSKVK RP-YKNATAS RVTGHRRMRS CDAPSSLDWR KKGVVTGVKN QGDCGSCWAF SSTGAIEGIN 
PAPA1_CARPA   YIDETNKK-- --NNSYWLGL NVFADMSNDE FKEKYTGSIA GNYTTTELSY E--EVLNDGD VNIPEYVDWR QKGAVTPVKN QGSCGSCWAF SAVVTIEGII
ORYA_ORYSJ    YIDEHNAAAD AGVHSFRLGL NRFADLTNEE YRDTYLGLRN KPRRERKVSD R---YLAADN EALPESVDWR TKGAVAEIKD QGGCGSCWAF SAIAAVEGIN 
RD21A_ARATH   FVDEHNEK-- --NLSYRLGL TRFADLTNDE YRSKYLGAKM EKKGERRTSL R---YEARVG DE PESIDWR KKGAVAEVKD QGGCGSCWAF STIGAVEGIN 

DCAP_7656     AITTGDLVSL SEQELVSCDS T-NYGCEGGY MDYAFEWVIS NGGIDTESDY PYTGEDGTCD TTK------- ---------- ---------- --EETKVVSI
DCAP_5115     AITTGDLVSL SEQELVSCDS T-NYGCEGGY MDYAFEWVIS NGGIDTESDY PYTGEDGTCD TSK------- ---------- ---------- --EETKVVSI
DCAP_7518     AISTGDLISL SEQELVDCDT T-NEGCDGGY MDYAFEWVVS NGGIDTESDY PYTGVDGTCD TSKVWLLASH IQRSQVVLLP PITSLHIYSC FQEEKKVVTI
DCAP_6097     AISTGDLMSL SEQELVDCDT T-NEGCDGGY MDYAFEWVVS NGGIDTESDY PYTGVDGTCD TSK------- ---------- ---------- --EEKKVVTI
PAPA1_CARPA   IRTGNLNEYS -EQELLDCDR R-SYGCNGGY PWSALQL-VA QYGIHYRNTY PYEGVQRYCR SRE------- ---------- ---------- -KGPYAAKTI
ORYA_ORYSJ    QIVTGDLISL SEQELVDCDT SYNEGCNGGL MDYAFDFIIN NGGIDTEDDY PYKGKDERCD VNR------- ---------- ---------- --KNAKVVTI
RD21A_ARATH   QIVTGDLITL SEQELVDCDT SYNEGCNGGL MDYAFEFIIK NGGIDTDKDY PYKGVDGTCD QIR------- ---------- ---------- --KNAKVVTI

DCAP_7656     DGYEDVDQ-S DSALLCATAT QPISVGIDGS AINFQLYTGG IYDGDCSSDP DDIDHAVLIV GYGSEGDEDY WIVKNSWGTS WGIQGYFYLR RNTDLEYGVC
DCAP_5115     NGYEDIDQ-S DSALLCGTVT QPISVGIDGS AIDFQLYTGG IYDGDCSSDP DDIDHAVLIV GYGSEGDEDY WIVKNSWGTS WGIQGYFYLK RNTDLEYGVC
DCAP_7518     DGYEDVDE-S DSALLCATVD QPISAGMDGS AIDFQLYTGG IYDGSCSSDP NDIDHAVLIV GYSSEDDVKY WIVKNSWGTS WGIDGYFYLE RDDTKEYGAC
DCAP_6097     DGYEDVDE-S DGALLCATVD QPISAGMDGS AIDFQLYTGG IYDGSCSSDP NDIDHAVLIV GYSSEDDVKY WIVKNSWGTS WGIDGYFYLE RDDTKEYGAC
PAPA1_CARPA   DGVRQVQPYN EGALLYSIAN QPVSVVLEAA GKDFQLYRGG IFVGPCGN-- -KVDHAVAAV GYGP----NY ILIKNSWGTG WGENGYIRIK RGTGNSYGVC
ORYA_ORYSJ    DSYEDVTPNS ETSLQKAVAN QPVSVAIEAG GRAFQLYSSG IFTGKCGT-- -ALDHGVAAV GYGTENGKDY WIVRNSWGKS WGESGYVRME RNIKASSGKC
RD21A_ARATH   DSYEDVPTYS EESLKKAVAH QPISIAIEAG GRAFQLYDSG IFDGSCGT-- -QLDHGVVAV GYGTENGKDY WIVRNSWGKS WGESGYLRMA RNIASSSGKC

DCAP_7656     AVNAMASYPT KT AV CAII-SKL TKSK K---- ---------- ---------- ---------- 
DCAP_5115     AVNAMASYPT KT AVPPPPPP TPPPPPPE CGDF-SYC SSTETCCCIF EVFDFCLIYG CCEYTDAVCC TGTDYCCPND
DCAP_7518     AINAMASYPT KS CGDTSSYC ASTETCCCIF ELLDYCFVYG CCEYTDAVCC TGTEYCCPSD
DCAP_6097     AINAMASYPT KS CGDTSSYC ASTETCCCIF ELLDYCFVYG CCEYTDAVCC TGTEYCCPSD
PAPA1_CARPA   GLYTSSFYPV KN-------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
ORYA_ORYSJ    GIAVEPSYPL KKGENPP--- ---------- -------NPG PTPPSPTPPP TVCDNY-YTC PDSTTCCCIY EYGKYCYAWG CCPLEGATCC DDHYSCCPHE
RD21A_ARATH   GIAIEPSYPI KNGE IKPP TQCDSY-YTC PESNTCCCLF EYGKYCFAWG CCPLEAATCC DDNYSCCPHE

DCAP_7656     ---------- ---------- ---------- ---------- ---------- ---------- ----------
DCAP_5115     YPICDVDDGL CLK------- -SSTDYLGIA AKKRKCAKYK FPWTKIQGDE KNINRYQPLQ WRRNRLVAVQ
DCAP_7518     YPICDTEEGL CLK------- -SSGDYLGVE AKKRKWANRK LPWTKIEAND E--KTYEPLK WKRNQLAAAQ
DCAP_6097     YPICDTEEGL CLKVLKSPEF LSSGDYLGVE AKKRKWAKRK LPWTKIEAND E--KTYEPLK WKTNQLAAAQ
PAPA1_CARPA   ---------- ---------- ---------- ---------- ---------- ---------- ----------
ORYA_ORYSJ    YPICNVQQGT CLMAKDSPL- -------AVK ALKRTLAKPN LSFLFGNGKK SSA
RD21A_ARATH   YPVCDLDQGT CLLSKNSPF- -------SVK ALKRKPATPF WS----QGRK NIA------- ----------

●

●● ●

granulin domain

X XXCXDXXXXC PDXXTCCXXX GXXG CCPXXXXXCC XDXXHCCPXX

XXXCDXXXXX CXX

▼ ▼ ▼▼ ▼▼
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▼ conserved Cys residue
in granulin domain Pro-rich linker

possible
localization signal

Figure 4.5: The granulin domain cluster contains proteins with C-terminal granulin domains.
Although they are not closely related to any of the reference sequences, RD21 ARATH and
ORYA ORYSJ are shown in the alignment in order to compare sequence features among the gran-
ulin domains. As shown for the papain cluster granulin domains, the conserved sequence region
characterizing animal granulin domains placed above the corresponding sequences. As in the pa-
pain case, there are two additional conserved Cs and a 6-residue insertion between the first and
second CC pairs. In these sequence, a deletion of one residue relative to the animal sequence also
occurs between the first and second conserved Cys residues in the granulin domain. DCAP 7656
is missing most of the granulin domain, and instead contains the localization tag SKL near the
C-terminus, marking it for transport to the peroxisome.
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PAPA1_CARPA    ------  PSISKLLFVA ICLFVYMGLS FGDFSIVGYS QNDLTSTERL IQLFESWMLK HNKIYKNIDE KIYRFEIFKD NLKYIDETNK KN-NSYWLGL 
BROM1_ANACO    ------ SK ---VQ---LV F-LFLFLCAM WA----SPSA ASR PNDPM MKRFEEWMAE YGRVYKDDDE KMRRFQIFKN NVKHIETFNS RNENSYTLGI 
SAG39_ORYSJ    ------  --------KA L-LFAILGCL CLC--SAVLA ARELSDDAAM AARHERWMAQ YGRVYRDDAE KARRFEVFKA NVAFIESFNA GN-HNFWLGV 
DCAP_3872      ------MASI KGCAQLIFLA V-LFFS--VY FAS--QTSS- ARLLNPELSM SQKHEEWMAQ YGHIYSDEDE KERRFQIFKK NVKYIEDMNK LN-KGFTIAI 
Droserain 2           ------MALI NQHFHILCFA V-LLFVL-VR FAP--GVSST RLLGSNDLTM KQKHEQWMTQ YGRVYKDLAE KEMRFEIFSD NVKRIEASNK QN-RKFTLAV 
DCAP_0995      ------MAFI NKHRQYIFLA L-LLAI--VL FSC--RGSS- SRLPNSELSM RDRHEQWMTQ YGRVYKNGVE KEFRYKIFKK NVEFIETSNK LDFRLGV-RA 
DCAP_8396      ------MAFT NQPSLCILLV F-LFL-LGLL AAQ----GSA SRLLSSESLM ERNFEEWMIQ HGRTYKDEAE KERRFEIFKK NVKLIEAHNQ KN-ESYTLGV 
DCAP_7614      ------MAFT HPLGRFMLLA S-LFLGLQLL AIQ------G SRPLNSNSSM VKRHEEWMAQ YGRTYKDDVE KARRFEIFKR NVELIDAHNQ MD-KGFTLGE 
DCAP_8215      ---------- ---------- ---------- -M-------R AASSTIKPSM KERHEQWMAE HGRVYADDIE KEARFKIFRE NVEKIEAYNL MD-LGFTLGV 
DCAP_2190      ------  NIFLQFLVFA L-VVICLGLS AI-------E SSAISHEPSM VKRHEEWMIQ HGRTYKDHAE KDARFQIFQK NVELIEAHNK MG-KSYTLSV 
DCAP_0551      MLNLGLMAGA KQFSGFMLLA --FFLGLGLL  SRPLSNDSSM VKKHEDWMVQ YGRTYKDNAE KAMRFEIFKK TVEFIEAHNR LN-KGYTLSV 
DCAP_4240      ------MAGA KQFSGFMLLA --FFLGLGLL A SRPLSNDSAM VKKHEDWMVQ YGRTYKDNAE KAMRFKIFKK TVQFIEAHNR LN-KGYTLSV

PAPA1_CARPA    NVFADMSNDE FKEKYTGSIA GN-------- -YTTTELSYE EVLNDGDVNI PEYVDWRQKG AVTPVKNQGS CGSCWAFSAV VTIEGIIKIR TGNLNEYSEQ 
BROM1_ANACO    NQFTDMTKSE FVAQYTGVSL PLNIE----- --REPVVSFD DV---NISAV PQSIDWRDYG AVNEVKNQNP CGSCWSFAAI ATVEGIYKIK TGYLVSLSEQ 
SAG39_ORYSJ    NQFADLTNDE FRWMKTNKG- -----FIPST TRVPTGFRYE NV---NIDAL PATVDWRTKG AVTPIKDQGQ CGCCWAFSAV AAMEGIVKLS TGKLISLSEQ 
DCAP_3872      NAFADLTNAE FLASRTGYKR QTVGL----S SKKSTTFRYE NN-----SVL PASIDWRKKE AVNPIKDQGQ CGSCWAFSTV ASIEGITKIK TGKLISLSEQ 

NAFADLTNEE FRASHTGYKR QRSLDSS-RS KPRSTSFRYE NL-----TGI PRSIDWRRKG AVTPIKDQGL CGSCWAFSAV AAIEGLTKIK TGKLISLSEQ 
DCAP_0995      NAFADLTNEE FRASHTGFKS QKARELAKSS KSKSSSFKYE NF-----TVV ATTMDWRTKG VVTPIKDQGQ CGCCWAFSTV AAMEGLTKLK TGKLISLSEQ 
DCAP_8396      NAFTDLTSEE FFASHTGYKA PEDLD----S SFESTPFMYE NI-----TAV PGSVNWVSAG VVTSVKNQGT CGSCWTFSTA ATIEGLHKLT TGQLINLSEQ 
DCAP_7614      NSFTDLSDEE FQATYTGLKG IENLE----S MYNSASFKYE NI-----TSA PASVDWVAKG AVTPIKHQGQ CGSCWTFATS ATIEGLHKIT TGKLVSLSEQ 
DCAP_8215      NAFADLTPEE FRGSYTGYKK SS-SA----S SLKSTTFRYE NL-----TDV PAEVNWVTKG AVTPIKNQGS CGCCWAFSAV AATEGLNQIK TGKLISLSEQ 
DCAP_2190      NQFADLTDEE FEKMYASYKG PESLR----H DSKHTSFKYE NY-----ASV PASINWVSMG AVTPVKNQGT CGSCWAFAAI ATVESLTWLY TRKSYDLSEQ 
DCAP_0551      NAFADLTDEE FRKTYTGYKR HESSN----P SLKSTSFRYK NF-----TDV PSSVNWVAAG AVTPIKNQGT CGSCWAFASV ATIESLCEIT TGNLISLSEQ 
DCAP_4240      NAFADLTDEE FRKTYTGYKR HESSN----S SLKSTSFRYK NF-----TDV PSSVNWVAAG AVTPIKNQGT CGSCWAFASV ATIESLCEIT TGNLISLSEQ

PAPA1_CARPA    ELLDCDRR-- SYGCNGGYPW SALQLVAQY- GIHYRNTYPY EGV-QRYCRS REKGPYAAKT DGVRQVQPYN EGALLYSIAN QPVSVVLEAA GKDFQLYRGG 
BROM1_ANACO    EVLDCAVS-- -YGCKGGWVN KAYDFIISNN GVTTEENYPY LAY-QGTCNA NS-FPNSAYI TGYSYVRRND ERSMMYAVSN QPIAALIDAS -ENFQYYNGG 
SAG39_ORYSJ    ELVDCDVHGE DQGCEGGLMD DAFKFIIKNG GLTTESNYPY AAA-DDKCKS VS--NSVASI KGYEDVPANN EAALMKAVAN QPVSVAVDGG DMTFQFYKGG 
DCAP_3872      ELVDCDMNGE DHGCHGGYVD NAFDYIISMG GITTETNYPY TGT-DDKCNT KKASKIAAKI ISYEDVPVNN EAAMKKAVAH QPVSVAIDAS DDSFQFYSSG 
Droserain 2 ELVDCDTN-- DGGCAGGLMD TAFAFVKTNG GLAKESTYPY TGT-GDTCNR RLKASRAASI KGYKDVPSNN EAALKAAVAH QPVSVAVDGG DYNFQFYSSG 
DCAP_0995      QLVDCDVDYG DEGCEGGLMD NAFTYIKNNG GLTTEANYPY TGN-DDTCNT QEEAQHAATI SGYEDVPSNN EAALLQAVAN QPVSVAVDGG DMNFQFYSSG 
DCAP_8396      QILDCDTGGR DLGCRGGFSE SAYQFVIRNG GLTTYNNYPY VGY-QQRCRR G--LPAAARI GGYQNVPSNN EQALVQALAH QPVAVVIDAQ SYQLKHYQGG 
DCAP_7614      QILDCDIHGH QLGCKGGYYT EAYKFVKKNG GLTTETNYPY VGR-QQTCKK N--VPVAAKI GGYQQVPRNN EKALQNAVAN QPVAVAVDSN STTFKNYKSG 
DCAP_8215      EVVDCDVFHS DLGCNGGTPD GAFSYMIRNG GLTTESNYPY TGFQW-FCNT GKASQVAAKI STYEDVPTNN EGAMQQAVAM QPISVALEAS GFFFQFYMGG 
DCAP_2190      QIVDCDRYGR DKGCSGGYAT GAYDWIINNG GVTTESAYPY VDYQQNGCYY G---RPAVTI KGYQYVPNNN EKAMQQAVSN QPIAIVLESK GYGFKYYSGG 
DCAP_0551      EILDCDVNGE DHGCNGGFAD GAYQFVINNG GLTTEDNYPY VGYQENYCNG N--DQVAVTI SGYENVPNND ESSMQQAVAN QPIAVVLDA- ---------- 
DCAP_4240      EILDCDVNGE DHGCNGGFAD GAYQFVINNG GLTTEDNYPY VGYQENYCNG N--DQVAATI SGYENVPNND ESSMQQAVAN QPIAVVLDAS DDGFRYYSGG

PAPA1_CARPA    IFVGPCGNKV DHAVAAVGYG P-----NYIL IKNSWGTGWG ENGYIRIKRG TGNSYGVCGL YTSSFYPVKN ---------- ---- 
BROM1_ANACO    VFSGPCGTSL NHAITIIGYG QDSSGTKYWI VRNSWGSSWG EGGYVRMARG VSSSSGVCGI AMAPLFPTLQ SGANAEVIKM VSET 
SAG39_ORYSJ    VMTGSCGTDL DHGIVAIGYG KASDGTKYWL LKNSWGTTWG ENGFLRMEKD ISDKRGMCGL AMEPSYPTA- ---------- ---- 
DCAP_3872      VYSGPCGTDL DHAVTVVGYG T-ENGVKYWL VKNSWGTSWG NKGYIKMQRD IRASEGLCGI AMDPSYPIA- ---------- ---- 
Droserain 2 ILNEECGTEL DHAVTAIGYG VGKHGTKYWI VKNSWGTSWG EGGYMRLARD VSNKEGTCGI AMEPSYPIA- ---------- ---- 
DCAP_0995      ILHGSCGTDL DHAVTAIGYG VGSNGMTYWL VKNSWGNSWG ESGYMRLQRG ISSKKGLCGI AMMPSFPIA- ---------- ---- 
DCAP_8396      VFRGPCGTSL NHLVTAVGYG VARDGTPVWL IKNSWGTAWG QGGYLLLQRN INDARGRCGV AMRPAYPTN- ---------- ---- 
DCAP_7614      VYKDSCGTRI NHAVTVVGYG QASDGTPYWL IKNSWGTTWG EKGYMKLQRN IKDRKGRCGV AMIPAYPTK- ---------- ---- 
DCAP_8215      VFKGLCGTDL DHAVTIVGYG TATDGTNYWL IKNSWGTSWG EAGYMRLERG VSDPRGLCGV AMMPSYPVA- ---------- ---- 
DCAP_2190      LFTGQCGTST DHVVTVVGYG TTSEGYPYWL IKNSWGTGWG ENGYMRILRN VRDPRGLCGL AMYPAYPTN- ---------- ---- 
DCAP_0551      ---------- NHVVTVVGYD TASDGTPYWL IKNSWGTSWG ENGYIRLLRD VSDPRGLCGV AMYPAYPTNN ---------- ---- 
DCAP_4240      IFTGPCGTAT DHVVTVVGYD TASDGTPYWL IKNSWGTSWG ENGYIRLLRD VSDPRGLCGV AMYPAYPTNN ---------- ----
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Figure 4.6: The bromelain cluster is characterized by strong sequence identity with pineapple fruit
bromelain.
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PAPA1_CARPA ---------- ---------- -----MAMIP SISKLLFVAI CLFVYMGLSF GDFSIVGYSQ NDLT-STERL IQLFESWMLK HNKIYKNIDE KIYRFEIFKD
Dionain 1 ---------- ---------- --MALTNMSS CYGAMMILG- -VV----LAL GLLVSNASSS RLLTSSEQSV REMHEQWMSQ YGRVYKDDAE KEERFKIFKQ
DCAP_0624 ---------- ---------- -----MASRN QYCLFVIVA- -AL----CVL GTFVSNASSS RVLS-SEPSM AERHEQWMAK YGRVYRDNAE KEIRFEIFKK
DCAP_3192 ---------- ---------- -----MASRN QYCLFVIVA-- AL----CVL GTFVSNASSS RVLS-SEPSM AERHEQWMAK YGRVYRDNAE KEIRFEIFKK
DCAP_7132 ---------- ---------- -----MASRN QYCLFVIVA- -AL----CVL GTFVSNASSS RVLS-SEPSM AERHEQWMAK YGRVYRDNAE KEIRFEIFKK
DCAP_6781 ---------- ---------- -----MASRN QYCLFVIVA- -AL----CVL GTFVSIASSS RVLS-SDPSM AERHEQWMAK YGRVYRDNAE KEIRFEIFKK
DCAP_3193 ---------- ---------- ---------M GFTKFMLLA- -AL----FVA GIFSSNVCSA RPLT-SEPSM AERHEQWMAQ YGRVYKDAAE KEMRFNLFKK
DCAP_7131 ---------- ---------- ---------M GFTKFMLLA- -AL----FVA GIFSSNVCSA RPLT-SEPSM AERHEQWMAQ YGRVYKDAAE KEMRFNLFKK
DCAP_7714 ---------- ---------- ---------- MASTNMILV- -VL----FVL GVFASSVSSS RLLN-TQPSM RERHEQWMSE YGRVYKSDVE KEARFQVFKD
DCAP_0107 ---------- ---------- --------MD LGGCVEYSA- -VL----FVL GLFASNVSSS RLLS-SEPSM KERHEQWMTE YGRVYKSDAE KETRFQVFKD
DCAP_1658 MYRHKRRKNL YENCNNNNKR ATIERGAQDS MSSTNMILA- -VL----FIL GVFASNVSSS RLLS-SEPSM KERHEQWMTE YGRVYKSDAE KETRFQIFKD
DCAP_4793 ---------- ---------- ---------- MASTNMILA- -VL----FVL GLFASNVSAS RLLS-SEPSM KERHEQWMSE YGRVYKSDAE KEMRFQIFKD
Dionain 3 ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----EQWMKE YGRVYEDNAE KERRFNIFKK
DCAP_5360 ---------- ---------- --------MS KNIQLVCLA- -TI----IAV GIFATNVSSS RLLS-SELSM KEKHEEWMVQ YGRVYKDKTE EEMRFKIFKK
DCAP_4952 ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------M DWRRFEIFKK
Droserain 1 ---------- ---------- ---------- MASQSMLLA- -FI----FVV GLLASNVASS RPLS-SELSM TERHEQWIKQ YGRVYKNAVE KQRRFEIFKK

PAPA1_CARPA NLKYIDETNK KNNSYWLGLN VFADMSNDEF KEKYTGSIAG NYTTTELSYE EVLNDGDVNI PEYVDWRQKG AVTPVKNQGS CGSCWAFSAV VTIEGIIKIR
Dionain 1 NLKFIEASNK LNKGYTLGLN AFSDLTNEEF RASHNGYKRP LKEQASSNLR PS-PFNFTDV PAAVDWRTAG AVTPVKNQQQ CGCCWAFSAV AAIEGATQIK
DCAP_0624 NVEYMEAMNK LNRGFTLGLN EFSDMNNEEF RATHNGYKRH ARHASSVKST SFKHENLTNV PASIDWRSQG AVTPIKNQGQ CGCCWAFAAI AATEGITEIN
DCAP_3192 NVKYMEAKNK LNRGFTLGLN EFSDMTNEEF RATHNGYKRH ARHASSVKPT SFKYENLTDV PASIDWRSQG AVTPIKNQGQ CGCCWAFAAI AATEGITEIN
DCAP_7132 NAEYMEAMNK LNRGFTLGLN EFSDMTNEEF RATHNGYKRH ARHASSVKTT SFKYENLTDV PASIDWRSQG AVTPIKNQGQ CGCCWAFAAI AATEGITEIK
DCAP_6781 NVEYMEAMNR LNRGFTLGLN EFSDMTNEEF RATHNGYKRH ARHASSVKPT SFKYENLTDV PASIDWRSQG AVTPIKNQGQ CGCCWAFAAI AATEGITEIK
DCAP_3193 NVEHIDAMNK LNRKYTLGLN AFSDMSNREF TAIRNGYKRQ MKPASSLKST SYKYENFTDV PASIDWRSLG AVTPIKNQGQ CGCCWAFSAV ASTEGINEIK
DCAP_7131 NVEHIEAMNK LNGKYTLGLN AFSDMSNKEF TATRNGYKRQ MKPASSMKST SYKYENFTDA PASIDWRSLG AVTPIKNQGQ CGCCWAFSAV ASTEGINEIK
DCAP_7714 NVEHIEAMNK LNRGFTLGLN AFTDMTSEEF RATHNGYKKH MKPASSMKLT PFKYENLRDA PASIDWRTLG AVTPIKDQGQ CGCCWAFSAI APTEGIIQIK
DCAP_0107 NVERIEAMNK LNRGFTLGLN AFTDMTSEEF RATHNGYKKH MKPASNMKST SFKYENLTDA PASIDWRTLG AVTPIKNQGQ CGCCWAFSAV ASTEGITQIK
DCAP_1658 NVERIEAMNK LNRGFTLGLN AFTDMTNEEF RATHNGYKKH MKPASNMKST SFKYENLTDT PASIDWRTLG AVTPIKNQGQ CGCCWAFSAV ASTEGITQIK
DCAP_4793 NVERIETMNK LNRGFTLGLN AFTDMTNMEF RATHNGYKKH MKPASSMKST SFKYENLTDA PASIDWRTLG AVTPIKNQGQ CGCCWAFSAV ASTEGITQIK
Dionain 3 NVERIESMNK LNRPFTLGVN AFTDLTLEEF RASHNGYKQ- -RPVGSLKAT SFKYENFTDV PDSINWVTNG AVTPVKDQGQ CGCCWAFSAV ASTEGIHSIN
DCAP_5360 NVERIEAMNK LNRSFTLGVN AFTDLTTQEL RSSRNGYKK- --QSTMVSRT SFKYENFTDV PASVDWVANG AVTPVKDQGQ CGCCWAFSAV ASTEGINEIR
DCAP_4952 NIEYIENMNR LNRSFSLGLN AFTDLTNEEF RASHNGYRR- --PASNLRST FFKYENFTDV PSSVDWVANG AVTPVKNQGQ CGCCWAFSAV AATEGITEIS
Droserain 1 NIEYIENMNR LNRSFSLGLN AFTDLTNEEF RASHNGYRR- --PASNLRST FFKYENFTDV PSSVDWVANG AVTPVKNQGQ CGCCWAFSAV AATEGITEIS

PAPA1_CARPA TGNLNEYSEQ ELLDCDR--R SYGCNGGYPW SALQLVA-QY GIHYRNTYPY EGVQRY---C RSREKGPYAA KTDGVRQVQP YNEGALLYSI ANQPVSVVLE
Dionain 1     TGTLTSLSEE QIVDCDTNGN DKGCNGGTPD GAFQYVVNNQ GIDTESDYPY TAGGGSPGTC SASS-YQPAA SITGYQDVPA NNEQALQQAA ATQPISVAID
DCAP_0624     TGTLTSLSEQ QIVDCDTNGN DQGCNGGYAD GAFQYIINAG GVTTEANYPF VGSQGT---C NTNAASQVAA TLTSFQDVTE NSEAALLQAV AQQPVAVAID
DCAP_3192     TGTLTSLSEQ QVVDCDTNGN DQGCNGGYAD GAFQYIINAG GVTTEANYPF VGSQGT---C NTNAASQVAA TLTSFQDVTA NSEAALLQAV AQQPVAVTID
DCAP_7132     TGTLTSLSEQ QVVDCDTNGN DQGCNGGYAD GAFQYIINAG GVTTEANYPF VGSQGT---C NTNAASQVAA TLTSFQDVTA NSEAALLQAV AQQPVAVAID
DCAP_6781     TGTLTSLSEQ QVVDCDTNGN DQGCNGGYAD GAFQYIINAG GVTTEANYPF VGSQGT---C NTNAASQVAA TLTSFQDVTA NSEAALLQAV AQQPVAVAID
DCAP_3193     SGTLTSLSEQ EIVDCDTNGN DQGCNGGTPD GAFTYIINNG GITTESNYPY QGTQGT---C NSNSF-PAAA TLSSFQDVPT NSEASLQQAV ANQPVSVAID
DCAP_7131     SGTLSSLSEQ EIVDCDTNGN DQGCNGGTPD GAFTFIINNG GITTESNYPY QGTQGT---C NSNSF-PAAA TLSSFQDVPT NSESSLQQAV ANQPVSVAID
DCAP_7714     TRNLTSLSEQ EIVDCDV--N DMGCGGGTMD GAFSFIMSNG GITTESNYPY VESQGT---C NTKAG-PVAP KLSSYQDVPS NSESALLNVV ANQPVSVAID
DCAP_0107     TGTLTSLSEQ EIVDCDTNGN DQGCNGGTAD GAFSFIMSNG GITTESNYPF VGSQGT---C NTNAG-PVAA TLSSYQDVPS SSESALLNAA ANQPVSVAID
DCAP_1658     TGTLTSLSEQ EIVDCDTNGN DQGCNGGTAD GAFSFIMSNG GITTESNYPF VGSQGT---C NTNAG-PVAA TLSSYQDVPS NSESALLNAA ANQPVSVAID
DCAP_4793     TGTLTSLSEQ EIVDCDTNGN DQGCNGGTAD GAFSFIMSNG GITTESNYPF VGSQGT---C NTNAG-PVAA TLSSYQDVPS NSESALLNAV SNQPVSVAID
Dionain 3     TKKLVSLSEQ QVLDCDTNGQ DQGCNGGMPQ GAFEYMISNG GLTTEDAYPY TGSQGW--WC NLW-FDAIAA KISNYENVPS D-EGSLQKAV ANQPCSVAID
DCAP_5360     NGNLISLSEQ EVLDCDTNGN DQGCNGGMPD GAFQFIIDNG GIATEDAYPY TGSQGW---C DS---AQPAA TISGYQDVPA D-EGSLQQAV ANQPVSVAID
DCAP_4952     TGNLISLSKQ QIVDCDTAGN DQGCNGGTPD GAFSYIINAG GLTTEDNYPY NGYQGS---C NGN-GGQPAA TLSSYQDVPS S-EDALQQAV ANQPVSVAID
Droserain 1 TGNLISLSEQ QIVDCDTDGN DQGCNGGTPD GAFSYIINAG GLTTEDNYPY NGNQGS---C NGN-GGQPAA TLSSYQDVPS S-EDSLQQAV ANQPVSVAID

PAPA1_CARPA AAGKDFQLYR GGIFVGPCGN KVDHAVAAVG YGP------N YILIKNSWGT GWGENGYIRI KRGTGNSYGV CGLYTSSFYP VKN
Dionain 1 ASDPSFQSYS SGIYSGPCNT NLDHAVTVVG YGTDPNSGNS YWIVKNSWGT SWGQEGYIWM QMGLNAPYGV CGIAMQASYP TA-
DCAP_0624 ASGNDFQQYS GGVFSGSCGT NLDHAVTAVG YGTTS-DGTD YWIVKNSWGT SWGEQGYIRM QRGVNSPQGI CGIAMQASFP IA-
DCAP_3192 ASGSDFQQYS GGVFSGSCGT NLDHVVTAVG YGTTS-DGTD YWIVKNSWGT SWGEQGYIRM QRGVNSPQGI CGIAMQASFP IA-
DCAP_7132 ASGSDFQQYS GGVFSGSCGT NLDHAVTAVG YGTTS-DGTD YWIVKNSWGT SWGEQGYIRM QRGVNSPQGI CGIAMQASFP IA-
DCAP_6781 ASGSDFQQYS GGVFSGSCGT NLDHAVTAVG YGTTS-DGTD YWIVKNSWGT SWGEEGYIRM QRGVNSPQGI CGIAMQASFP IA-
DCAP_3193 ASGSDFQNYA GGVFTGSCGT NLDHAVTAVG YGTAD-DGTD YWIVKNSWGT SWGEQGYIRM QRGISDPQGL CGIAMDPSYP IA-
DCAP_7131 ASGSDFQNYA GGVFTGSCGT NLDHAVTVVG YGTAD-DGTD YWIVKNSWGT SWGEQGYIRM QRGISDPQGL CGIAMDPSYP IA-
DCAP_7714 ASGSDFQFYS EGVFNGNCDI NLDHAVTIIG YDTTS-NGTD YWIVKNSWGA SWGEQGYIRM QRGLNSPQGL CGINMEASYP NV-
DCAP_0107 ASGNDFQQYS GGVFSGSCGT NLDHAVTVVG YGTTS-DGTD YWIVKNSWGT SWGEQGYIRM QRGLNSPQGL CGINMDASYP IV-
DCAP_1658 ASGNDFQQYS GGVFSGSCGT NLDHAVTVVG YGTTS-DGTD YWIVKNSWGT TWGEQGYIRM QRGLNSPQGL CGINMDASYP IV-
DCAP_4793 ASGNDFQQYS GGVFSGSCGT NLDHAVTVVG YGTTS-DGTD YWIVKNSWGT SWGEQGYIRM QRGLNGPQGL CGINMDASYP IV-
Dionain 3 ASCDDFMQYS GGVFSESCGD NLDHAVTAGG YGTTD-DGTD YWLVKNSWGT SWGENGYIRM QRNVGG-DGM CGIATDASYP TI-
DCAP_5360 ASGDEFMQYS GGVFTGPCGT DLDHAVTVVG YGTSD-DGTD YWLVKNSWGT SWGENGYIRM QRGLGD-GGI CGIAMSASYP TI-
DCAP_4952 ASGSDFQQYS GGVFTGSCGT DLDHAVTVVG YGTSD-DGAD YWLVKNSWGT SWGENGYIRM QRGVGG-GGL CGIAMQASYP IA-
Droserain 1 ASGSDFQQYS GGVFTGSCGT DLDHAVTVVG YGTSD-DGTD YWLVKNSWGT SWGENGYIRM QRGVGG-GGL CGIAMQASYP IA-
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Figure 4.7: The dionain cluster contains many cysteine proteases that appear to be specific to
Caryophylalles carnivorous plants; this cluster contains the dionains from D. muscipula as well as
several proteins from D. capensis, but none of the reference sequences from other sources.
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a DCAP cluster b papain cluster

more conserved

less conserved

c vignain cluster

d granulin domain cluster e bromelain cluster f dionain cluster

Figure 4.8: The percent conservation of each residue in the consensus sequence for each cluster is
shown mapped onto a representative member of the cluster. The color scale ranges from red (more
conserved) to blue (less conserved). a. DCAP cluster (DCAP 2263) b. papain cluster (papain)
c. vignain cluster ((DCAP 2122) d. granulin domain cluster (DCAP 5115) e. bromelain cluster
(droserain 2) and f. dionain cluster (DCAP 0624).
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4.3 Results and Discussion

I discuss some important and relevant results from the paper [30] in this section- author

contributions can be found in the paper. Molecular modeling, protein network analysis and

all the predicted and equlibrated structures are available to download from our paper [30].

4.3.1 D. capensis Cysteine Proteases Cluster Into Distinct Fam-

ilies Based on Resemblance to Known Homologs

All D. capensis sequences previously annotated as coding for MEROPS C1 cysteine pro-

teases using the MAKER-P (v2.31.8) pipeline [49] and a BLAST search against SwissProt

(downloaded 8/30/15) and InterProScan [50] were clustered by sequence similarity. Several

previously-characterized cysteine proteases that have been identified from other plants are

also included as reference sequences. Clustering of the D. capensis cysteine protease se-

quences reveals a broad range of cysteine protease types, some of which are homologous to

known plant proteases (Figure 4.9). Three of the six clusters contain only proteins from D.

capensis or the related Venus flytrap Dionaea muscipula, while many of the reference se-

quences cluster together despite coming from a variety of different plant species from diverse

orders including both monocots and eudicots. The general types of plant protease features

found correlate well with previous surveys of cysteine proteases in Arabidopsis thaliana [119],

Populus sp. [104], and more recently, soybeans [120] and a broader group of plant proteases

from a variety of species [7].
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Figure 4.9: Clustering of cysteine protease sequences identified from the D. capensis genome. Many
are homologous to known plant cysteine proteases, including dionain 1 and dionain 3 from the Venus
flytrap, Dionaea muscipula. Dissimilarity between clusters is defined by the e-distance metric of
[4] (with α = 1), which is a weighted function of within-cluster similarities and between-cluster
differences with respect to a user-specified reference metric. The underlying input metric employed
here is the raw sequence dissmilarity (1− (%identity)/100).
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4.3.2 Residues Conserved in D. capensis Cysteine Proteases In-

clude Active Sites and Important Sequence Features

A defining feature of C1A cysteine proteases is the Cys-His catalytic dyad, which is often

accompanied by an Asn residue that stabilizes the protonated catalytic His [121, 122]. The

mechanism of these enzymes requires using the thiolate group on the deprotonated cysteine

as a nucleophile to attack a carbonyl carbon in the backbone of the substrate. Preliminary

sequence alignments comparing putative cysteine proteases from D. capensis were used to dis-

card sequences lacking the conserved Cys and His residues of the catalytic dyad due to either

substitution or truncation. Other conserved features were observed in many of the sequences,

but were not treated as necessarily essential for activity. Reference sequences used include

zingipain 1 from Zingiber officianale (UniProt P82473), pineapple fruit bromelain (Ananas

comosus, UniProt O23791), RD21 from Arabidopsis thaliana (UniProt P43297), oryzain al-

pha chain (UniProt P25776) and SAG39 (UniProt Q7XWK5) from Oryza sativa subsp.

japonica, ervatamin b from Tabernaemontana divaricata (UniProt P60994), and dionains

1 and 3 from the related Dionaea muscipula (UniProt A0A0E3GLN3, and A0A0E3M338,

respectively). Several of the reference sequences, e.g. zingipain-1 [123], were characterized

by mass spectrometric analysis of the mature enzyme; these sequences therefore lack the

signal peptide and pro-sequence found in the initially transcribed sequence. Sequence align-

ments for the individual clusters (seen above) are annotated to highlight individual amino

acid properties, residues conserved within the cluster and/or shared with papain, as well as

functional sequence features, as described above. In addition to the cluster-specific reference

sequences, all clusters include papain (Carica papaya, UniProt P00784) in order to have a

common reference for all the C1A proteases discussed in this work.

Most of the clusters are named after a reference sequence or a distinguishing feature of

its members. The DCAP cluster is highly diverse, yet it contains only sequences from D.
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capensis. The papain cluster contains many of the reference sequences, as well as several

D. capensis proteases, some of which have granulin domains (Figures 2 and 3), a feature

that is peculiar to plant cysteine proteases. The vignain cluster (Figure 4) contains vignain

from Vigna mungo (UniProt P12412) as well as D. capensis homologs. Many of the proteins

in the vignain cluster have C-terminal KDEL tags, indicating retention in the ER lumen,

suggesting that they are involved in germination and/or senescence. In the granulin domain

cluster (Figure 5), every sequence but one contains a granulin domain connected to the cat-

alytic domain by a proline-rich linker of about 40 residues; the one exception is truncated

after the proline-rich region. Several sequences in the papain cluster also contain granulin

domains, however the Pro-rich linkers in those sequences contain only about 16 residues

and the sequence identity between the two types of granulin domains themselves is not high.

The bromelain cluster (Figure 6) contains homologs of both defensive and senescence-related

enzymes. Every sequence in the dionain cluster (Figure S7) contains an extra Cys residue

immediately prior to the active site Cys. This CCWAF structural motif has been previously

observed in the Arabidobsis protein SAG12 and homologs [7]; however, the function of the

double Cys in unknown. It may have cataytic relevance, perhaps providing a second nucle-

ophilic thiolate or operating as a redox switch.

Like many other proteases, the papain-family enzymes are expressed with an N-terminal pro-

sequence blocking the active site. This sequence is cleaved during enzyme maturation, often

upon the protein’s entering a low-pH environment. This pro-sequence was found in most of

the C1A proteases from D. capensis (highlighted with pink boxes in figures 1-7 in the above

subsection). Plant C1A protease pro-sequences are often bioactive in their own right, acting

as inhibitors of exogenous cysteine proteases. This enables them to deter herbivory by insects

[124], nematodes [125], and spider mites [126], protecting the plants from damage. This can

be technologically exploited by producing transgenic crop varieties with protective cysteine

proteases they would otherwise lack [127]. This approach has proven useful in protecting
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crops from Bt-resistant pests [128]. Despite some variation in the lengths of the C-terminal

and N-terminal regions, all the cysteine proteases investigated here show substantial simi-

larity in the pro-sequences; in particular, the ERFNIN motif (EX3RX3FX2NX3IX3N) often

found in the pro-sequence of C1A proteases [129] is conserved in many sequences spanning all

the clusters. Interestingly, the alternative sequence EX3RX3FX2NX3AX3Q, which is char-

acteristic of the RD19 family of plant cysteine proteases, is found in only one of the D.

capensis proteases, DCAP 3370 in the DCAP cluster. For all previously uncharacterized

sequences, SignalP 4.1 [26] was used to predict the location of the signal sequences, if any,

while the pro-sequences were predicted by sequence similarity and structural homology to

papain. These sequence annotations were then used as the basis for further structure pre-

diction and functional analysis.

In addition to the common sequence features in the N-terminal pro-region, other varia-

tions are observed, such as the presence of C-terminal granulin domains in some sequences

and extra insertions that may be responsible for specific activities in others. Examples

of organelle-specific targeting sequences are observed; several sequences have a C-terminal

KDEL sequence targeting them for retention in the endoplasmic reticulum, while others

have targeting sequences indicating their destination in the cells, including signals indicat-

ing transport to the vacuole (NPIR, but not FAEAI or LVAE) or the peroxisome (SSM at the

C-terminus). The level of sequence conservation among the members of each cluster varies

dramatically, as can be seen in Figure 8, where sequence conservation is mapped onto the

structure of a representative member of each cluster. The sequences in the DCAP cluster

are less closely related to each other than the members of any of the other clusters, and some

are homologous to reference sequences used by Richau et al. [7].

Another interesting result was of DCAP 2263 and DCAP 7862, which belong to the Richau
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aleurain (cathepsin H) cluster. In humans, cathepsin H is an aminopeptidase that processes

neuropeptides in the brain [130], as well as acting as a lysosomal protein in other tissues. Its

barley (Hordeum vulgare) homolog, aleurain, has both aminopeptidase and endopeptidase

activity [131], suggesting that DCAP 2263 and DCAP 7862 may have both types of activity

as well. This hypothesis is supported by the presence of the Cathepsin H minichain sequence

in its plant orthologs, as discussed in the section devoted to these proteins. DCAP 3370

is related to the Richau RD19 (cathepsin F) cluster, and is the only protease in this set

that contains the characteristic pro-sequence motif (EX3RX3FX2NX3AX3Q), of the RD19

(cathepsin F) family. Human cathepsin F is distinguished by its unusually long pro-domain,

which is approximately 100 residues longer than that of other cysteine proteases and adopts

a cystatin fold [132]. In contrast, the pro-sequence of DCAP 3370 is about 140 residues,

typical for a plant cysteine protease. The last enzyme in the DCAP cluster, DCAP 5561

is not closely related to anything in either reference set. A BLAST search yields numerous

matches to uncharacterized predicted cysteine proteases from a variety of plant genomes,

however, the specific function of this enzyme remains enigmatic.

4.3.3 Some Cysteine Proteases Are Targeted to Specific Locations

Several of the cysteine proteases identified from D. capensis contain known targeting signals

that mark the protein for delivery to specific cellular locations. The most common such

signal is the N-terminal signal peptide targeting the protein for secretion. As expected,

the majority of proteins in this set contain such a secretion signal. In plants, the secretory

pathway delivers proteins to the vacuole, the vacuolar membrane, the cell wall, and the the

plasma membrane. In D. capensis, digestive enzymes are also expected to be secreted into the

mucilage. In addition to the N-terminal signal sequences, tri- or tetrapeptides indicating that

the protein is destined for a particular subcellular compartment are also found in many cases.
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Figure 4.10 shows the structures predicted by Rosetta for three full-length cysteine proteases

containing targeting signals, DCAP 2263, DCAP 5667, and DCAP 2122. Ribbon diagrams

are shown for all three enzymes; a surface is also shown for DCAP 2122 in order to assist

with visualization of the relationship of the pro-sequence, N-terminal signal peptide, and C-

terminal localization sequence to the rest of the protein. The positioning of the pro-sequences

(pink) and signal peptides (light orange) is highly variable, although in each example the

pro-sequence blocks the active site and the signal sequences and other localization tags (light

purple) are in highly exposed positions as expected based on their function.

a DCAP_2263 b DCAP_5667

NPIR

SSM

N-term.

N-term.

C-term.

C-term.

c DCAP_2122

KDEL

C-term.

N-term.
signal sequence
propeptide
targeting sequence

d DCAP_2122 surface

N-term.

C-term.

Figure 4.10: Predicted structures for three full-length cysteine proteases. The secretion signals are
highlighted in light orange, the pro-sequences in pink, and the localization tags in light purple.
a. DCAP 2263 contains the target sequence NPIR, indicating localization to the vacuole. b.
DCAP 5667 ends in the tripeptide SSM at the extreme C-terminus, indicating transport to the
peroxisome c. and d. DCAP 2122 ribbon diagram and surface model, respectively. DCAP 2122
ends in the ER-retention signal KDEL, indicating that it is retained in the ER lumen.
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In plants, the subsequence NPIR in the N-terminal region of a protein indicates targeting

to the vacuole, a large acidic compartment that is specific to plant cells and serves the same

function as the lysozome in animal cells. These compartments, which often occupy most of

the volume of the cell, contain a variety of hydrolases, including both aspartic and cysteine

proteases, which normally act to recycle damaged or unneeded cellular components. Upon

infection by viruses or fungal pathogens, the vacuole can also fuse with the plasma membrane

to release defensive proteases into the extracellular space. Two putative vacuolar proteases,

(DCAP 2263 and DCAP 7862) are found in the DCAP cluster. The NPIR tag is located

in an exposed position between the secretion signal and the beginning of the N-terminal

pro-sequence, as shown for DCAP 7862 in Figure 4.11. These proteases display sequence

homology to mammalian cathepsin H, a lysozomal protein that is important in development

and also implicated in cancer proliferation [133, 134].

In human cathepsin H, aminopeptidase activity is modulated by the minichain sequence

(EPQNCSAT). DCAP 2263 and DCAP 7862 (and aleurain, but no others in this set) con-

tain the sequence AAQNCSAT, which may have a similar function. The hypothesis that

this plant-specific minichain serves a similar role in modulating the substrate specificity

is supported by comparing the predicted structures with the crystal structure of porcine

cathepsin H (PDBID: 8PCH ) [135]. Figure 4.11 shows the predicted structures of mature

DCAP 2263 (blue) and DCAP 7862 (green) overlaid with the crystal structure of porcine

cathepsin H (gray). The predicted structures of the plant proteins coincide with the porcine

protein in the major secondary structure elements, albeit with substantial variation in loops

and linkers. The minichain sequence (EPQNCSAT in the porcine protein and AAQNC-

SAT in the D. capensis proteins) occupies a similar position in all three structures, allowing

substrate approach to the active site cleft from one side (Figure 4.11a), but not the other

(Figure 4.11b). Biochemical characterization of human cathepsin H has shown that deletion

of the minichain abolishes aminopeptidase activity [136], making this protein a standard
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endopeptidase. Based on sequence homology and examination of the predicted structures,

we hypothesize that this sequence plays a similar role in modulating the substrate specificity

and activity patterns of DCAP 2263 and DCAP 7862.

DCAP_2263
DCAP_7862

Cathepsin H

active site cleft

α1

α3

a b

α2

α5
β4

β5

α6

α2

α3

α5

Figure 4.11: Predicted structures for two vacuolar cysteine proteases (DCAP 2263, blue and
DCAP 7862, green) with sequence homology to cathepsin H (PDBID: 8PCH gray). The active
site residues and the minichain are shown as space-filling models. a. One side of the active site
cleft is open and accessible to substrate. b. The other side of the active site cleft is blocked by
the minichain. In cathepsin H, this partial occlusion of the active site confers aminopeptidase
specificity.

Other proteases are targeted to the peroxisomes, organelles that bud from the ER membrane

and primarily break down long-chain fatty acids, but are also involved in the synthesis of

functional small molecules, such as isoprenoids, polyamines, and benzoic acid [137]. Some

proteases in the peroxisome are involved in the maturation of other enzymes imported to

this organelle, as well as disposal of oxidized proteins that build up in this challenging redox

environment [138]. Others are active during different developmental stages, such as differ-

entiation of seed glyoxysomes to mature leaf peroxisomes [139]. The most common type

of targeting signal for transport to the peroxisome is one of several C-terminal tripeptides.

The canonical example is SKL, but others have been discovered in a variety of plant proteins

[140]. DCAP 5667, which is in the papain cluster (Figure 3), has the tripeptide SSM at its
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extreme C-terminal end, indicating targeting to the peroxisome. DCAP 7656, which is in the

granulin domain cluster (Figure 5), contains the SKL sequence not at the C-terminal end,

but at a highly exposed position near the C-terminus, suggesting possible peroxisome target-

ing for this protein also. DCAP 7656 contains the proline-rich linker common to this cluster,

but its granulin domain is truncated. Another possibility is that the short sequence region

following the SKL tripeptide may be cleaved under some circumstances, acting as a switch

that determines whether this enzyme is sent to the peroxisome or elsewhere. Peroxisome-

targeted proteases represent attractive targets for biotechnological studies, because they are

optimized to remain stable and maintain their activity under harshly oxidizing conditions.

Proteins with the sequence KDEL at the C-terminus are retained in the lumen of the en-

doplasmic reticulum, enabling them to be stored in specialized vesicles as zymogens and

released to mediate programmed cell death in response to a stressor or during a particular

developmental phase. KDEL-tailed proteases such as vignain from Vigna mungo and CysEP

from Ricinus communis play an important role during germination, when proteins stored

stored in endosperm tissue are degraded for use as the cotelydons develop. A C-terminal pro-

peptide including the KDEL tag is removed along with the N-terminal pro-sequence during

maturation, to yield the soluble, active enzyme [141]. The crystal structure and biochemical

characterization of a homologous KDEL-tailed protein from the castor bean indicates that

this enzyme has a strong preference for large, neutral amino acids in the substrate peptides,

and has an unusually large and possibly flexible substrate-binding pocket that can accom-

modate a variety of sidechains, including proline [142].
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4.3.4 Several Discovered Proteases Possess Novel Granulin Do-

mains

Cysteine proteases with a C-terminal granulin domain are specific to plants, where they

are involved in response to dessication or infection by pathogenic fungi [143]. This type of

domain is found in two of the D. capensis protease clusters, the papain cluster Figure 3 and

the granulin domain cluster Figure 5. The reference sequences RD21A (RD21A ARATH)

from arabidopsis and oryzain (ORYA ORYSJ) from rice both contain granulin domains, as

do three proteins in the papain cluster (Figure 3) and three in the granulin domain cluster

(Figure 5). An additional two sequences in the papain cluster and one in the granulin domain

cluster contain truncated versions that do not contain all four cysteine residues necessary

to form the two disulfide bonds stabilizing the granulin domains. The granulin domain is

separated from the catalytic domain by a proline-rich linker region. In RD21A, which is

found in both the vacuole and the ER bodies [144], the granulin domain is removed from

the mature enzyme. Maturation within the vacuole is relatively slow and involves accumu-

lation of an intermediate where the N-terminal pro-sequence is removed and the C-terminal

granulin domain remains attached [145]. This intermediate species forms aggregates that

slowly release active enzyme following cleavage of the granulin domain, which is performed

by RD21 itself [146]. This suggests that aggregation mediated by the granulin domain pro-

vides a mechanism for regulating protease activity during leaf senescence.

The granulin domain is attached to the catalytic domain by a proline-rich linker of variable

length, as illustrated in Fig. 4.12. Granulins in animals act as growth factors, and contain

distinct sequence and structural features: the characteristic sequence motif consists of four

pairs of cysteine residues, with single conserved cysteines on both sides, and the resulting

fold consists of β hairpins held together by disulfide bonds [147]. In plants, the granulin

domain has two additional cysteines and an insertion of 6 residues between the first two

88



Cys pairs, slightly modifying the structure (Fig 4.13a). Clustering of the granulin domains

themselves, separately from the catalytic domains, yields three clusters (Fig 4.13b), two of

which contain proteins from the D. capensis papain cluster and one of which is made up

entirely of proteins from the D. capensis granulin domain cluster. The cluster analysis of

Richau, et al [7] identified two subfamilies of granulin domain-containing cysteine proteases;

comparison with those results places DCAP 0302 in their XBCP3 cluster, while DCAP 5945

and DCAP 6547 are in their RD21A cluster. Notably, the D. capensis granulin domain

cluster represents a new subfamily of plant cysteine proteases that is not closely related to

either of the previously described subfamilies.

The key sequence region of the canonical animal granulin motif is shown above the sequence

alignment for comparison (Fig 4.13c). The plant granulin sequences have two distinguishing

features; an additional conserved Cys residue is present immediately after the first conserved

CC pair in the animal sequence, and a 6-residue insertion containing another conserved C

is present between the first and second CC pairs. In the granulin domain cluster, there is

also a one-residue deletion between the first two conserved Cys residues. The first conserved

glycine in the animal sequence is not conserved in the plant granulin domains, and in fact

all of the examples shown here contain a bulky residue (F, Y, or L) at that position.

4.4 Conclusion

In summary, 44 cysteine proteases were identified directly from the genomic DNA of D.

capensis, and sorted into clusters based on sequence homology to known plant cysteine

proteases in our paper [30]. Molecular modeling and network analysis indicate that these

proteases have distinct structural properties suggesting potential diversity in functional char-

acteristics (e.g., thermal stability, substrate affinity). One particularly attractive potential
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a active
site 
cleft active region

Pro-rich linker
granulin domain

b active site cleft

Figure 4.12: a. Ribbon diagram for the predicted structure for a representative member of the
granulin domain cluster (DCAP 5115), showing the catalytic domain (dark blue), the proline-rich
linker (gray) and the granulin domain (light blue). b. Surface representation of the same structure
rotated to show how the proline-rich linker interacts with the granulin domain.

application for these proteases is in mass spectrometry-based proteomics. Identification and

characterization of new proteases from diverse sources, including carnivorous plants, adds

to the repertoire of cleavage patterns that can be used in proteomics research. The diverse

properties make this class of proteins an attractive target for further characterization stud-

ies, with rich potential for biotechnology applications. Please look at the paper for detailed

results, supplementary data, downloadable structures and author contributions.
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DCAP_5945      ---------- ----NPP--- ---NPGPSPP TPPPPPPAPS TVCDDY-YSC SEGSTCCCMY QYGDTCFGWG CCPLESASCC DDHYSCCPQE YPVCDLDEGS 
DCAP_6547      ---------- ----NPP--- ---NPGPTPP SPVKP----P TVCDSY-YTC PESSTCCCAF EFGRYCFEWG CCPLEGATCC DDHYSCCPHT YPICNVEEGI 
RD21A_ARATH    ---------- --GENPP--- ---NPGPSPP SPIKP----P TQCDSY-YTC PESNTCCCLF EYGKYCFAWG CCPLEAATCC DDNYSCCPHE YPVCDLDQGT 
ORYA_ORYSJ     ---------- --GENPP--- ---NPGPTPP SPTPP----P TVCDNY-YTC PDSTTCCCIY EYGKYCYAWG CCPLEGATCC DDHYSCCPHE YPICNVQQGT 
Q0WVJ5_ARATH   ---------- ---------- ---------P NPPPPSPPGP TKCNLF-TYC SSGETCCCAR ELFGLCFSWK CCEIESAVCC KDGRHCCPHD YPVCDTTRSL 
DCAP_0302      ---------- ---------- ---------- NPPPSPRPGP TKCDLF-SSC GEGESCCCAR SLLGFCLSWR CCGLESAVCC KDHKHCCPHD YPICDTQRNQ 
DCAP_7518      SSTSSPPPSP SPGTPPPPPP P--PSPPPPP PSPPPPSPSP SQCGDTSSYC ASTETCCCIF ELLDYCFVYG CCEYTDAVCC TGTEYCCPSD YPICDTEEGL 
DCAP_6097      SSTSSPPPSP SPGTPPPPPP P--PSP---P PSPPPPSPSP SQCGDTSSYC ASTETCCCIF ELLDYCFVYG CCEYTDAVCC TGTEYCCPSD YPICDTEEGL 
DCAP_7656      --PSSPSPYP SPAVPPPPPP TPPPPPPQSP PPPPPPSPSP TQCAII-SKL TKSKPK---- ---------- ---------- ---------- ---------- 
DCAP_5115      --SSSPSPYP SPAVPPPPPP TPPPPPPESP PPPPPPSPSP TQCGDF-SYC SSTETCCCIF EVFDFCLIYG CCEYTDAVCC TGTDYCCPND YPICDVDDGL 
                                                                        

DCAP_5945      CK-------- -SKDSPLSVK AMRRVPAKSY PKLLGG---- AGQIEWELVN ELEHSFEEQK YPIASLIENG ILGSFKAYW
DCAP_6547      CQM------- -SKGNPLGVK MLKRTRATPK WNLARRGFEG KGMSSSA--- ---------- ---------- ---------
RD21A_ARATH    CLL------- -SKNSPFSVK ALKRKPATPF W----S---- QGRKNIA--- ---------- ---------- ---------
ORYA_ORYSJ     CLM------- -AKDSPLAVK ALKRTLAKPN LSFLFG---- NGKKSSA--- ---------- ---------- ---------
Q0WVJ5_ARATH   CLKKTG---- ----NFTAIK PF-------- --WKKN--S- -S-------- KQLGRFEE-- WVM------- ---------
DCAP_0302      CLKV------ ---------- ---------- ---------- ---------- ---------- ---------- ---------
DCAP_7518      CLK------- -SSGDYLGVE AKKRKWANRK LPWTKI--EA ND-------- E--KTYEPLK WKRNQLAAAQ ---------
DCAP_6097      CLKVLKSPEF LSSGDYLGVE AKKRKWAKRK LPWTKI--EA ND-------- E--KTYEPLK WKTNQLAAAQ ---------
DCAP_7656      ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------
DCAP_5115      CLK------- -SSTDYLGIA AKKRKCAKYK FPWTKI--QG DE-------- KNINRYQPLQ WRRNRLVAVQ --------- 
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Figure 4.13: a. Ribbon diagram of the DCAP 5115 granulin domain, with cysteine residues high-
lighted in yellow. b. Cluster analysis of granulin domains from D. capensis cysteine proteases and
reference sequences. Solid colors denote membership in the clusters of Fig 4.9, while the transparent
boxes correspond to the clusters previously identified by Richau et al. [7]. Notably, the D. capensis
granulin domain cluster appears to represent a new type of plant cysteine protease granulin domain.
c. Sequence alignment of all the granulin domains found in the D. capensis cysteine proteases with
reference sequences.
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Chapter 5

Leveraging molecular modeling,

experimental chemistry and

bioinformatics to study amyloid fibril

kinetics

5.1 Introduction

Amyloid fibrils are locally ordered protein aggregates that self-assemble under a variety of

physiological and in vitro conditions. Their formation is of fundamental interest as a physi-

cal chemistry problem and plays a central role in Alzheimer’s disease, Type II diabetes, and

other human diseases. In fact, more than 40 different human diseases, many of which are

both fatal and incurable, are associated with the formation of amyloid fibrils [8, 9, 148, 149].

These locally ordered protein aggregates are characterized by a cross-β structure, in which

β-strands composed of adjacent monomers stack in a repeating linear pattern, analogous to
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a crystal that grows along a single dimension rather than in all three [150]. This character-

istic structure is conserved across amyloid fibrils, independent of the secondary structure of

the protein monomer prior to fibrillization [151]. Despite the universality of this overall ar-

rangement, the patterns of connectivity among monomers that form the repeating subunits

of amyloid fibrils vary widely and are incompletely characterized. Indeed, the same fibrilliz-

ing monomer has been found to form different periodic structures in different experiments,

ruling out simple sequence-based explanations: for example, the PDB structures 5KK3 [9]

and 2BEG [152] exhibit markedly different periodic patterns along their respective growth

axes, yet both fibrils are comprised of the same Aβ1−42 peptide. High-resolution structures

have shown a diverse set of fibril subunit geometries displaying subtle but distinctive differ-

ences, e.g., linear vs. annular structures and parallel vs. antiparallel β-sheet arrangements

[8, 153, 154, 155]. These structural differences have demonstrated clinical relevance: for in-

stance, they have been shown to directly correlate with toxicity and disease progression for

strains of both β-amyloid [156] and α-synuclein [157] fibrils. The key feature differentiating

these subunit geometries from each other is the periodic pattern of non-covalent bonding

between monomers. This study refers to such motifs of non-covalently bonded connectivity

among the protein monomers making up each fibril type as fibril topology, the characteriza-

tion and modeling of which are the focus of the present work.

As an initial illustration of how fibril topology can be extracted from high-resolution struc-

tures and specified using graph theoretic formalisms, Figure 5.1 compares the patterns of

non-covalent connectivity for human Iowa mutant β-amyloid fibrils, associated with an early-

onset hereditary form of Alzheimer’s disease (PDBID:2LNQ [8]), with that of a fibril formed

by wild-type Aβ1−42 (PDBID:5KK3 [9]). As detailed below and in our paper [14], the

study represents the topology of each fibril by a network in which each node represents a

single protein monomer, with ties indicating monomers that are non-covalently bound to

one another. Application of this coarse-grained representation to solved amyloid structures

demonstrates that it is sufficient to distinguish a wide range of fibril topologies while also
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A.

C.

B.

D.

Figure 5.1: Two examples of the mapping of 3-dimensional fibril structures into their equivalent
graph representations, where the color coding indicates different protein monomers. Each node in
panels B and D corresponds to a protein monomer, with ties between nodes whose monomers are
non-covalently bound. Panels A. and B. show the molecular structure and graph representations,
respectively, of a fibril segment formed from β-amyloid D23N (PDBID:2LNQ [8]). Using the ty-
pology developed in this paper, this fibril structure is classified as a 1-ribbon. Panels C. and D.
show the molecular structure and its corresponding graph representation for a segment of wild-type
Aβ1−42 (PDBID:5KK3 [9]). In our typology, this structure is classified as a 1,2 2-ribbon.

being compact enough to serve as the basis for scalable models of fibrillization kinetics that

are able to simulate the fibrillization of hundreds or thousands of protein monomers. The

study’s examination of experimentally solved amyloid fibril structures reveals several dis-

tinct and previously unrecognized topological classes of fibrils; to describe them, this study

introduces a systematic nomenclature for fibril structure akin to the naming conventions for

organic polymers or protein secondary structure. This system, demonstrated in Figure 5.5,

describes all presently known fibril topologies, and is extensible to others not yet found.

A second motivation driving the present work is the need for models of fibril formation that
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are able to represent the diversity of observed structures and to capture fibrillization kinetics

on experimentally relevant time scales (many hours) and system sizes (hundreds to thousands

of peptide monomers). Because both the number of degrees of freedom and the timescales of

these events extend far beyond the reach of current atomistic methods, this study developes

a mathematical formalism for a network Hamiltonian describing the physics of interactions

between fibrillizing protein monomers in graph theoretic, or connectivity terms rather than in

atomistic detail; our approach exploits a formal connection between the statistical mechan-

ics of the fibrillization process and a framework for network modeling (Exponential family

Random Graph Models, or ERGMs) originally developed for studying social networks. This

study also describes simulation methodology that generates representative fibril topologies

under this Hamiltonian, recapitulating the topologies of all currently known amyloid fibril

structures reported in the Protein Data Bank (PDB [158]).

In the remainder of this paper [14], we: 1) introduce a general topological formalism for

protein aggregates (fibrillar or otherwise), including a quantitative mapping from atomic-

resolution structures to their topological representations; 2) introduce a typology and nomen-

clature for amyloid fibrils that encompasses all fibril structures found in the Protein Data

Bank; 3) introduce a specific family of Exponential family Random Graph Models (ERGMs)

that can reproduce all currently known amyloid fibril topologies (as well as some not yet

experimentally observed); 4) employ Markov-chain Monte Carlo (MCMC) simulations to

examine the equilibrium behavior of our models; and 5) employ a dynamic extension of

ERGMs based on local energy differences to probe the kinetics of fibril formation.

Our work has resulted in two papers [14] and [159]. I analyzed every amyloid fibril structure

from the PDB, was involved in topological classification and wrote the manuscript with

my coauthors. Dr. Gianmarc Grazioli and Dr. Yue Yu developed and implemented the

quantitative topological classification method and simulation studies with Prof. Carter Butts

and Prof. Rachel Martin. A portion of the papers [14, 159] is reproduced in this chapter
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to understand the importance of the results found in this study. For more details, in-depth

analysis and author contributions, please refer the papers [14, 159].

5.2 Network-based Classification and Modeling of Amy-

loid Fibrils

5.2.1 Methods

Defining Protein Aggregation States with Graphs

To capture the process of fibril formation, we require a simple representation that can accom-

modate protein monomers, small oligomers, larger unstructured aggregates, and the repeat-

ing units of fibrils themselves. Graph theory provides a natural language for this purpose,

and enables use of the ERGM formalism that has been extensively developed for modeling

graphs in social network and neuroscience applications to simulate realizations of the aggre-

gation process.[160] A graph is composed of a set of nodes or vertices, together with a set

of ties or edges representing pairwise interactions between nodes. Here, the nodes represent

individual protein monomers, with two nodes being joined by an edge if their corresponding

monomers are non-covalently bonded. We refer to such structures as aggregation graphs.

Because our focus is on fibril topology, we do not distinguish among types of intermolecular

interactions (e.g. hydrogen bonds, salt bridges, non-polar interactions, etc.); in practice,

protein monomers are held together by a combination of different interactions, whose com-

bined effects are of primary interest. As Figure 5.1 illustrates, a topological representation

is rich enough to distinguish among different fibril forms. Additional forms are shown in the

examples throughout this work. In the case of fibril structure A. from Figure 5.1, we note

that the structure displays a motif in which each protein monomer is bonded exclusively to
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its two immediate neighbors along the fibril growth axis; the minimal repeating subunit is

a single protein monomer. In contrast to this, the latter structure is characterized by two

chains of linear growth, whereby the minimal repeating subunit is a pair of monomers (one

from each chain, and of equal fibril growth axis index) that are bonded to: 1) each other; 2)

both of their neighbors along the same chain; and 3) the monomer on the opposite chain with

a fibril growth axis index offset by one and opposite in sign. Although our representation

is by intention coarse-grained, it has some advantages over (and can be used in conjunction

with) more fine-grained approaches.

Directly modeling aggregation states via topology dramatically reduces the degrees of free-

dom that must be explicitly represented, allowing substantial gains in computational effi-

ciency versus geometric representations. Modeling aggregation states in this fashion, how-

ever, requires a different approach from e.g. atomistic methods. The above-mentioned

ERGM framework provides a parsimonious means of parameterizing and simulating draws

from probability distributions on graphs, in this case representing patterns of connectivity

between protein monomers. Here, we exploit a property of this framework that allows us

to relate the ERGM specification to a Boltzmann distribution over aggregation states (Eq.

5.1).

Pr(G = g|θ, t) =
exp

(
θT t(g)

)∑
g′∈G exp (θT t(g′))h(g′)

h(g), (5.1)

This correspondence also provides a basis for defining Hamiltonian functions that describe the

energy of formation for all graph theoretic features sufficient for recapitulating a particular
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aggregation state (Eq. 5.2).

H(g) = (φe + kBT ) te(g) + φ2st2s(g) + φNSP1tNSP1(g) + φNSP2tNSP2(g)

+φESP0tESP0(g) + φESP1tESP1(g) + φC5tC5(g) + φC6tC6(g) + φC7tC7(g).

(5.2)

Finally, we employ the graph Hamiltonian to define a family of kinetic models whose equilib-

rium distributions correspond to a target ERGM distribution, and that we show to be able to

qualitatively recapitulate behaviors seen in experimental studies. Further details regarding

the mapping of aggregation states to graphs and the statistics describing their formation to

ERGMs can be found in the paper [14]. Although the ERGM portion was performed by

Giannmarc, Yue and Prof. Butts, I had to mention it here to understand the importance of

the results in the next section. For more details, please look at the paper [14].

Identifying Amyloid Fibril Structures from the Protein Data Bank

To examine the diversity of fibril topologies observed to date, I performed an exhaustive

search of the PDB for all amyloid fibril structures. Although the PDB is not a random sample

from nature, it is a reasonable census of the known fibril structures so far discovered by the

scientific community and their classification into topological classes is useful for showing what

fibril forms have been found. The fibril structures were downloaded from the Protein Data

Bank (PDB; http://www.rcsb.org/pdb/ ) [158] after running multiple advanced searches on

the website. The search criteria included finding fibrils of sufficient size that the repeating

subunit could be clearly identified. Search terms used included “Fibril,” “A-beta,” “Protein

Fibril,” and “Lysozyme.” Any fibril attached to a ligand, metal or macro-scaffold was

discarded. To be retained for analysis, a putative fibril structure was required to display

1) the cross-beta sheet structure definitive of amyloid fibrils (distances between adjacent
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β-strands of 4.7 +/- .4 Å with 10 +/- 3 Å between β-sheets) as seen in Figure 5.3(a) [161],

and 2) a periodic pattern of connectivity between monomers along a single fibril growth

axis as seen in Figure 5.3(b,c). Structures not satisfying these conditions were discarded.

Then, the structures were inspected individually in VMD [162] and Chimera [163]. Using

PDB ID 4RIK [164] for representation in Figure 5.3 (b) and (c), each structure was color

coded and mapped on the basis of topology using simple ball and stick model. The structure

was also checked for its correctness, any structure that was repeating as a crystal, or did

not conform to the definition of an amyloid fibril, was discarded. Figure 5.4 highlights the

criteria of acceptance. Figure 5.4 panel (1a) shows the accepted amyloid fibril structure,

PDB ID 4RIK, panel (1b) shows the supercell constructed in Pymol [12] and panel (1c)

shows the amyloid fibrils distances between adjacent β-strands of 4.8 Å with 9.4 Å between

β-sheets [11]. Figure 5.4 panel (2a) shows the rejected fibril structure, PDB ID 4RXFO, panel

(2b) shows the supercell constructed in Pymol [12] and panel (2c) shows the fibrils distances

between adjacent β-strands of 4.4 Å with 7.8 Å between β-sheets [13]. In case of 4XFO, the

cross-layer contacts look really weak and 4XFO did not pass energy calculations performed

by Dr. Gianmarc Grazioli, details can be found in the paper [14]. Figure 5.4 panel (3a) shows

the rejected fibril structure, PDB ID 3FOD, panel (3b) shows the supercell constructed in

Pymol [12] and panel (3c) shows the fibrils distances between adjacent β-strands of 5.3 Å

with 10-11.4 Å between β-sheets [15], which does not conform to the amyloid fibril criteria

of the amyloid fibrils distances between adjacent β-strands of 4.8 Å with 9.4 Å between

β-sheets [11]. 3FOD did not pass energy calculations performed by Dr. Gianmarc Grazioli,

details can be found in the paper [14].

This individual inspection not only help collect the accurate data samples to study but also

formed the basis of GUI and a traditional interface developed by Dr. Gianmarc Grazioli and

Dr. Yue Yu that automated the process of identifying and defining amyloid fibrils found in

the PDB and can be found in our paper [14]. In addition to the summary of our classification

results shown in Figure 5.2, a detailed list of structures satisfying our criteria is given in Table
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Figure 5.2: The five unique amyloid fibril topologies found in the PDB, sorted by relative complex-
ity. Bar heights indicate the number of structures in the PDB with the indicated topology.

5.1.

Supplementary Video

We have provided a narrated video that features an animated visualization of one of our

kinetic simulations of fibrillization, as well as a brief introduction to this body of work. The

file name for the video is FibrilTopologyMovie.mp4. Additionally, a high resolution version

of the same video can be viewed via the following link: Fibril Topology Movie.

5.2.2 Fibril Nomenclature Rules for Chords

By default, it is assumed that each monomer within a repeating unit is adjacent to the

corresponding monomer in the next unit along the fibril axis. Where additional adjacencies

are present, these are indicated via the specification of cross-cutting ties that we refer to as
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Table 5.1: The following table is a comprehensive list of all fibrillar structures found in the PDB
at the time this analysis was done, as well as their topological classification.

PDB ID Fibril Type Description Reference
2BEG 1-ribbon Aβ 1-42 [152]
2E8D 1-ribbon β2-microglobulin [165]
2LMQ 1-ribbon Aβ 1-40 [166]
2LMP 1-ribbon Aβ 1-40 [166]
2LNQ 1-ribbon Aβ D23N 1-40 [8]
2MXU 1-ribbon Aβ 1-40 [167]
2NNT 1-ribbon TTCERG1 Y22F CA150 [168]
5OQV 1-ribbon Aβ 1-42 [169]
2LMN 2-ribbon Aβ 1-40 [166]
2LMO 2-ribbon Aβ 1-40 [166]
2M5N 1,2 2-ribbon TTR 105-115 [11]
2M5K 1,2 2-ribbon TTR 105-115 [11]
2M5M 1,2 2-ribbon TTR 105-115 [11]
2OMQ 1,2 2-ribbon Insulin 12-17 [170]
2OMM 1,2 2-ribbon Yeast Prion sup35 7-13 [170]
3FTK 1,2 2-ribbon IAPP 64-70 [171]
3FVA 1,2 2-ribbon Elk Prion [171]
3ZPK 1,2 2-ribbon TTR 105-115 [11]
4R0U 1,2 2-ribbon α-synuclein 72-78 [172]
4RIL 1,2 2-ribbon α-synuclein 68-78 [164]
4ZNN 1,2 2-ribbon α-synuclein 47-56 [164]
5K2H 1,2 2-ribbon Yeast Prion sup35 7-13 [170]
5KK3 1,2 2-ribbon Aβ 1-42 [9]
2MVX double 1,2 2-ribbon Aβ 1-40 [173]
2MPZ 3-prism Aβ D23N 1-40 [174]
2M4J 3-prism Aβ 1-40 [156]
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(a) (b) (c) 

Figure 5.3: Panel (a) represents the characteristics of amyloid fibril appearance. X-ray fiber diffrac-
tion pattern from aligned IAPP amyloid fibrils, showing the positions of the 4.7 Å meridional and
9.8 Å equatorial reflections in a cross- pattern. The figure is taken from the paper [10]. Using PDB
ID 4RIK [11], (c) is the color coded topology representation of (b).

chords. A chord is indicated by a pair of numbers, indicating the repeating units joined by

the chord in question. The first number is always 1, referring to the focal unit; succeeding

units are numbered as 2, 3, etc. Thus, a chord from the focal unit to the next unit is a

1,2 chord. A chord from the focal unit to the unit after next is a 1,3 chord, and so on. By

default, a chord is assumed to connect each element in the focal unit not having an incoming

chord of the same type from a previous unit to the next vertex along the ribbon or prism

in the unit to which it connects. Where specified explicitly, these are called trans chords.

When a chord connects to the corresponding element in a subsequent unit, it is known as

a cis chord. (Fig. 5.5 gives examples of both trans and cis chords.) Hence a 2-ribbon in

which the first vertex in the ribbon in a focal unit is adjacent to the second ribbon vertex in

the next unit is called a trans-1,2 2-ribbon, or simply a 1,2 2-ribbon (a cis-1,2 chord would

be a reference to an inherent edge between subunits, thus all all 1,2 chords must be trans,

ergo trans is a redundant qualifier for a 1,2 chord). Where chords connect both previous

and subsequent elements in the ribbon or prism structure, the chords are said to be doubled.
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Figure 5.4: Panel (1a) shows the accepted amyloid fibril structure, PDB ID 4RIK, panel (1b) shows
the supercell constructed in Pymol [12] and panel (1c) shows the amyloid fibrils distances between
adjacent β-strands of 4.8 Å with 9.4 Å between β-sheets [11]. Panel (2a) shows the rejected fibril
structure, PDB ID 4RXFO, panel (2b) shows the supercell constructed in Pymol [12] and panel (2c)
shows the fibrils distances between adjacent β-strands of 4.4 Å with 7.8 Å between β-sheets [13]. In
case of 4XFO, the cross-layer contacts look really weak and 4XFO did not pass energy calculations
performed by Dr. Gianmarc Grazioli, details can be found in the paper [14]. Panel (3a) shows the
rejected fibril structure, PDB ID 3FOD, panel (3b) shows the supercell constructed in Pymol [12]
and panel (3c) shows the fibrils distances between adjacent β-strands of 5.3 Å with 10-11.4 Å
between β-sheets [15], which does not conform to the amyloid fibril criteria of the amyloid fibrils
distances between adjacent β-strands of 4.8 Å with 9.4 Å between β-sheets [11]. 3FOD did not pass
energy calculations performed by Dr. Gianmarc Grazioli, details can be found in the paper [14].
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Fundamental Fibril Types

1-ribbon

2-ribbon

3-ribbon

3-prism

4-prism

...

...

trans-1,2 2-ribbon

trans-1,3 2-ribbon

double trans-1,2 
2-ribbon

double cis-1,3
2-ribbon

A. B. Chording Rules

Figure 5.5: The topology of all amyloid structures can be described using a simple network frame-
work. Shown in A are the fundamental fibril forms: the n-ribbon and the n-prism. These funda-
mental forms are the basis for describing any fibril by either adding (chording) or deleting (nulling)
edges between nodes in a repeating pattern. In B, we demonstrate various chording operations to
the 2-ribbon. Chords are indexed by the subunits they connect, e.g. consecutive chorded subunits
are labeled 1,2, while subunits two positions apart are labeled 1,3. Cis- and trans- indicate whether
chords are between subunits occupying equivalent or different embedded 1-ribbon “backbones,”
respectively.

A double trans-1,2 2-ribbon hence has chords from both vertices within each repeating unit

to the opposite vertex in the next repeating unit. When multiple chords types are present,

they are listed sequentially from longest to shortest; one may thus have e.g. a cis-1,3 double

trans-1,2 2-ribbon, or any other combination that forms a valid aggregation graph.

Extracting Topology from Atomistic Protein Structures

After identifying an amyloid fibril structure, we then extract its underlying topology (i.e.,

the pattern of bound interactions among monomers). For structures derived from x-ray

crystallography, this requires distinguishing between crystal contacts and the much stronger

interactions that define the fibril structure itself; in the case of NMR and EM structures, the

corresponding problem is distinguishing ephemeral and dynamically unstable contacts from

structural ones. In both cases, we employ an energy scoring protocol to remove spurious
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contacts.

Although we use the same scoring scheme for all structures, the definition of crystal structures

in terms of a repeating asymmetric unit requires special processing. This is performed as

follows. To ensure that we are working with a collection of fibril segments, we first generate

supercells consisting of multiple repeats of the reported crystal unit cell [12]. We then

calculate the score for the total interaction energy between each spatially adjacent monomer

in the supercell (using the approach described below), using a -10 kcal/mol cutoff to filter

out spurious contacts. If this yields a periodic fibril structure along a single axis (and not,

e.g. a three-dimensional, sheet-like, or non-periodic structure), the resulting ties are taken

to define the fibril topology. If this does not yield such a structure, then we lower the

energy cutoff until either such a structure is observed, or until the structure decomposes

into independent monomers; in the latter case, the structure is considered not to meet our

criteria of being composed of a repeating one-dimensional pattern of bound monomers, and

is rejected. Although the focus of the current work is fibril units held together by strong

interactions, we note that this methodology can be extended to more complex treatments

in which valued graphs are used to represent strong and weak interactions. In this case,

multiple scoring thresholds would be used to classify edges into their respective classes.

Since the NMR and EM structures employed here were not obtained from crystallized protein,

we do not need to build supercells prior to scoring inter-monomeric interactions. Instead,

we simply score contacts among spatially adjacent monomers within the structure, as before

beginning with a -10 kcal/mol cutoff and lowering the energy threshold until a periodic

structure is obtained. For the NMR and EM structures examined here, it was not necessary

to lower the default cutoff in order to obtain periodic structures. Most of this work was done

by Gianmarc and Yue, and further details can be found in the paper [14].
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Computational Experiments

Other experiments perfomred in this paper, mainly by Gianmarc and Yue include the fol-

lowing and further details can be found in [14]- Binding Energy Scoring Protocol for Edge

Determination, Kinetic Extension of the Fibrillization ERGM, Statistical Mechanics of the

Aggregation Graph, Aggregation Model Reference Measure, Aggregation Model Behavior at

Extreme Temperatures, Extended Stability Testing of Fibrils, Definition of Fibril Epochs

and Sample Code for 2-Ribbon Simulation.

5.2.3 Results and Discussion

A Systematic Nomenclature for Fibril Topology

In the study of individual protein structures, the paradigm of secondary structure has pro-

vided researchers with a tool for concisely describing structural details of proteins based on

commonly observed hydrogen bonding patterns. Here we present an analogous, systematic,

and standardized nomenclature system for fibril topologies that encompasses all of the di-

verse amyloid fibril forms currently represented in the PDB, and which can straightforwardly

be extended to describe forms yet to be discovered (Figure 5.5). The goal of the present

study is to develop a formalism for describing amyloid fibrils purely in network terms, using

connectivity among monomers. Although it differs in the details, the general approach is

part of the rich tradition in computational chemistry of adopting coarse-grained models that

capture the most salient features of the system of interest, while discarding other details that

are judged to add complexity but not essential information [175, 176]. Such coarse-grained

representations of protein systems often necessitate use of a specialized force field, whereby

the coarse-grained mapping is performed in the most literal sense, i.e. atomistic degrees

of freedom deemed to be unnecessary for capturing the phenomena of interest are fused
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together to create the “coarse grains” that compose less computationally expensive models

with fewer degrees of freedom.[177, 178] We address this objective below.

Amyloid fibrils are characterized by interesting structural features at multiple scales, from

the atomistic details of the molecular structures all the way to the distribution of plaques

in the brain. [179] The former have been the subject of considerable experimental investi-

gation, leading to details about the shapes of individual monomers within both parallel and

antiparallel assemblies. Types of fibrils include S- [9] (or tilde) [180] and double-horseshoe

[181] shapes, along with more complicated supramolecular assemblies. Our particular coarse-

grained model focuses on fibril topology at the level of interacting monomers, thus opening

the door to similar investigations at a higher level of structure, including potential relation-

ships with disease etiology (to which other features are hypothesized to be related [182]) and

connections between atomistic and topological features. Because all fibrils, by definition,

have a unique axis along which fibril growth occurs, we first posit that all fibrils are chains

of repeating subunits that are non-covalently bonded end to end. Each unique fibril topology

is identified by this one-dimensional repeating pattern of linked subgraphs, as summarized

in Figure 5.5. Our convention for visually indicating the axis of fibril growth in the graphs

is to depict “stubs” (i.e., endpoints of cross-unit edges) at both ends of the fibril segments

shown. In all examples, the repeating pattern of nodes, edges, and stubs that defines the

repeating unit of the fibril form is enclosed with dotted lines.

The subunit topologies observed to date can be divided into two categories: toroidal (i.e.,

cyclic) and linear. If the subunit is linear, we call it an n-ribbon, and if it is toroidal we call

it an n-prism (see Figure 5.5). For example, if a subunit comprises 3 monomers i, j, and k,

and the edges they share within the subunit can be represented as {i↔ j, j ↔ k}, the fibril

type is a 3-ribbon. On the other hand, if the set of edges between monomers i, j, and k in

a single subunit are {i ↔ j, j ↔ k, k ↔ i}, the fibril type is a 3-prism. The simplest case,

where the repeating subunit is a single monomer, is called a 1-ribbon.
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We can further extend the naming convention to describe ties between monomers from

different unit cells. We introduce a convention for describing these additional ties of the form

i, j, where i and j give the indices of the subunits between which the ties occur. Additionally,

if the ties between unit cells connect nodes along the same embedded (“backbone”) 1-ribbon,

we add the term cis, while the term trans indicates that the tie is between nodes on different

ribbon segments. For example, if we have a 2-ribbon, where an additional tie connects each

unit cell to its immediate neighbor (a 1,2 tie), and the tie is between nodes that belong to

the opposite constituent 1-ribbons that make up the 2-ribbon (trans), the 2-ribbon becomes

a trans-1,2 2-ribbon (see Figure 5.5).

Characterizing Fibril Topologies Observed in Nature

In order to demonstrate that our system of nomenclature is general enough to be useful, we

have categorized the complete set of amyloid fibrils in the Protein Data Bank by topology

(Fig. 5.2). The amyloid fibril type classification follows a two-step protocol (see Methods).

First, we confirm that the PDB entry possesses the characteristic cross-beta sheet structure

definitive of amyloid fibrils (i.e. distances of 4.7 +/- .4 Å between strands within β-sheets and

10 +/- 3 Å across β-sheets [161]). We carry out this step using the distance measurement

tool in PyMOL [12]. Second, we apply an energy scoring criterion to identify monomer

pairs whose interactions are sufficiently strong to constitute an edge in the aggregation

graph. The interaction energy score between two monomers is calculated in a style similar

to free energy difference scoring commonly practiced in molecular docking simulations. A

conservative minimum energetic threshold of -10 kcal/mol is employed to ensure that the

inter-monomeric interactions included in the graph representation of the fibril are at least

an order of magnitude more enthalpically favorable than a typical hydrogen bond between

water molecules. For the 28 amyloid fibril structures solved to date that meet our inclusion

criteria, we find 5 unique topological classes (Figure 5.2). We have identified simulation

108



parameters for our mathematical model of fibril formation that are capable of recapitulating

all 5 of these known amyloid fibril topologies, as described in the following sections.

Computational Experiments and Simulation Results

Prof. Carter T. Butts, Dr. Gianmarc Grazioli and Dr. Yue Yu were successful in recapitu-

lating fibril structure in equilibrium by adapting exponential family random graph (ERGM)

techniques originally developed for the study of social networks. Details on how we em-

ployed the ERGMs using a Hamiltonian function and Markov Chain Monte Carlo (MCMC)

can be found in the paper [14] [183, 160]. We were also successful in constructing the fib-

rilization kinetics simulations [14]. Our followup study to the above paper [14] deals with

the mechanisms of amyloid fibril formation, a problem of considerable interest in terms of

both basic science and medical applications [159]. Our distinctive approach is to employ a

graph-theoretic formalism to represent the underlying topology of fibril structure, giving us

a parsimonious way of describing fibrils that is nevertheless flexible enough to accommodate

a wide range of aggregation states [159]. Further details can be found in the papers [14, 159]

5.2.4 Experimental Validation of the Predicted Statistical Model:

in vitro Amyloid Fibril Kinetics

Network statistical characterization of the pathways to fibrillization predicted by network

Hamiltonian models [14, 159] offer a uniquely capable approach toward identifying potential

intermediates in the process of amyloid fibril formation for experimental validation or inval-

idation. Most papers used two-step nucleation induced mechanism to study amyloid fibril

kinetics [184, 185]. To understand the disease and treatment better, we need to understand

the actual process, including formation of monomers, to better understand pathology, pro-

cess and disease treatment and management As I want to study the process of amyloid fibril
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kinetics, I propose to use unseeded, no nucleation method to understand the kinetics better.

Materials and Methods

Hen egg white lysozyme (HEWL), Enzyme Commission (EC) Number 3.2.1.17, CAS molec-

ular weight 14.4 kDa, was obtained from Millipore Sigma. γ-crystallin was expressed in the

lab [186].

Sample Preparation- 1 mg/ml, 2 mg/ml or 2.5 mg/ml of HEWL or γS-crystallin in different

buffers were made by vortexing in a test tube. Tested buffers included phosphate buffer

(pH 2.15, 6.8, 12) and carbonate buffer (3.2, 9.2) as amyloid fibrils tend to form generally

at extreme pH, temperatures and agitation [184, 185, 187, 188]. Aliquots of 120 µL of

sample were taken in an eppendorf tube, placed in the Digital Heating Shaking Drybath

(Thermofisher) with or without shaking at temperatures between 70-76 degree celcius.

Thioflavin Binding Experiments- Thioflavin binding-dependent fluorescence was routinely

assessed on kinetic time points as described in literature [184, 185, 187, 188]. ThT was

sourced from Sigma Aldrich. 10 µL aliquot of a 2.5 mM stock of ThT was added to 90 µL to

the aliquot of the amyloid fibril sample in fluorescence 96-well plate. The fluorometer was set

to an excitation wavelength of 450 nm and an emission wavelength of 489 nm. Calculations

were performed using excel and blank and negative controls were used.

Results

Although incomplete, the results seen below are promising and the project will continue

on the experimental path. Some results are presented in Figure 5.6, 5.7 , 5.8 , 5.9 and 5.10

General trend shows a minimum concentration 2 mg/ml at pH 3.7 with agitation (150 RPM)

at 75 degree Celsius shows propmising results. In Figure 5.6, we see ThT assay results of
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Figure 5.6: ThT assay results of 1 mg/ml HEWL using phosphate buffer at pH 2 and pH 3.7 with
agitation (150 RPM) at 75 degree celcius.

1 mg/ml HEWL using phosphate buffer at pH 2 and pH 3.7 with agitation (150 RPM) at

75 degree Celsius. Some amyloid fibril growth is observed however my hypothesis is the

fibrils crashes out of the solution. In figure 5.7, ThT assay results of 1 mg/ml and 2 mg/ml

γS-crystallin using phosphate buffer at pH 1 and pH 2 with agitation (150 RPM) at 75

degree Celsius. In Figure 5.8, ThT assay results of 1 mg/ml and 2 mg/ml γS-crystallin using

phosphate buffer at pH 2 and pH 3.7 with agitation (150 RPM) at 75 degree Celsius. In

Figure 5.9, ThT assay results of 0.5 mg/ml and 1 mg/ml HEWL using carbonate buffer at

pH 2 and pH 3.7 with agitation (150 RPM) at 75 degree Celsius. In Figure 5.10, ThT assay

results of 1 mg/ml γS-crystallin using phosphate buffer at pH 3.7 with agitation (150 RPM)

and without agitation at 75 degree Celsius.
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Figure 5.7: ThT assay results of 1 mg/ml and 2 mg/ml γS-crystallin using phosphate buffer at pH
1 and pH 2 with agitation (150 RPM) at 75 degree celcius.
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Figure 5.8: ThT assay results of 1 mg/ml and 2 mg/ml γS-crystallin using phosphate buffer at pH
2 and pH 3.7 with agitation (150 RPM) at 75 degree celcius.
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Figure 5.9: ThT assay results of 0.5 mg/ml and 1 mg/ml HEWL using carbonate buffer at pH 2
and pH 3.7 with agitation (150 RPM) at 75 degree celcius.
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Figure 5.10: ThT assay results of 1 mg/ml γS-crystallin using phosphate buffer at pH 3.7 with
agitation (150 RPM) and without agitation at 75 degree celcius.
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Chapter 6

Biophysical characterization and

solution-state NMR assignments of J2

crystallin: Novel eye lens protein

from the box jellyfish

In this chapter, I describe the preparation, biophysical characterization, and solution-state

NMR structure determination of J2-crystallin, a previously uncharacterized eye lens protein

from Tripedalia cystophora (box jellyfish).

6.1 Background

The crystallins of the eye lens are extremely stable, soluble proteins that are responsible for

the transparency of this highly specialized tissue. The high refractivity of the eye lens results

from two major contributions; the high protein concentration (up to 1000 mg/mL in some
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fish species) [189, 190] and the high refractive indices of the crystallin proteins [191, 192].

Many crystallins are derived from either metabolic enzymes or physiological stress proteins

and appear to have undergone selection for increased refractive index after gene duplication

[193]. Mammalian lenses mostly consist of two strongly conserved classes of crystallins, the

chaperone α-crystallins, and the structural βγ-crystallins [194, 195, 196, 193, 197, 198].

Taxon-specific crystallins with diverse structural properties are found in other species, in-

cluding the ε-crystallin in avians and reptiles and the S-crystallins in cephalopods [194, 196].

Unlike other non-cephalopod invertebrates, in which typical visual systems consist of sim-

ple ocelli and/or compound eyes made up of an array of ommatidia [199, 200], the box

jellyfish, Tripedalia cystophora, has camera-type eyes similar to those of vertebrates and

cephalopods [199]. Although the lenses are capable of forming sharp images, the eyes are

used for navigation rather than detection of detailed objects [201], as the distance between

the lens and the retina is not optimized for maximum visual acuity. T. cystophora has a

total of 24 eyes split among four rhopalia (specialized structures that sense light), around

the bell of the medusa, each containing two camera-type eyes as well as an array of sim-

pler pigment cup eyes [202, 200]. The camera-type eye lenses are composed of the J1-, J2-

and J3-crystallin proteins [202]. J1- and J3-crystallins are homologous to known enzymes,

(ADP-ribohydroglycosylase and saposins, respectively) [202], whereas J2-crystallin (J2) has

no known homologs [201, 203]; a BLAST search of the Protein Data Bank (PDB) found no

proteins above 37% similarity [204].

To my knowledge, J2 has not previously been expressed and characterized. Here I focus on

the box jellyfish eye lens protein J2-crystallin. This 157-amino acid protein has a molecular

weight of 18.2 kDa [194] and a theoretical isoelectric point (pI) of 9.25 [205]. As expected

for an eye lens protein, the thermal stability of J2 crystallin is high, with an unfolding

temperature of 75.2 C. The project was initiated by Dr. Domarin Khago [192] in the lab.

She pioneered the expression and optimization of J2 crystallin [192] and was also involved
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in biophysical characterization and taking initial HSQC and NMR data. Please refer to

her thesis [192] for more details on expression and optimization. I will be focusing on the

biophysical studies and 3D NMR data that I collected for J2 crystallin [206, 207].

As seen in Figure 6.1, Rosetta and iTasser servers were used to predict J2 crystallin protein

models.

Rosetta, of Robetta server [206, 207], is an automated protein structure prediction software

developed by the Baker laboratory for ab initio and comparative modeling. On submission of

the fasta sequence, in this case J2 crystallin, Rosetta first searches for structural homologs

using BLAST, PSI-BLAST, and 3D-Jury, by breaking down the target sequence in small

portions of individual domains, or independently folding units of proteins. It then matches

the sequence to structural families in the Pfam database. Domains with structural homologs

then follow a ”template-based model” (i.e., homology modeling) protocol [206, 207]. The

lowest energy model as determined by Rosetta energy function is then selected as the final

predicted structure [206, 207].

iTASSER server [208, 209] is an on-line software that implements the iTASSER based al-

gorithms for protein structure and function predictions from amino acid (fasta) sequences.

When user submits an amino acid sequence, the server first tries to retrieve template pro-

teins of similar folds (or super-secondary structures) from the PDB library by LOMETS, a

locally installed meta-threading approach developed Zhang Lab [208, 209]. Next, the con-

tinuous fragments excised from the PDB templates are reassembled into full-length models

using Monte Carlo simulations with the threading unaligned regions built by ab initio mod-

eling [208, 209]. In the following step, the fragment assembly simulation is performed again

starting from the SPICKER cluster centroids, where the spatial restrains collected from the

LOMETS templates and the PDB structures are used to fasten the simulations [208, 209].

The final structure is predicted from the consensus of top structural matches between model

and templates as evaluated by TM-score, and the sequence identity in the structurally aligned

118



regions [208, 209].

As seen in Firgure 6.1, there is variability and high dissimilarity in the models predicted by

iTasser [208, 209] and Rosetta [206, 207]. As these both tools use homology modelling of the

known protein structures, I hypothesize J2 crystallin has a unique protein fold (structure).

Figure 6.1: Rosetta (gold) and iTasser (silver) servers were used to predict J2 crystallin protein
model. Even within the server, there is variability and high dissimilarity of the predicted models.
As these both tools use homology modelling of the known protein structures, I hypothesize J2
crystallin has a unique protein fold (structure).
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6.2 Materials and Methods

6.2.1 Expression and purification of 15N-labeled and 13C-labeled

J2-crystallin

For the starter culture of J2 crystallin, 50 mL of LB media was inoculated with a single colony

of Rosetta (DE3) Escherichia coli cells containing a pET28(+)a vector with J2-crystallin

gene inserts was grown at 37 ◦C for 16 hours with shaking at 225 RPM [192]. Optical den-

sity measurement (OD), defined as a logarithmic intensity ratio of the light falling upon the

material, to the light transmitted through the material, measures the concentration of cells

in the solution [210]. Until an OD of 0.60 was reached, the cultures were grown at 37 ◦C

with shaking at 225 RPM. The cells were then collected in 500 mL batches by centrifugation

at 3000 RPM for 30 minutes and each 500 mL batch was resuspended in 1 L 15N-labeled

13C-labeled minimal media cultures [192]. The 1 L minimal media cultures were grown

for an additional 2 hours at 37 ◦C at 225 RPM. Protein overexpression was induced using

IPTG (Gold Biotechnology) at a final concentration of 0.10 mM at 25 ◦C for 30 hours [192].

Cells were collected via centrifugation at 6000 RPM, and pellet was resuspended in 40 mL of

50 mM sodium phosphate buffer with 300 mM sodium chloride, 10 mM imidazole, and 0.05%

sodium azide at pH 7.4 [192]. Cells were lysed by sonication in 30 second intervals for a total

of 10 minutes, followed by centrifugation at 15000 RPM for 90 minutes. The supernatant

was filtered with through a 0.22 µm filter (Millipore) before being loaded onto a Bio-Rad

Duo-Inject FPLC system (Hercules, CA) [192]. The His-tagged crystallin was purified and

cut by a His-tagged TEV protease, using a Ni-IDA (Bio-Rad) and a second application to a

Ni-IDA column was done to remove TEV protease and His-tag [192]. The purified labeled

crystallin was dialyzed into 10 mM sodium phosphate buffer with 0.05% sodium azide at pH

6.0 [192]. The final 1.8 mM concentrated J2-crystallin sample was prepared in 10 % D2O

and 2 mM TMSP [192].
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6.2.2 NMR experiments

A Varian UnityINOVA spectrometer (Agilent Technologies, Santa Clara, CA) operating at

800 MHz coupled with a 1H–13C–15N 5 mm tri-axis PFG triple-resonance probe, using an

18.8 Tesla superconducting electromagnet (Oxford Instruments) was used to perform most

of the 2D and 3D experiments (HNCA and HN(CO)CA were performed on a Bruker Spec-

trometer operating at 800 MHz at University of California, San Diego NMR Facility). 1H

chemical shifts were referenced to TMSP, and 15N and 13C shifts were referenced indirectly

to TMSP. NMR data were processed using NMRPipe [211] and analyzed using CcpNMR

Analysis [212]. Center operating frequencies and (unless otherwise stated) center frequency

offsets were as follows:

Center 1H: 799.7988955 MHz 15N: 81.04252684 MHz

Offset 1H: 4.81 ppm 15N: 118.70 ppm

6.3 Results and Discussion

6.3.1 Biophysical characterization of J2-crystallin reveals a stable

protein

Circular dichroism (CD) spectroscopy and aggregation propensity were used for biophysical

characterization of J2-crystallin. As expected of a structural protein, J2 crystallin is a stable

protein, aggregating at 73.5 degree Celcius and unfolding at 76.5 degree Celcius. A part of

biophyical characterization was performed by Dr. Domarin Khago and the results can be

found in her thesis [192].
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Aggregation under thermal stress measured as a function of temperature using

Dynamic Light Scattering (DLS)

Dynamic Light Scattering is robust and sensitive technique that can be used to characterize

protein aggregates in solution, because of its ability to resolve molecular or particle sizes

ranging from sub-nanometer to several microns [213]. DLS measurements to understand

the aggregation propensity of J2 crystallin were obtained on Zetasizer Nano ZS (Malvern

Instruments, Malvern, U.K.). The sample was prepared at the concentration of 1.0 mg/ml

in 10 mM phosphate buffer at pH 6.9. At each temperature, the sample was allowed to equi-

librate for 2 min before measurements were obtained, after which scattering measureazments

were performed in triplicate, resulting in a heating rate of 0.5 C/min. The average apparent

particle size is plotted as a function of temperature. J2 aggregates at 73.5◦ Celsius as seen

in Figure 6.2.
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Figure 6.2: DLS measurements of thermally induced aggregation of J2 crystallin over a range of
40-80 degree celcius. Salmon, green and blue colors represent the data taken in triplicate. The
average apparent particle size is plotted as a function of temperature. J2 aggregates at 73.5 degree
Celsius.
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Circular Dichroism (CD) to study the thermal unfolding curves of J2 crystallin
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Figure 6.3: Thermal unfolding curve of J2 crystallin measured by monitoring the circular dichroism
signal at 218 nm with the Tm value for J2 is 76.5◦ celcius.

Thermal denaturation provides complementary information regarding protein stability and

aggregation propensity. Thermal unfolding curves of J2 are measured by monitoring the

circular dichroism signal at 218 nm on a J-810 spectropolarimeter (JASCO, Easton, MD)

equipped with a thermal controller. For unfolding measurments, the samples were heated

at a rate of 2◦ C/ minute. The midpoint of the unfolding transition (Tm) is itself a useful

measure of protein stability. Tm value for J2 is 76.5◦ Celcius exhibiting characteristics of a

stable protein as seen in the Figure 6.3.

For the sake of comparison, Figure 6.4, shows the Tm comparison of J2 crystallin with other

crystallins studied in the lab. Figure from the paper [16].

6.3.2 Backbone assignment of J2 crystallin using Nuclear Mag-

netic Resonance

Solution state NMR was used to collect the data for J2 crystallin structure determination.
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Figure 6.4: Tm comparison of J2 crystallin with other crystallins studied in the lab. Figure from
the paper [16].

15N HSQC

To assess the suitability of J2-crystallin for structural studies, a 1H–15N heteronuclear single-

quantum correlation experiment (HSQC) was collected using samples of 15N-labelled J2-

crystallin. The first of many solution-state NMR experiments in a structure determination

effort, this experiment determines how well-folded the protein is by the distribution of cross

peaks [192]. The cross peaks are representative of the amide N-H pairs of the protein

backbone and sidechains. Clean and separated cross peaks allow for distinction among the

157 amino acid residues that should be seen in the spectrum. An HSQC also can indicate the

signal-to-noise ratio at the particular pH and concentration of the sample [192]. J2-crystallin

HSQC, as seen in Figure 6.5, shows well-separated cross peaks in both spectral dimensions,

indicating that the protein is folded and monomeric.
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Figure 6.5: 1H–15N HSQC spectrum of 15N-labelled J2-crystallin acquired at 25 ◦C, indicating that
the protein is folded and monomeric. The crystallin sample was prepared in 10 % D2O and 2 mM
TMSP at a final concentration of 1.8 mM.

15N-Temperature dependent HSQC

1H–15N HSQC spectrum of 15N-labelled J2-crystallin acquired at 20, 25, 30, 35 and 40

degree Celcius. indicating that the protein is folded, monomeric and stable. The crystallin

sample was prepared in 10 % D2O and 2 mM TMSP at a final concentration of 1.8 mM.

Temperature dependent HSQC does not reveal a major shift in the peaks showing that J2

is a stable protein as seen in Figure 6.6.

15N-13C HNCA

HNCA experiment is useful for backbone assignment when used in conjunction with the

HN(CO)CA [214]. This is a 3D experiment because the chemical shifts are evolved for 1HN,

15NH and 13Cα [214]. The magnetisation is passed in the following order- 1H - 15N - N-Cα

J-coupling - 13Cα - 15N - 1H hydrogen, where it is detected [214]. Since the amide nitrogen

is coupled both to the Cα of its own residue and that of the preceding residue, both these

transfers occur and peaks for both Cαs are visible in the spectrum [214]. HNCA spectrum
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15N HSQC at 40° Celcius

15N HSQC at 35° Celcius

15N HSQC at 30° Celcius

15N HSQC at 25° Celcius

15N HSQC at 20° Celcius

Figure 6.6: Temperature dependent HSQC does not reveal a major shift in the peaks showing that
J2 is a stable protein.

for J2 crystallin is seen in Figure 6.7.

15N-13C HN(CO)CA

HN(CO)CA experiment is useful for backbone assignment when used in conjunction with the

HNCA [214]. The magnetisation is passed as follows- 1H to 15N- to 13CO, then transferred

to 13C where the chemical shift is evolved [214]. The magnetisation is then transferred back

via 13CO to 15N and 1H for detection. The chemical shift is only evolved for the 1HN, the

15N and the 13C, but not for the 13COα [214]. HNCA spectrum for J2 crystallin is seen in

Figure 6.8.
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Figure 6.7: Slice of 1H–15N HNCA spectrum of 15N 13C labelled J2-crystallin acquired at 25 ◦C.
The J2 crystallin sample was prepared in 10 % D2O and 2 mM TMSP at a final concentration of
1.8 mM.
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Figure 6.8: Slice of 1H–15N HNCOCA spectrum of 15N 13C labelled J2-crystallin acquired at
25 ◦C. The crystallin sample was prepared in 10 % D2O and 2 mM TMSP at a final concentration
of 1.8 mM.
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Figure 6.9: Slice of 1H–15N HNCO spectrum of 15N 13C 1H labelled J2-crystallin acquired at
25 ◦C. The crystallin sample was prepared in 10 % D2O and 2 mM TMSP at a final concentration
of 1.8 mM.

15N-13C HNCO

This is the most sensitive triple-resonance experiment as in addition to the backbone CO-

N-HN correlations, asparginine and glutamine are also visible [214]. Magnetisation is passed

in the following order 1H to 15N to the carbonyl 13C through 15NH–13C J-coupling to 15N

to 1H where it is detected [214]. HNCO is used in conjunction with the HN(CA)CO [214].

HNCO spectrum for J2 crystallin is seen in Figure 6.9.

15N-13C HNCACO

Magnetisation is transferred in the following order 1H to 15N and then via the N-C J-coupling

to the 13Cα to 13CO via the 13C α-13CO J-coupling [214] and then detected on H. HNCACO

spectrum for J2 crystallin is seen in Figure 6.10 which can be used in conjunction with

HNCO.
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Figure 6.10: Slice of 1H–15N HNCACO spectrum of 15N 13C labelled J2-crystallin acquired at
25 ◦C. The crystallin sample was prepared in 10 % D2O and 2 mM TMSP at a final concentration
of 1.8 mM.

15N-13C CBCACONH, 15N-13C CBCANH and 15N-13C HNCACB

15N-13C CBCACONH, 15N-13C CBCANH and 15N-13C HNCACB, as seen in Figures 6.11,

6.12 and 6.13, are a standard set of experiments needed for backbone assignment especially

for large proteins which tend to have a big signal to noise ratio [214].

HCCH-COSY

HCCH-COSY is used for side-chain assignment. Magnetisation transfer is from the side-chain

hydrogen nuclei to their attached 13C nuclei which is then exchanged between neighbouring

13C nuclei via the J-coupling and finally transferred back to the side-chain hydrogen atoms

for detection [214]. Figure 6.14 shows the HCCH-COSY spectrum of J2 crystallin.
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Figure 6.11: Slice of 1H–15N 15C CBCACONH spectrum of 15N-labelled J2-crystallin acquired at
25 ◦C. The crystallin sample was prepared in 10 % D2O and 2 mM TMSP at a final concentration
of 1.8 mM.
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Figure 6.12: Slice of 1H–15N CBCANH spectrum of 15N 13C labelled J2-crystallin acquired at
25 ◦C. The crystallin sample was prepared in 10 % D2O and 2 mM TMSP at a final concentration
of 1.8 mM.
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Figure 6.13: Slice of 1H–15N HNCACB spectrum of 15N 13C labelled J2-crystallin acquired at
25 ◦C. The crystallin sample was prepared in 10 % D2O and 2 mM TMSP at a final concentration
of 1.8 mM.
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Figure 6.14: Slice of HCCH-COSY spectrum of 15N 13C labelled J2-crystallin acquired at 25 ◦C.
The crystallin sample was prepared in 10 % D2O and 2 mM TMSP at a final concentration of
1.8 mM.
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Figure 6.15: Slice of HCCH- TOCSY spectrum of 15N 13C labelled J2-crystallin acquired at 25 ◦C.
The crystallin sample was prepared in 10 % D2O and 2 mM TMSP at a final concentration of
1.8 mM.

HCCH-TOCSY

HCCH-TOCSY is used for side-chain assignment. FIgure 6.15 shows the HCCH- TOCSY

spectrum of J2 crystallin. Magnetisation transfer begins from the side-chain hydrogen nuclei

to their attached 13C nuclei, followed by isotropic 13C mixing and back to the side-chain

hydrogen atoms where it is detected [214].

13C HSQC Aliphatic and 13C HSQC Aromatic

13C HSQC Aliphatic and 13C HSQC Aromatic experiments (Seen in Figure 6.14, provide

correlations between carbons and its attached protons and helps circumvent the issue of

splitting of signal due to homonuclear 13C—13C J couplings making the spectral resolution

132



7
7

GS:HHN.1

0

1

2

3

4

5

6

7

8

9

10

H1

[ppm]

678910H [ppm]

9H (ppm) 8 7 6

H (ppm)
1

5

10

Figure 6.16: Slice of 1H–15N NOESY spectrum of 15N 13C labelled J2-crystallin acquired at 25 ◦C.
The crystallin sample was prepared in 10 % D2O and 2 mM TMSP at a final concentration of
1.8 mM.

better.

NOESY

This spectrum can be used to obtain restraints for structure calculations and can also help

in assigninng the backbone [214]. J2 crystallin NOESY is seen in Figure 6.16.

6.3.3 J2 Crystallin triple resonance backbone assignment

Sequential protein backbone assignments for J2 crystallin using triple-resonance experiments

is seen in figure 6.17. Most spectra used for triple resonance backbone assignment have a 1H,

15N and 13C dimension each. Assigning the backbone is step one on the path to strcuture

from NMR spectra. In Figure 6.17, Alanine 54 and 55 and Serine 56 residue are assigned
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using the CBCA(CO)NH and HNCACB 3D experiments.

6.4 Conclusion

As this is a structural protein, the structure is of paramount importance in determining its

function. J2-crystallin is a novel eye lens protein that has been expressed recombinantly

and purified in high yield [192]. In agreement with the secondary structure prediction and

CD spectroscopy, J2-crystallin has primarily α-helical character and thermal studies have

concluded a melting temperature of 75.2 ◦C [192]. A 1H–15N HSQC shows the protein is

well-folded, allowing for further NMR experiments to be performed. Next steps include spin

assignments and residual dipolar coupling.
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Figure 6.17: Sequential protein backbone assignments for J2 crystallin using triple-resonance ex-
periments where the Alanine 54 and 55 and Serine 56 residue are assigned using the CBCA(CO)NH
and HNCACB 3D experiments.
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[4] Gábor J. Székely and Maria L. Rizzo. Hierarchical clustering via joint between-within
distances: Extending Ward’s minimum variance method. Journal of Classification,
22(2):151–183, 2005.

[5] Jing-Na Si, Ren-Xiang Yan, Chuan Wang, Ziding Zhang, and Xiao-Dong Su. TIM-
Finder: A new method for identifying TIM-barrel proteins. BMC Structural Biology,
9(73):doi:10.1186/1472–6807–9–73, 2009.

[6] Paulina Paszota, Maria Escalante-Perez, Line R. Thomsen, Michael W. Risør, Alicja
Dembski, Laura Sanglas, Tania A. Nielsen, Henrik Karring, Ida B. Thøgersen, Rainer
Hedrich, Jan J. Enghild, Ines Kreuzer, and Kristian W. Sanggaard. Secreted major
Venus flytrap chitinase enables digestion of arthropod prey. Biochimica et Biophysica
Acta (BBA) - Proteins and Proteomics, 1844(2):374 – 383, 2014.

[7] Kerstin H. Richau, Farnusch Kaschani, Martijn Verdoes, Twinkal C. Pansuriya, Sherry
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pitfall-trap fluid of carnivorous nepenthes plants is unsuitable for microbial growth.
Annals of Botany, 111(375–383), 2013.

[47] Carter T. Butts, Jan C. Bierma, and R. W. Martin. Genome sequence and comparative
analysis of putative proteases from the carnivorous plant Drosera capensis. submitted,
2016.

[48] Carter T. Butts, Xuhong Zhang, John E. Kelly, Kyle W. Roskamp, Megha H. Unhelkar,
J. Alfredo Freites, Seemal Tahir, and Rachel W. Martin. Sequence comparison, molec-
ular modeling, and network analysis predict structural diversity in cysteine proteases
from the Cape sundew, Drosera capensis. Computational and Structural Biotechnology
Journal, in press, 2016.

[49] M. Campbell, M. Law, C. Holt, J. Stein, G. Moghe, D. Hufnagel, J. Lei, R. Achawanan-
takun, D. Jiao, C. J. Lawrence, D. Ware, S. H. Shiu, K. L. Childs, Y. Sun, N. Jiang, ,
and M Yandell. MAKER-P: A tool-kit for the rapid creation, management, and quality
control of plant genome annotations. Plant Physiology, 164:513–524, 2013.

[50] E. Quevillon, V. Silventoinen, S. Pillai, N. Harte, N. Mulder, R. Apweiler, and
R. Lopez. InterProScan: Protein domains identifier. Nucleic Acids Research, 33:W116–
W120, 2005.

[51] T. Renner and C. D. Specht. Molecular and functional evolution of Class I chitinases for
plant carnivory in the caryophyllales. Molecular Biology and Evolution, 29(10):2971–
2985, 2012.

[52] B. L. Cantarel, P. M. Coutinho, C. Rancurel, T. Bernard, V. Lombard, and B. Hen-
rissat. The Carbohydrate-Active EnZymes database (CAZy): an expert resource for
glycogenomics. Nucleic Acids Research, 37:D233–D238, 2009.

[53] Vincent Lombard, Hemalatha Golaconda Ramulu, Elodie Drula, Pedro M. Coutinho,
and Bernard Henrissat. The carbohydrate-active enzymes database (CAZy) in 2013.
Nucleic Acids Research, 42:D490–D495, 2014.

140



[54] Hans Merzendorfer. The cellular basis of chitin synthesis in fungi and insects: Common
principles and differences. European Journal of Cell Biology, 90(9):759 – 769, 2011.

[55] Simone Zach Lukas Hartl and Verena Seidl-Seiboth. Fungal chitinases: diversity, mech-
anistic properties and biotechnological potential. Appl Microbiol Biotechnol, pages 533
– 543, 2011.

[56] Fabian Sievers, Andreas Wilm, David Dineen, Toby J. Gibson, Kevin Karplus,
Weizhong Li, Rodrigo Lopez, Hamish McWilliam, Michael Remmert, Johannes Söding,
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[104] M. Garćıa-Lorenzo, A. Sjödin, S. Jansson, and C. Funk. Protease gene families in
populus and arabidopsis. BMC Plant Biology, 6:30, 2006.

[105] Xuemin Wang. Plant phospholipases. Annual review of plant biology, 52(1):211–231,
2001.

[106] B Profotová, L Burketová, Z Novotná, J Martinec, and O Valentová. Involvement
of phospholipases c and d in early response to sar and isr inducers in brassica napus
plants. Plant Physiology and Biochemistry, 44(2-3):143–151, 2006.

[107] C. L. An, E. Fukusaki, and A. Kobayashi. Aspartic proteinases are expressed in pitchers
of the carnivorous plant Nepenthes alata Blanco. Planta, 214:661–667, 2002.

[108] S.B.P. Athauda, K. Matsumoto, S. Rajapakshe, M. Kuribayashi, N. Kojima,
M.and Kubomura-Yoshida, A. Iwamatsu, C. Shibata, H. Inoue, and K. Takahashi.
Enzymic and structural characterization of nepenthesin, a unique member of a novel
subfamily of aspartic proteinases. Biochemical Journal, 381:295–306, 2004.

[109] K. Takahashi, S.B. Athauda, K. Matsumoto, S. Rajapakshe, M. Kuribayashi, M. Ko-
jima, N. Kubomura-Yoshida, A. Iwamatsu, C. Shibata, and H. Inoue. Nepenthesin, a
unique member of a novel subfamily of aspartic proteinases: enzymatic and structural
characteristics. Current Protein and Peptide Science, 6(6):513–525, 2005.

[110] Gerhard Lorkowski. Gastrointestinal absorption and biological activities of serine and
cysteine proteases of animal and plant origin: review on absorption of serine and
cysteine proteases. International Journal of Physiolology, Pathophysiology and Phar-
macology, 4(1):10–27, 2012.

[111] K. Duwadi, L. Chen, R. Menassa, and S. Dhaubhadel. Identification, characteriza-
tion and down-regulation of cysteine protease genes in tobacco for use in recombinant
protein production. PLoS ONE, 10(7):e0130556, 2015.

[112] N.D. Rawlings, M. Waller, A.J. Barrett, and A. Bateman. MEROPS: the database of
proteolytic enzymes, their substrates and inhibitors. Nucleic Acids Research, 42:D503–
D509, 2014.

145
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[173] Anne K Schütz, Toni Vagt, Matthias Huber, Oxana Y Ovchinnikova, Riccardo Cadal-
bert, Joseph Wall, Peter Güntert, Anja Böckmann, Rudi Glockshuber, and Beat H
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Wall, Anja Böckmann, Peter Güntert, Beat H Meier, and Roland Riek. Atomic-
resolution structure of a disease-relevant Aβ (1–42) amyloid fibril. Proceedings of the
National Academy of Sciences, 113(34):E4976–E4984, 2016.

[182] David S. Eisenberg and Michael R. Sawaya. Implications for Alzheimer’s disease of
an atomic resolution structure of amyloid-β(1–42) fibrils. Proceedings of the National
Academy of Sciences of the United States of America, 113(34):9398–9400, 2016.

[183] Paul W. Holland and Samuel Leinhardt. An exponential family of probability dis-
tributions for directed graphs (with discussion). Journal of the American Statistical
Association, 76(373):33–50, 1981.

[184] Songming Chen, Valerie Berthelier, J Bradley Hamilton, Brian O’Nuallai, and Ronald
Wetzel. Amyloid-like features of polyglutamine aggregates and their assembly kinetics.
Biochemistry, 41(23):7391–7399, 2002.

[185] Wei Qiang, Kevin Kelley, and Robert Tycko. Polymorph-specific kinetics and ther-
modynamics of β-amyloid fibril growth. Journal of the American Chemical Society,
135(18):6860–6871, 2013.

[186] Kyle W. Roskamp, David M. Montelongo, Chelsea D. Anorma, Diana N. Bandak,
Janine A. Chua, Kurtis Malecha, and Rachel W. Martin. Thermal-, pH-, and UV-
induced aggregation of human γS-crystallin and its aggregation-prone G18V variant.
Investigative Ophthalmology and Visual Science, 58:2397–2405, 2017.

[187] Dorothea Pinotsi, Alexander K Buell, Christopher M Dobson, Gabriele S Kaminski
Schierle, and Clemens F Kaminski. A label-free, quantitative assay of amyloid fibril
growth based on intrinsic fluorescence. ChemBioChem, 14(7):846, 2013.

[188] Daizo Hamada and Christopher M Dobson. A kinetic study of β-lactoglobulin amyloid
fibril formation promoted by urea. Protein Science, 11(10):2417–2426, 2002.

[189] Zbynek Kozmik, Jana Ruzickova, Kristyna Jonasova, Yoshifumi Matsumoto, Pavel
Vopalensky, Iryna Kozmikova, Hynek Strnad, Shoji Kawamura, Joram Piatigorsky,
Vaclav Paces, et al. Assembly of the cnidarian camera-type eye from vertebrate-like
components. Proceedings of the National Academy of Sciences, 105(26):8989–8993,
2008.

[190] Fon-Yi Yin, Ya-Huei Chen, Chung-Ming Yu, Yu-Chin Pon, and Hwei-Jen Lee. Kinetic
refolding barrier of guanidinium chloride denatured goose δ-crystallin leads to regular
aggregate formation. Biophysical journal, 93(4):1235–1245, 2007.

152



[191] Joseph Horwitz. Alpha crystallin: the quest for a homogeneous quaternary structure.
Experimental eye research, 88(2):190–194, 2009.

[192] Domarin Khago. Understanding the Molecular Basis of Transparency and Refraction
in the Eye Lens. PhD thesis, UC Irvine, 2016.

[193] J. Horwitz. Alpha-crystallin. Experimental Eye Research, 76:145—153, 2003.

[194] Z. Kozmik, K. Shivalingappa, J. Ruzickova, K. Jonasova, V. Paces, C. Vlcek, and J. Pi-
atigorsky. Cubazoan crystallins: evidence for convergent evolution of pax regulatory
sequences. Evolution & Development, 10:52—61, 2008.

[195] F. Yin, Y. Chen, C. Yu, Y. Pon, and H. Lee. Kinetic refolding barrier of guanidinium
chloride denatured goose δ-crystallin leads to regular aggregate formation. Biophysical
Journal, 93:1235—1245, 2007.

[196] Stanislav I. Tomarev, Sambath Chung, and Joram Piatigorsky. Glutathione s-
transferase and s-crystallins of cephalopods: Evolution from active enzyme to lens-
refractive proteins. Journal of Molecular Evolution, 41:1048—1056, 1995.

[197] T.D. Ingolia and E.A. Craig. Four small drosophila heat shock proteins are related to
each other and to mammalian alpha-crystallins. Proceedings of the National Academy
of Sciences of the United States of America, 79:2360–2364, 1982.

[198] W. W. de Jong, J. A. M. Leunissen, and C. E. M. Voorter. Evolution of the alpha-
crystallin/small heat shock protein family. Molecular Biology and Evolution, 10:103–
126, 1993.

[199] J. Piatigorsky and Z. Kozmik. Cubozoan jellyfish: An evo/devo model for eyes and
other sensory systems. International Journal of Developmetnal Biology, 48:719—729,
2004.

[200] Z. Kozmik, J. Ruzickova, K. Jonasova, Y. Matsumoto, P. Vopalensky, I. Kozmikoza,
H. Strnad, S. Kawamura, J. Piatigorsky, V. Paces, and C. Vlcek. Assembly of the
cnidarian camera-type eye from vertebrate-like components. Proceedings of the Na-
tional Academy of Sciences of the United States of America, 105:8989—8993, 2008.

[201] J. Piatigorsky, J. Horwitz, and B. Norman. J1-crystallins of the cubomedusan jellyfish
lens constitute a novel family encoded in at least three intronless genes. Journal of
Biological Chemistry, 268:11894—11901, 1993.

[202] J. Piatigorsky, B. Norman, L. Dishaw, L. Kos, J. Horwitz, P. Steinbach, and Z. Kozmik.
J3-crystallin of the jellyfish lens: Similarity to saposins. Proceedings of the National
Academy of Sciences of the United States of America, 28:12362—12367, 2001.

[203] M. Bloemendal and A. Toumadje. Bovine lens crystallins do contain helical structure.
Biochimica et Biophysica Acta, 1432:234—238, 1999.

153



[204] S. Altschul, A. Madden, T. Madden, A. Schaffer, J. Zhang, Z. Zhang, W. Miller, and
D. Lipman. Gapped blast and psi-blast;a new generation of prtein database search
programs. Nucleic Acids Research, 25:3389—3402, 1997.

[205] E. Gasteiger, C. Hoogland, A. Gattiker, S. Duvaud, M.R. Wilkins, R.D. Appel, and
A. Bairoch. The Proteomics Protocols Handbook, chapter Protein identification and
analysis tools on the ExPASy Server. Humana Press, 2005.

[206] Srivatsan Raman, Robert Vernon, James Thompson, Michael Tyka, Ruslan Sadreyev,
Jimin Pei, David Kim, Elizabeth Kellogg, Frank DiMaio, Oliver Lange, et al. Struc-
ture prediction for casp8 with all-atom refinement using rosetta. Proteins: Structure,
Function, and Bioinformatics, 77(S9):89–99, 2009.

[207] Yifan Song, Frank DiMaio, Ray Yu-Ruei Wang, David Kim, Chris Miles, TJ Brunette,
James Thompson, and David Baker. High-resolution comparative modeling with roset-
tacm. Structure, 21(10):1735–1742, 2013.

[208] Jianyi Yang, Renxiang Yan, Ambrish Roy, Dong Xu, Jonathan Poisson, and Yang
Zhang. The i-tasser suite: protein structure and function prediction. Nature methods,
12(1):7–8, 2015.

[209] Ambrish Roy, Alper Kucukural, and Yang Zhang. I-tasser: a unified platform for
automated protein structure and function prediction. Nature protocols, 5(4):725–738,
2010.

[210] Ronit Freeman and Itamar Willner. Optical molecular sensing with semiconductor
quantum dots (qds). Chemical Society Reviews, 41(10):4067–4085, 2012.

[211] F. Delaglio, S. Grzesiek, G. W. Vuister, G. Zhu, J. Pfiefer, and A. Bax. Nmrpipe: A
multidimensional spectral processing system based on unix pipes. Journal of Biomolec-
ular NMR, 6:277—293, 1995.

[212] W. F. Vranken, W. Boucher, T. J. Stevens, R. H. Fogh, A. Pjon, M. Llinas, E. L.
Ulrich, J. L. Markley, J. Ionides, and E. D. Laue. The ccpn data model for nmr
spectroscopy: Development of a software pipeline. Proteins, 59(4):687—696, 2005.

[213] Ye Li, Vassiliy Lubchenko, and Peter G Vekilov. The use of dynamic light scattering
and brownian microscopy to characterize protein aggregation. Review of Scientific
Instruments, 82(5):053106, 2011.

[214] Stephan Grzesiek and AD Bax. Improved 3d triple-resonance nmr techniques applied
to a 31 kda protein. Journal of Magnetic Resonance (1969), 96(2):432–440, 1992.

154


	LIST OF FIGURES
	LIST OF TABLES
	ACKNOWLEDGMENTS
	CURRICULUM VITAE
	ABSTRACT OF THE DISSERTATION
	Significance of rapid, in silico discovery of novel proteins from the carnivorous plant Drosera capensis 
	Genomic DNA assembly and gene discovery 
	Feature annotation
	Structure prediction, equilibration and Protein Structure Network (PSN) Analysis 
	Experimental validation


	In silico structure prediction and network analysis of chitinases from Drosera capensis 
	Background
	Materials and Methods
	Two Distinct Families of Carnivorous Plant Chitinases Are Found in D. capensis
	Sequence Alignment and Prediction of Putative Protein Structures
	Preliminary Structural Models and In silico Maturation
	Network Modeling and Analysis

	Results
	D. capensis Chitinases are Predicted to Adopt Folds Consistent with Active Enzymes
	The Novel Class IV Chitinase DCAP_0533 Has Two Functional Domains
	Description of a Novel Two-Domain Class IV Chitinase
	Network Analysis Shows Substantial Topological Differences by Family and within Proteins

	Conclusion

	 Insights into esterase/lipases, phospholipases and nucleases from the carnivorous plant Drosera capensis
	Protein structure networks provide insight into active site flexibility in esterase/lipases from the carnivorous plant Drosera capensis
	Background
	Methods
	Results and Discussion
	Conclusion

	The Phospholipases Found in D. capensis Form Four Clusters with Homology to Known Sequences
	Nucleases from Drosera capensis

	Sequence comparison, molecular modeling, and network analysis predict structural diversity in cysteine proteases from the Cape sundew, Drosera capensis
	Background
	Cysteine Protease Sequence Analysis
	Results and Discussion
	D. capensis Cysteine Proteases Cluster Into Distinct Families Based on Resemblance to Known Homologs
	Residues Conserved in D. capensis Cysteine Proteases Include Active Sites and Important Sequence Features
	Some Cysteine Proteases Are Targeted to Specific Locations
	Several Discovered Proteases Possess Novel Granulin Domains

	Conclusion

	Leveraging molecular modeling, experimental chemistry and bioinformatics to study amyloid fibril kinetics
	Introduction
	Network-based Classification and Modeling of Amyloid Fibrils
	Methods
	 Fibril Nomenclature Rules for Chords
	Results and Discussion
	Experimental Validation of the Predicted Statistical Model: in vitro Amyloid Fibril Kinetics


	Biophysical characterization and solution-state NMR assignments of J2 crystallin: Novel eye lens protein from the box jellyfish
	Background
	Materials and Methods
	Expression and purification of 15N-labeled and 13C-labeled J2-crystallin
	NMR experiments

	Results and Discussion
	Biophysical characterization of J2-crystallin reveals a stable protein 
	Backbone assignment of J2 crystallin using Nuclear Magnetic Resonance
	J2 Crystallin triple resonance backbone assignment

	Conclusion

	Bibliography



