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Abstract

Background—Known linear knottins are unsuitable as scaffolds for oral peptide drug due to
their gastrointestinal instability. Herein, a new subclass of knottin peptides from Porifera is
structurally described and characterized regarding their potential for oral peptide drug
development.

Methods—Asteropsins B-D (ASPB, ASPC, and ASPD) were isolated from the marine sponge
Asteropus sp. The tertiary structures of ASPB and ASPC were determined by solution NMR
spectroscopy and that of ASPD by homology modeling.

Results—The isolated asteropsins B-D, together with the previously reported asteropsin A
(ASPA), compose a new subclass of knottins that share a highly conserved structural framework
and remarkable stability against the enzymes in gastrointestinal tract (chymotrypsin, elastase,
pepsin, and trypsin) and human plasma.

Conclusion—Asteropsins can be considered as promising peptide scaffolds for oral
bioavailability.

General significance—The structural details of asteropsins provide essential information for
the engineering of orally bioavailable peptides.
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1. Introduction

Peptides are attractive drug candidates because of their potent biological activities as well as
high target specificities [1]. However, the short in vivo half-lives of peptide therapeutics
remain a major issue. In particular, oral delivery, which provides improved patient
compliance, remains a primary target of peptide drug development. Recently, head-to-tail
cyclized knottins (cyclotides) have been placed in the spotlight as novel scaffolds for oral
peptide drug administration because of their extraordinary proteolytic stability and relatively
straightforward chemical and recombinant syntheses [2-5].

Knottin peptides share a rigid molecular disulfide arrangement (111-VI through -1V, 11-V),
also called a “knot’, and a triple-stranded antiparallel 3-sheet fold. In late 2004, the knottin,
w-conotoxin MVIIA (or ziconotide) from the cone snail Conus magus became the first fully
approved drug obtained directly from the marine environment for the treatment of chronic
pain [6]. Several other knottins are currently undergoing preclinical or phase 1/11 clinical
trials for the treatment of pain related diseases [7]. In addition to their potential as drug
candidates, the use of knottins, especially cyclotides, has been extended to peptide
engineering for the development of protease-resistant ligand scaffolds [3,4,8-12]. The
cyclotide kalata B1, which exhibits stability towards pepsin, trypsin, and chymotrypsin, is a
promising scaffold for the development of orally effective peptide drugs; however, the oral
bio-availability of kalata B1 was found to be dramatically reduced when its head-to-tail
cyclization was not performed [3,4]. The linear knottins from squash (SE-EM and SE-EP),
human agouti related protein (SE-AGAZ), and even hybrid recombinant knottins (SE-ET-
TP-020 and SE-MC-TR-020) were found to be extensively degraded by chymotrypsin or
trypsin [13-15]. The approved drug ziconotide, which is a linear knottin, is also unstable to
trypsin, and thus, must be administered intrathecally [16,17]. In a recent study by Clark et
al., it was found that the cyclic product obtained by cyclizing a 16-residue conotoxin with a
hydrophobic linker consisting of six aliphatic amino acids was orally effective, whereas the
linear native conotoxin remained orally ineffective [18]. Linear knottins reported so far are
not suitable as scaffolds for oral delivery, although their syntheses are less complicated
because they do not require an additional step for head-to-tail cyclization.

Knottins have been reported in many organisms, though most have been discovered in
spider or cone snail venoms. Relatively few marine-derived knottins have been discovered
in sources other than cone snails. In 2006, Fusetani et al. first identified asteropine A (APA,
a bacterial sialidase inhibitor) in the marine sponge Asteropus simplex [19]; and later, we
isolated asteropsin A (ASPA) from the same sponge genus and validated Porifera as a
source of unusual knottin-like peptides [20]. The N-terminal modification, absence of basic
residues, the cis conformation of prolines of ASPA and its unique bioactivity distinguish it
from other reported knottins.

Herein we report three unusual knottin-like peptides, asteropsins B-D (ASPB, ASPC and
ASPD) from the same sponge Asteropus sp. In addition to their moderate sequence
homologies, NMR derived solution structures revealed that these sponge-derived peptides
have highly conserved tertiary structures. Asteropsins A-D share several conserved residues
at special locations that are likely to maintain structural stability. In addition, N-terminal
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blocking and the absence of basic residues make them inherently stable to aminopeptidases
and trypsin. In our evaluation of their proteolytic resistances against major gastrointestinal
proteases (chymotrypsin, elastase, pepsin, and trypsin) and human plasma, all four
asteropsins exhibited notable resistance, which suggests that they can be utilized as novel
linear knottin scaffolds for orally delivered peptide drugs.

2. Materials and methods

2.1. Animal material and peptide purification

The marine sponge Asteropus sp. (2.4 kg, wet weight) was collected by hand at a depth of
20 m in 2006 off the coast of Geoje Island, Korea, and stored at —20 °C until used. The
frozen sponge (2.4 kg, wet weight) was extracted with MeOH at room temperature, and the
extract (166 g) was then partitioned between water and CH,Cl, (1:1, v/v). The aqueous layer
was further partitioned with BUOH and water (1:1, v/v), and the organic layer (5.1 g)
obtained was subjected to step-gradient MPLC (ODS-A, 120 A, S-30/50 mesh) using 20—
100% methanol as eluant. Asteropsins B-D (7.5, 68, and 2.7 mg, respectively) were purified
by reversed-phase HPLC equipped with an RI detector (YMC ODS-H80 column 250 mm x
10 mm, i.d. 4 um, 80 A) using 60% MeOH + 0.2% HCOOH at a flow rate of 1 mL/min.

2.2. Reduction and alkylation of peptides

A portion of each peptide (100 pg) was dissolved in 100 pL of denaturation buffer (7 M
guanidine hydrochloride in 0.4 M Tris-acetate-EDTA buffer, pH 8.3) and 10 pL of 45 mM
dithiothreitol (DTT) was then added. The mixture was incubated at 60 °C for 90 min and
then 20 pL of 100 mM iodoacetamide was added and incubated at room temperature for 45
min. The reaction mixture was purified by reversed-phase HPLC equipped with a UV
detector (Waters ODS-2 column 250 mm x 4.6 mm, i.d. 5 um; wavelength: 220 nm) using a
linear gradient (30-80% solvent B; solvent A: H,O + 0.1% TFA, solvent B: 90% ACN +
0.1% TFA) to afford hexacarboxamidomethyl derivatives (m/z4267.7 [M + Na]*, 4135.7
[M + Na]*, and 3774.3 [M + H]* for ASPB, ASPC, and ASPD, respectively).

2.3. MALDI-TOF MS

Each peptide (0.1 mg) was dissolved in DMSO and then diluted tenfold with a-cyano-4-
hydroxycinnamic acid matrix solution (7 mg/mL in 50% ACN, 0.1% TFA). Then, 1 uL of
each sample/matrix solution was spotted onto a MALDI plate and inserted into a MALDI-
TOF unit (Applied Biosystems 4700 proteomics analyzer, Framingham, MA).

2.4. N-terminal deblocking and sequence analysis

The hexacarboxamidomethyl derivatives (<30 ug) of asteropsins B-D were digested with 2
mU of pyroglutamate aminopeptidase (Takara Bio Inc., Shiga, Japan) dissolved in 100 pL of
supplied buffer (50 mM sodium phosphate buffer containing 10 mM DTT and 1 mM EDTA,;
pH 7.0) containing 5% glycerol at 50 °C for 10 h. Digests were desalted with a sample
preparation cartridge (Prosorb, Applied Biosystems, Foster City, CA), and subjected to
automatic Edman degradation in a protein sequencing system (Procise 491; Applied
Biosystems). Sequence analysis was performed at KBSI (Korea Basic Science Institute,
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Seoul). Sequence alignment was performed using the program ClustalX (ver. 2.0, http://
www.clustal.org).

2.5. NMR spectroscopy

ASPB and ASPC were dissolved in DMSO-dg and CD30H (Sigma Aldrich Chemical Co.,
St. Louis, MO, USA), respectively, degassed, and topped with argon to minimize moisture
absorption. Residual hydroxyl signal suppression was achieved using a standard
presaturation method. Standard experimental parameters were used for the acquisition of
HSQC (Adiabatic Decoupling), z-TOCSY (DIPSI, mixing time = 80 ms), DQF-COSY, and
NOESY (mixing time = 100 and 300 ms) using Varian 900 and 600 MHz (13C = 150 MHz)
INOVA at 298 K with reference to the internal lock signal. Processing was completed using
NMRpipe (ver. 5.5, NIH) and chemical shift analysis using SPARKY (ver. 3.114, UCSF)
[21], with spectra image rendering using MestReNova (ver. 6.2.0, MestreLab Research
S.L.).

2.6. Structure calculations

Interproton distance constraints were obtained from the 100 ms and 300 ms mixing time
NOESY spectra recorded in DMSO-dg or CD30H for ASPB and ASPC, respectively.
NOESY spectra were analyzed with the program SPARKY [21]. Cross peaks were
categorized into four classes by peak intensity (2.5, 3.0, 4.0, and 5.0 A, which corresponded
to strong, medium, weak, and very weak correlations). Pseudo-atoms were applied for
methyl, non-stereospecifically assigned methylene, and aromatic protons according to a
standard method [22]. Dihedral angle constraints were generated from 3Jyp.pq, Values > 8.0
Hz in DQF-COSY. Hydrogen bond restraints were collected by long-range NOE
correlations together with hydrogen—deuterium exchange experiments using CD30OH and
CD30D as solvents. In addition, chemical shift indices (CSI) [23,24] were used to determine
secondary structures.

Solution structural calculations were initially performed by CYANA 2.1 [25] using distance,
dihedral angle, and hydrogen bond constraints, and further refined by simulated annealing
within CNS 1.3 [26]. A final set of 200 structures was calculated within the CNS program,
and the 20 structures with lowest energies and no residual restraint violations were used to
represent the solution structures of the peptides. The calculated three-dimensional structures
were analyzed with the program PYMOL [27] and MOLMOL [28]. Structure qualities were
validated by the PSVS (protein structure validation software suite) server (http://psvs-1_4-
dev.nesg.org/) [29]. The solution structures of ASPB and ASPC have been deposited in the
RCSB Protein Data Bank (PDB ID: 2LZX and 2LZY, respectively).

2.7. Homology modeling of ASPD

Prediction including loop refinement of ASPD was performed in Prime (Schrédinger, LLC)
using the solution structure of ASPC (PDB ID: 2LZY), its closest sequence homolog, as a
template. The ASPD model obtained was further refined using ModRefiner [30], and energy
minimization was performed by CHARMmM force field. The resulting model was analyzed
using PYMOL [27] and PSVS server (http://psvs-1_4-dev.nesg.org/) [29].
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2.8. Gastrointestinal enzymatic stability of asteropsins A-D

Enzymatic degradations by chymotrypsin (Sigma C3142, 54 BTEE units/mg), elastase
(Sigma E7885, 4 N-succinyl-L-Ala-Ala-Ala-p-nitroanilide units/mg), and trypsin (Sigma
T4799, 1753 BAEE units/mg) were performed at protease concentrations typically found in
human intestinal fluid [31]. Each peptide (100 pL of 1 mg/mL in 100 mM Tris—HCI buffer,
pH 7.6) was added to: 200 pL of chymotrypsin (0.76 mg/mL in 100 mM Tris—HCI buffer
containing 10 mM CaCl,, pH 7.6), 200 L of elastase (0.0625 mg/mL in 100 mM Tris—HCI
buffer containing 1% KCI, pH 7.6), or to 200 uL of trypsin (2.78 mg/mL in 100 mM Tris—
HCI buffer, pH 7.6). For pepsin (Sigma P7000, 250 hemoglobin units/mg) degradation,
peptide samples were prepared in 0.08 M HCI (the pH was adjusted to 2 with 1 M NaOH)
containing 30% MeOH. Each peptide solution (100 uL) was added to 200 L of pepsin (2.4
mg/mL in 0.08 M HCI, pH 2). The peptide—enzyme solutions were incubated at 37 °C with
agitation (160 rpm). At predetermined time points (0, 5, 15, 30, 60, 120, and 240 min),
aliquots (40 L) were withdrawn and enzymatic reactions were stopped immediately by
adding 0.1% TFA (40 L) to intestinal protease solutions and by adding 0.1 M NaOH (40
pL) to pepsin solution. Insulin (1 mg/mL, prepared in 0.1 M NaHCOg for intestinal
proteases; and in 0.08 M HCI for pepsin) was used as a reference standard for enzyme
activities. Reaction mixtures were analyzed by reversed-phase HPLC using a UV detector
(YMC ODS column 250 mm x 4.6 mm, i.d. 5 um; wavelength 220 nm) at a flow rate of 0.5
mL/min using linear gradient elution (30-80% solvent B; solvent A: H,0 + 0.1% TFA,
solvent B: 90% ACN + 0.1% TFA).

2.9. Plasma stability of asteropsins A-D

To 400 pL of human plasma (Sigma), 100 pL of peptide (1 mg/mL in 200 mM Tris-HCI
buffer, pH 7.6) was added. The peptide—plasma solution was incubated at 37 °C while
shaking (160 rpm) during the sampling period. At different time points (0, 30, 60, 120, and
240 min), 50 pL of reaction sample was taken out and quenched to precipitation by MeOH
(50 uL). The precipitate was removed by centrifugation at 13500 rpm for 20 min. The
supernatant was analyzed by reversed-phase HPLC using a UV detector (YMC ODS column
250 mm x 4.6 mm, i.d. 5 pm; wavelength: 220 nm) at a flow rate of 0.5 mL/min with a
linear gradient elution (30-80% solvent B; solvent A: H,O + 0.1% TFA, solvent B: 90%
ACN + 0.1% TFA).

3. Results

3.1. Sequence analysis

Asteropsins B-D (ASPB, ASPC, and ASPD) were isolated from the MeOH extract of the
marine sponge Asteropus sp. by solvent partitioning followed by reversed-phase HPLC. The
MALDI-TOF MS of asteropsins B—D exhibited monoisotopic pseudomolecular ion peaks at
Mz 3919.5 [M + Na]*; 3787.5 [M + Na]*; and 3426.2 [M + H]*, respectively. Previously
isolated pyroglutamy! dipeptides [32] and asteropsin A (ASPA) [20] from the same sponge
aided confirmation of the presence of a pyroglutamyl ring NH (8 7.82—7.84 ppm) based on
signal shape, chemical shift, and HMBC (DMSO-dg) correlations. NMR evidence and
difficulties with traditional sequence analysis indicated that the N-terminus of each peptide
was blocked by a pyroglutamic acid (pGlu). Amino acid analyses and initial NMR spectral
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interpretations indicated that asteropsins B—-D were composed of common amino acids with
several disulfide bonds. Thus, before sequence analysis, pretreatments were required for
disulfide bond reduction and N-terminal deblocking. Asteropsins B-D were reduced with
dithiothreitol and alkylated with iodoacetamide to afford corresponding
hexacarboxamidomethyl derivatives (mVz4267.7 [M + Na]*, 4135.7 [M + Na]*, and 3774.3
[M + H]*, respectively), indicating the presence of three disulfide bonds per molecule.
Derivatives were then digested with pyroglutamate aminopeptidase to remove N-terminal
pGlu prior to Edman degradation sequence analysis. Sequence alignments of asteropsins B—
D versus ASPA are shown in Fig. 1.

3.2. Secondary structures of ASPB and ASPC

As ASPB and ASPC were virtually insoluble in pure water or low pH buffers, DMSO-dg
and CD30H were used to record 2D NMR spectra of ASPB (600 MHz) and ASPC (900
MHz), respectively. Sequence-specific resonance assignments were made using the standard
method for small proteins [22] using SPARKY [21]. NOE distance constraints, 3Jnn-Hq
values, and chemical shift indices (CSI) [23,24] supported the assignment of three
antiparallel p-sheets of ASPB (Ser®-Asn!!, Leu?3-Pro?7, and Asp31-Tyr36), and ASPC
(Glu®-Aspll, Thr22-Pro2®, and Tyr29-Tyr33) (Fig. 2). Turns were identified by characteristic
distances of backbone protons [22] knowing that the relationship between C%(i) and C%(i +
3) is <7 A [33]. B-Turn types (turn | and turn 11) were classified as described by Wilmot and
Thornton [34]. As a result, short type | B-turns were identified in ASPB (Vall2-Tyr15 and
Gly?8-Pro3%) and ASPC (Gly2® and Asp?). As expected, the secondary structure of ASPB
was consistent with that of previously isolated ASPA due to the 97% sequence homology
between the two peptides.

The disulfide arrangements of ASPB and ASPC were initially presumed to be identical to
that of ASPA (I-1V, I1-V, and 111-V1) based on sequence framework similarities verified by
experimental NOE correlations. NOE correlations between CPH-CPH and C®H-CPH
indicated the presence of a disulfide bonding pattern (dgs < 4.0 A, 95.7% of cysteines form a
pair, dgg < 5.0 A, 88.8%) [35]. ASPB exhibited CPH-CPH NOE correlations between
Cys3/Cys18, and between Cysl7/Cys34, and C“H-CPH NOEs of Cys3/Cys!8 and Cysl’/
Cys34, which strongly suggested Cys3—Cys!8 and Cysl7—Cys34 cysteine pairs. Thus, by
default, the third disulfide bond was located between Cys? and Cys?>. ASPC showed CPH-
CPH NOEs of Cys3/Cys!® and Cys!7/Cys32, and C“H-CPH NOEs of Cys3/Cys!8, indicative
of Cys3—Cys18, Cys10-Cys?3, and Cysl’-Cys32 disulfide pairings. A range of additional
CH-CPH NOEs between cysteines (ASPB: Cys34/Cys25; ASPC: Cysl7/Cys3, Cysl7/Cysl8,
Cys32/Cys?3) that was inconsistent with typical disulfide connectivity were also observed.
However, analysis of the possible disulfide bonding patterns by calculating the S-S
distances (A) from the structures without disulfide bond restraints further supported that
both ASPB and ASPC conformed I-1V, 11-V and 111-V1 disulfide pairings (Table S1).

The cis-trans conformation of the Pro residues was determined by Ag ,(S[*3CF] - 8[*3C™])
chemical shift differences [36] and NOE analysis [22]. ASPB and ASPC were found to have
two highly conserved cis prolines (Pro?” and Pro% in ASPB; and Pro2® and Pro?8 in ASPC)
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located at the end of the second and before the third -strands, respectively; this
conformation was also conserved in ASPA [20].

3.3. Solution structures of ASPB and ASPC

The solution structures of ASPB and ASPC were initially calculated by CYANA 2.1 [25]
using distance, dihedral angle, and hydrogen bond constraints, and further refined by
simulated annealing within CNS 1.3 [26]. For each peptide, the 20 structures with lowest
energies and no residual restraint violations were selected to represent solution structures
(Fig. 3). Structure qualities were validated using the PSVS server (http://psvs-1_4-
dev.nesg.org/) [29]; statistics are detailed in Table 1. The Ramachandran plot of ASPB from
Richardson Lab’s Molprobity (integrated in PSVS) showed 91.3% in the most favored
region and 8.7% in the allowed region. For ASPC, these values were 84.4% and 15.6%,
respectively.

The average root-mean-square deviations (RMSDs) of ASPB (residues 2—-37) were 0.02 A
for backbone atoms, and 0.47 A for all heavy atoms (N, C%, C). The solution structure of
ASPB matched that previously reported for ASPA, with exception to slight structural
differences, especially in the loop 3 region (Pro!®-Gly22), which may have resulted from
their acquisition in different solvent environments.

The RMSDs of the backbone and heavy atoms of ASPC (residues 2-35) were 0.13 A and
0.46 A, respectively. Although its ASPA sequence homology is relatively low compared to
other asteropsin analogs, ASPC still exhibited tertiary structures similar to ASPA [backbone
RMSDs: 0.88 A for residues 3-17 (loops 1 and 2) and 0.48 A for residues 21-33 (loop 4)],
and ASPB [backbone RMSDs: 1.02 A for residues 3-17 (loops 1 and 2) and 0.71 A for
residues 21-33 (loop 4)]. The solution structures of ASPB and ASPC have been deposited in
the RCSB PDB (ID: 2L.ZX and 2LZY, respectively).

3.4. Homology modeling of ASPD

Because the amount of ASPD isolated was not sufficient for a NMR-based structure
elucidation, its tertiary structure was built by homology modeling using the solution
structure of ASPC (PDB ID: 2LZY) as a template, and further refined by ModRefiner [30].
According to the sequence alignment analysis (Fig. 1), ASPD displayed 57% sequence
homology with ASPC, which provided sufficient identity to carry out homology modeling.
The minimized total energy of the ASPD model refined by a CHARMmM force field was
-1388.09 kcal/mol. The final conformer was validated using a Ramachandran plot. This
showed 93.3% in the most favored region with 6.7% in the allowed region. According to the
homology model, ASPD forms three anti-parallel B-sheets composed of the residues Glu®-
llell, Arg?2-Pro25, and Gly29-Tyr32 (Fig. 4). The homology model of ASPD was highly
comparable to ASPA [backbone RMSDs: 1.11 A for residues 3—-17 (loops 1 and 2) and 0.64
A for residues 21-31 (loop 4)], ASPB [backbone RMSDs: 1.28 A for residues 3-17 (loops 1
and 2) and 0.54 A for residues 21-31 (loop 4)], and ASPC [backbone RMSD: 0.83 A for
residues 1-31].
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3.5. Description of tertiary structures

Several structural aspects are shared by asteropsins B-D. They have hemispherical tertiary
structures. Their anti-parallel f-sheets are reinforced by two (I11-VI and 11-V) of the three
disulfide bridges that lie at their centers with their third disulfide bridge closer to the surface
near the N-terminus (Figs. 3 and 4).

In addition to N-terminal pGlu and six Cys, asteropsins A-D share several other conserved
residues at specified locations. The first p-sheet is always located between Gly'-Glu'' and
Val'!l; the second p-sheet ends with a cis-Pro'V followed by GlyV; the third B-sheet starts
after another cis-Pro¥! and always contains a conserved GlyV!! residue (Fig. 5A). According
to the tertiary structures of asteropsins A-D, the distances of dyn-o(Gly!,Cys'),
dun-o(CysV!,Glu), dy-o(Val''! ProV), dyn-o(Cys' ,GlyV!Y), and dun.o(GlyY!, Cys!!) were
<3 A, indicating the possible presence of backbone H-bonds. These seven conserved
residues, which protect the secondary structures, are most likely to provide an H-bond
network within the cystine knot and are a key structural support of the asteropsins.

The N-terminal pGlu, Phe in loop 2, and Tyr near the C-terminus are highly exposed to the
solvent, which are not considered necessary for the structural maintenance of asteropsins.
The most significant structural differences among asteropsins A—D were observed within the
region of loop 3 (Fig. 5B), thus, the conserved trans-Pro residue in this region was excluded
in consideration for being the residue involved in the structural integrity of asteropsins.
Residue variations at other locations do not substantially affect the structural framework of
asteropsins, which is supported by highly conserved tertiary structures with average
backbone RMSDs < 1 A between each other (Fig. 5B). Thus, the conserved sequence pattern
of-Cl - GIE”(—C”—)BlV”I _cliicvZ (—CV— PIV)BZGV_ pVi (_GVII _ CVI—)B3—| together
with a tightly knotted disulfide core, is speculated to maintain the tertiary structural
framework of asteropsins.

3.6. Enzymatic stabilities of asteropsins A-D

Considering the potential biological activity of asteropsins, and their utilities for the oral
delivery of peptide drugs like kalata B1 [3,4], we examined the stabilities of asteropsins A—
D in the presence of chymotrypsin, elastase, pepsin, or trypsin at concentrations present in
human intestinal fluid [31]. Insulin was used as the reference standard to estimate enzyme
activities. Asteropsins A-D were found to be stable in the presence of chymotrypsin,
elastase, and pepsin for up to 4 h, whereas insulin was completely degraded in less than 5
min by chymotrypsin and pepsin, and degraded over 60% by elastase within 4 h (Fig. 6A—
C). Because asteropsins A—C do not contain basic residues (Arg, His, or Lys), they do not
have a trypsin cleavage site. Thus, only ASPD, which contains Arg, was tested. It was found
to be unaffected by exposure to trypsin for 4 h (Fig. 6D).

The stability of asteropsins in human plasma was also investigated, and asteropsins A-D
showed remarkable stability up to 4 h (Fig. 7).
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4. Discussion

In the present study, we describe three new knottin-like peptides, which were isolated from
the marine sponge Asteropus sp. The solution structures of ASPB and ASPC were
determined using NMR techniques, whereas the tertiary structure of ASPD was derived by
homology modeling. With the exception of cystine arrangements, asteropsins bear little
sequence resemblance to other reported knottins. Asteropsins B-D and the previously
reported ASPA compose a new knottin subfamily with unique features of N-terminal
blocking, a highly acidic nature, conserved structurally important residues including two cis-
prolines, and henceforth highly conserved tertiary structures. As is common for many
knottins, the side chains of most residues in asteropsins appear to radiate out from the center
of the structure where the disulfide bridges are located, which may increase their interaction
with receptor proteins.

Regarding peptide sequences, the four asteropsins have different lengths, and possess a
number of different residues, but their tertiary structures are highly comparable. Significant
structural deviations are avoided by the length of sequence variances, especially within the
coil regions of loop 3 (Fig. 5B). To draw an analogy, the six disulfide-crosslinked Cys
residues and the seven highly conserved residues function as ‘nails’ that determine the
spatial disposition of the main scaffold, whereas other residues act rather like ‘elastic bands’
around these loci. The identification of the conserved residues that primarily determine the
structures of asteropsins is important in the contexts of structure—activity relationships
(SARs) and peptide engineering with respect to the developments of bioactive peptides that
conserve tertiary structure.

4.1. Structure—activity relationships (SARs) of ASPA and ASPC with respect to neuronal

Ca?* influx

During our investigations of the effects of ASPA and ASPC on neuronal CaZ* influx, it was
found that ASPA significantly enhanced veratridine-induced Ca2* influx in murine
cerebrocortical neuron cells at an ECsgq value of 14 nM [20]. However, despite a similar
sequence pattern and a highly comparable tertiary structure (Fig. 5), ASPC was found to
have no effect on neuronal Ca?* influx (data not shown). Thus, the different effects of
ASPA and ASPC on neuronal Ca2* influx are probably due to their sequence gap.

Because of the relatively large sizes of knottins, most interactions between knottins and
target proteins are attributable to surface exposed residues. Thus, the distribution of active
residues in relatively confined regions should be important to determine binding affinities.
This is supported by the reported crystal structures of knottin—protein complexes [37-40],
and by SAR studies of m-conotoxin MVIIA [41,42], hainantoxin IV [43], and kalata B1
[44], which showed that all possess a clustered target protein binding region (Fig. 8A and
B). Thus, we compared the surface profiles of ASPA and ASPC. In ASPA, Glu®, Glu8, Ser?,
Asp31, and Thr33 were distributed on the hemispherical face comprising a clustered
hydrophilic polar patch, and a surrounding hydrophobic region composed of Phe®, Phel4,
Tyrl5 Leu??, 11e26, and Tyr3°-Leud’ (Fig. 8C). These clustered potent active residues could
increase binding affinity between ASPA and Na* channels. On the contrary, ASPC displays
quite a different surface profile. In ASPC, hydrophobic TyrZ® and Ile3! replace acidic Asp3!
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and polar Thr33 of ASPA, respectively, and prevent the peptide from forming a hydrophilic
region. In addition, ASPC is deficit in the residues (such as Phe®, Tyr5, and Leu?! of
ASPA) required to form a hydrophobic region in the same location as ASPA (Fig. 8D).
These surface property differences possibly explain the inability of ASPC to induce
neuronal Ca%* influx.

4.2. Potential of oral administration

Oral delivery remains the most convenient and compliant method of administering drugs;
however, designing orally bioavailable peptide delivery systems has been a persistent
challenge to pharmaceutical scientists because of their susceptibility to gastrointestinal
enzymatic degradation. Constrained macrocyclics like the cyclotides have extraordinary
chemical, thermal, proteolytic stabilities [3,4], and cell-penetrating abilities [45,46], which
make them attractive scaffolds for peptide-based oral drugs.

On the contrary, linear knottins did not get the spotlight for orally bioavailable peptide
scaffolds because their gastrointestinal stabilities are much lower [13-15]. The presence of
N-terminal pGlu and the absence of basic residues make asteropsins inherently stable to
aminopeptidase and luminally secreted trypsin, which indicated their potential for an oral
peptide drug carrier. In our investigation of gastrointestinal enzymatic stability towards
chymotrypsin, elastase, pepsin, and trypsin, asteropsins A-D exhibited almost complete
resistance against each enzyme within a time span of 4 h (Fig. 6). To be utilized for oral
drug delivery, a carrier should not affect the gastrointestinal enzymatic activities, for
protecting their normal biological functions. In chymotrypsin or trypsin inhibitory assays,
both ASPA and ASPC showed no effects up to the concentration of 100 pg/mL, indicating
their gastrointestinal enzymatic resistance was not caused by enzyme inhibition. Indeed, the
asteropsins are the first linear knottin family members found to resist proteolysis by these
four major gastrointestinal enzymes.

Furthermore, asteropsins A—-D were remarkably stable in human plasma (Fig. 7), which
assures their longer half-life in the circulatory system. ASPA and ASPC also exhibited
exceptional proteolytic and thermal stability against proteinase K (from Tritirachium album;
50 °C, up to 48 h) and thermolysin (from Bacillus thermoproteol yticus Rokko; 65 °C, up to
12 h), indicative of their ultrastable structural properties. Asteropsins A-D showed no
cytotoxicity against five human solid tumor cell lines (up to 30 pg/mL, A-549, SK-OV-3,
SK-MEL-2, XF-498, and HCT-15) (Table S2); and ASPA and ASPC elicited no toxic
effects or behavior changes in mice [i.p. 40 ug/g] or chicks [i.c.v. 60 ug/g] suggesting that
they are acceptable as a potential inert drug carrier. Cystine knot peptides are known to
show good permeation through rat intestinal mucosa [13,14]. However, further studies on
the cell-penetrating ability of asteropsins are necessary because the drug efficacy is also
modulated by their ability to cross the cell membranes.

The cyclotide kalata B1 is a popular choice for drug design and peptide engineering in the
context of oral administration [3,4]. However, the recombinant production and chemical
synthesis of kalata B1, as well as other cyclotides, require two post-synthetic processing
steps involving the formation of three disulfide bonds and head-to-tail cyclization. Although
some effective biochemical approaches have been developed for one-pot folding and
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backbone-cyclization of cyclotides [5], the synthesis of asteropsins will be inherently more
efficient (higher yield) due to less reaction steps.

Summarizing, we report three unusual knottins, asteropsins B—-D, from the marine sponge
Asteropus sp., which with the previously reported ASPA, compose a new knottin subfamily
that feature N-terminal blocking, a highly acidic nature, and two cis-prolines. The three-
dimensional structures of ASPB and ASPC were determined using solution NMR
techniques, whereas the tertiary structure of ASPD was determined by homology modeling.
Despite moderate sequence homologies, asteropsins A-D share a highly conserved structural
framework due to the presence of a rigid disulfide core and seven conserved residues at
specific locations. These asteropsins are the first linear knottin family members found to be
stable in gastrointestinal tract as well as human plasma. These findings suggest that these
asteropsins could be utilized as novel scaffolds for orally delivered peptides. Furthermore,
the identification of residues responsible for structural maintenance provides essential
information for SAR studies and for the peptide engineering of asteropsins.
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ASPB EFYPCCPGLGLTCIPGNPDGTCYYL

ASPC ,FNPCCP. . PLTCIPG]D ICYII

ASPD FYDCCP. .GYRCY|PGD IEY. .

ASPA FYPCCPGLGLTCIPGNPPDGTCYYL
Loop 1 Loop 2 Loop 3 Loop 4

Fig. 1.
Sequence alignments of asteropsins A-D (ASPA, ASPB, ASPC, and ASPD). The disulfide

bonds are connected by solid lines. Residues: red = acidic, blue = basic, yellow = Cys,
purple = Pro. X = pyroglutamic acid. The seven conserved residues involved in structural
maintenance are marked with boxes, and the loops indicate the residues comprising
polypeptide backbones between two Cys residues. Sequence alignment was performed with
ClustalX 2.0.
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Secondary structure elements of ASPC. (A) Summary of sequential and medium range NOE
correlations (Ji°=°j| < 5), hydrogen—deuterium exchange experiments, 3Jyu-nq ((Jan) Values,
and chemical shift indices (CSI). NOE intensities are grouped into 4 classes (2.5, 3.0, 4.0,
and 5.0 A) and are represented by the thicknesses of solid lines. Thicker lines indicate
stronger NOE correlations. Open circles indicate the amide protons observed in 1H and
TOCSY spectra recorded in CD30D (500 MHz). Solid circles indicate the positions

where 3Jyy.He Values are larger than 8 Hz. Consensus results of CSI derived from C“H, C,
and CP chemical shifts of ASPC are indicated by a ternary index with values of -1, 0 and
+1. The arrows at the top of the figure indicate the positions of p-sheets as determined by a
combination of strong sequential d,n, Weak dyp, non-exchanged amide protons, large
3JINH-Hq Values, and a CSI value of +1. (B) Long-range NOE correlations (Ji°-°j| = 5) and
H-bonds of the triple-stranded antiparallel § sheet region in ASPC. NOE correlations and H-
bonds are indicated by solid arrows and dashed lines, respectively.
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ASPB ASPC ASPA

ASPB ASPC ASPA

Fig. 3.
Solution NMR structures of ASPB, ASPC, and ASPA. (A) Overlapped 20 lowest-energy

NMR structures representing solution structures of ASPB (left), ASPC (middle), and ASPA
(right). The side chain of N-terminal pGlu (PCA) is modeled using sticks and labeled. The
seven conserved residues involved in structural maintenance in each peptide are labeled and
colored red; their side chains are modeled using sticks. Six Cys residues and disulfide bonds
are colored yellow. The average root-mean-square deviations (RMSDs) calculated for
residues 2-37 of ASPB were 0.02 A for backbone atoms, and 0.47 A for all heavy atoms (N,
C¢, C). RMSDs calculated for residues 2—35 of ASPC were 0.13 A for backbone atoms and
0.46 A for all heavy atoms. (B) Lowest energy solution structures of ASPB [PDB ID:
2LZX], ASPC [PDB ID: 2LZY], and ASPA [PDB ID: 2LQA]. The three disulfide bonds
and B-sheets are colored yellow and blue, respectively. The six Cys residues are labeled. The
figure was drawn using PYMOL.
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Fig. 4.
Homology model of ASPD using ASPC [PDB ID: 2LZY] as a template. (A) Ribbon

representation of the homology model of ASPD. The N-terminal pGlu (PCA) side chain is
modeled using sticks and labeled. The seven conserved residues involved in the structural
maintenance are labeled and colored red; their side chains are modeled using sticks. The six
Cys residues and disulfide bonds are colored yellow. (B) Cartoon representation of the
refined homology model of ASPD. The three disulfide bonds and -sheets are colored
yellow and blue, respectively. The six Cys residues are labeled. The figure was drawn using
PYMOL.
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Fig. 5.
(A) Conserved structure-maintaining sequence pattern of asteropsins A-D. The residues

with superscript represent the conserved residues. The disulfide bonds are connected by
solid lines, and three B-strands are shown with arrows. The loops indicate the residues
comprising polypeptide backbones between two Cys residues. (B) Structure alignments of
asteropsins A-D. The six Cys residues and seven structurally important residues are labeled,
and colored yellow and red, respectively. The loop 3 region is indicated by the box. The
backbone RMSD (residues 2—-36) of ASPB with ASPA was 0.86 A. The backbone RMSDs
of ASPC with ASPA were 0.88 A for residues 3-17 (loops 1 and 2) and 0.48 A for residues
21-33 (loop 4); and those with ASPB were 1.02 A for residues 3-17 (loops 1 and 2), and
0.71 A for residues 21-33 (loop 4). The homology model of ASPD was highly comparable
to ASPA [backbone RMSDs: 1.11 A for residues 3-17 (loops 1 and 2), and 0.64 A for
residues 21-31 (loop 4)], ASPB [backbone RMSDs: 1.28 A for residues 3-17 (loops 1 and
2), and 0.54 A for residues 21-31 (loop 4)], and ASPC [backbone RMSD: 0.83 A for
residues 1-31]. The figure was drawn using PYMOL.
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Stabilities of asteropsins A-D against enzymatic degradation by (A) chymotrypsin, (B)
elastase, (C) pepsin, and (D) trypsin. Insulin was used as a reference standard to estimate
enzyme activities. Enzymatic degradation was performed at protease concentrations found in
human intestinal fluid. Each point represents the means + SDs of three experiments.
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Stabilities of asteropsins A-D against the enzymes in human plasma. Each point represents

the means + SDs of three experiments.
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Fig. 8.
Sequences and surface profiles of ASPA, ASPC, and other selected knottins. (A) Sequences

of ASPA, ASPC, w-conotoxin MVIIA (CNTX_MVIIA), hainantoxin IV (HNTX_IV), and
kalata B1. Residues: red = acidic, blue = basic, yellow = Cys, purple = Pro. X =
pyroglutamic acid. The conserved residues involved in structural maintenance are indicated
by boxes with solid lines. Sequence alignment was performed using ClustalX 2.0. (B)
Surface profiles of CNTX_MVIIA [41], HNTX 1V [43], and kalata B1 [44]. Target protein
binding regions are labeled and colored blue. (C) The surface profile of ASPA. Acidic Glu®,
Glu8, and Asp?! and polar uncharged Ser® and Thr33 compose a clustered hydrophilic polar
patch; and Phe®, Phel4, Tyr1®, Leu?l, 11626, and Tyr35-Leu3” compose a surrounding
hydrophobic region. (D) Surface profile of ASPC. Hydrophobic Tyr29 and 11e3! replace
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acidic Asp3! and polar uncharged Thr33 of ASPA, respectively. ASPC is deficient in
residues that form a hydrophobic region in ASPA. Surface exposed hydrophilic (charged
and uncharged) and hydrophaobic residues are labeled, and colored red and green,
respectively.

Biochim Biophys Acta. Author manuscript; available in PMC 2014 August 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Lietal.

Table 1

Page 23

Structural statistics for the 20 lowest energy solution structures of ASPB and ASPC as determined by PSVS
(protein structure validation suite).

ASPB2  ASPCP

Experimental constraints
Total NOE
Intra-residue [i =]
Sequential [|i —j| =1]
Medium range [1 < i —j| < 5]
Long range [|i —j| = 5]
Dihedral angles
Hydrogen bonds
Violations
Distance (0.1 A)
Dihedral angle (>1°)
Van der Waals (<1.6 A)
RMSD from idealized geometry®
Bond lengths (A)
Bond angles (°)
RMS of distance violation (A)
RMS of dihedral angle violation (°)
Average pairwise RMSD values (A)€
All backbone atoms

All heavy atoms

639
94
199
91
255
18
18

0.009

0.6

0.01

0

0.02
0.47

552
114
197
56
185
18
20

0.011

0.8

0.01
0.008

0.13
0.46

Ramachandran plot statistics from Richardson’s lab (%)

Most favored regions
Allowed regions

Disallowed regions

91.3

8.7
0

84.4
15.6

0

aAnaIyzed for residues 2 to 37.
bAnalyzed for residues 2 to 35.

&
RMSD values are mean values.
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