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ABSTRACT: Cyclotides are plant-derived peptides found within
five families of flowering plants (Violaceae, Rubiaceae, Fabaceae,
Solanaceae, and Poaceae) that have a cyclic backbone and six
conserved cysteine residues linked by disulfide bonds. Their
presence within the Violaceae species seems ubiquitous, yet not all
members of other families produce these macrocyclic peptides.
The genus Palicourea Aubl. (Rubiaceae) contains hundreds of
neotropical species of shrubs and small trees; however, only a few
cyclotides have been discovered hitherto. Herein, five previously
uncharacterized Mobius cyclotides within Palicourea sessilis and
their pharmacological activities are described. Cyclotides were isolated from leaves and stems of this plant and identified as pase A—
E, as well as the known peptide kalata S. Cyclotides were de novo sequenced by MALDI-TOF/TOF mass spectrometry, and their
structures were solved by NMR spectroscopy. Because some cyclotides have been reported to modulate immune cells, pase A—D
were assayed for cell proliferation of human primary activated T lymphocytes, and the results showed a dose-dependent
antiproliferative function. The toxicity on other nonimmune cells was also assessed. This study reveals that pase cyclotides have
potential for applications as immunosuppressants and in immune-related disorders.
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weight range of 2.8 to 3.9 kDa, characterized by a head- secticidal,”>~*” molluscicidal,*® cytotoxic,

to-tail cyclized backbone that is stabilized by three disulfide bial,*>** hemolytic,***° protease inhibition,”*° and immuno-
bonds forming a cyclic cystine knot (CCK) motif." > This suppressive properties.””® The immunosuppressive cyclotide,
structural topology makes cyclotides exceptionally resistant to kalata Bl mutant [T20K], recently completed preclinical
thermal, chemical, or enzymatic degradation.” Cyclotides have evaluation as a potential drug for multiple sclerosis (MS).*

been classified into three subfamilies differing by either the Multiple sclerosis is a disease of the central nervous system
presence (Mabius) or absence (bracelet) of a cis proline bond (brain and spinal cord) characterized as an autoimmune
in the backbone and by their size and amino acid composition. disorder mediated primarily by activated T cells,*” and more
A cis Pro residue gives the Mobius subfamily a conceptual than 2.3 million people suffer from it worldwide.***' After a
backbone twist, likening it to a Mobius strip, compared to a breach of self-tolerance toward myelin and other central
conventional bracelet of frans peptide bonds in bracelet nervous system antigens, peripheral activation of autoreactive
cyclotides.s The third subfamily, termed trypsin inhibitor T cells promotes an immune attack.*"** T20K is known to act
cyclotides, contains a CCK motif but differs markedly in on T-cell proliferation by downregulation of IL-2 release as
sequence compared to Mdbius and bracelet cyclotides.”’” In well as IL-2R/CD2S surface expression and effector activity

general, all subfamilies are tolerant to sequence variability in performance.”** Synthetic mutants of kalata B, including

the “loops” around the cystine knot core;’ however, the  Tgr V10K, V10A, GI8K, and N29K, have been studied; the
bracelet subfamily contains a hlgher number of cationic mutations for T8K, VIOK and VIOA resulted in loss of

residues than the Mobius subfamily.” Based on discovery immunosuppressive activity,*’ which reinforced the notion that
studies thus far, bracelets are more common than Mobius

cyclotides.'’ The three-dimensional structure of the prototypic
Mobius cyclotide, kalata B1, isolated from O. affinis was
reported in 1995, and details of the cyclic cystine knot
topology were established in 2003.'""*

Cyclotides have a wide range of bioactivities that make them
interestm% for b1010g1ca1 or therapeutic applications, including
anti-HIV,>™'° inhibition of cell mlgratlon, 6 modulation of
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Figure 1. Sequences and structure of Palicourea cyclotides. (A) palicourein, the first cyclotide isolated from the genus Palicourea (P. condensata).>®
Cysteine residues and disulfide bonds are shown in yellow. (B) Three-dimensional structure of palicourein (PDB ID: 1R1F). Loop 3 forms an
alpha helical segment and is highlighted in red. Disulfides are shown as yellow sticks. (C) Sequence alignment of cyclotides and acyclotides isolated
from the genus Palicourea. Yellow boxes show the conserved cysteine residues; the connectivity between the disulfide bonds is shown by black lines,

and backbone cyclization is represented by a blue line.

the “bioactive face” is the hydrophilic area, centered around
the residue Glu,.*”*> However, changes to the surface-exposed
hydrophobic patch formed by residues Leu,, Pro;, Val,, Valy,,
Trp,s, Pro,y, and Val,s did not significantly alter the activity.*

Although Brazil has the largest biodiversity in the world and
is thus an ideal “playground” for phytochemists to discover
peptides from plants, there are still few studies describing the
isolation of cyclotides from Brazilian plants.'***™>' The
relative lack of study of cyclotides in Brazilian plants probably
reflects an earlier focus among Brazilian researchers on
nonpeptidic natural products based on available training and
equipment, but with opportunities for international internships
in cyclotide-specialist laboratories, as occurred in this project,
cyclotide research is expanding in Brazil. CyBase, a database
that showcases cyclic protein sequences and structures, reports
approximately 500 natural cyclotides discovered from five plant
families, i.e,, Rubiaceae, Fabaceae, Poaceae, Solanaceae, and
Violaceae.'” Earlier work estimated that at least 50 000 novel
cyclotides may be discovered within the Rubiaceae, but a
recent study demonstrated that Violaceae and Rubiaceae plants
could exhibit a much higher cyclotide diversity and consist of
>150 000 individual cyclotides.”>>”

Cyclotides seem to be ubiquitously present within the
Violaceae, but their distribution within other families such as
the Rubiaceae remains unclear. The genus Palicourea Aubl.
(Rubiaceae) contains hundreds of neotropical species of
shrubs and small trees;** however, only four cyclotides have
been discovered from three different species: palicourein (P.
condensata),” parigidin-br1-3 (P. rigida),”*™>" and paltet-1 (P.
tetragona).”’ The first cyclotide described for this genus was
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palicourein, one of the largest members of this macrocyclic
plant peptide family (Figure 1).>°

To explore the diversity and activity of Palicourea-type
cyclotides, Palicourea sessilis (Vell.) C. M. Taylor (homotypic
synonyms: Coffea sessilis Vell., Psychotria vellosiana Benth., non
Psychotria sessilis Vell.),>* commonly known as “café do
mato”® was studied. This small tree, 2.5—4 m tall, grows in
humid Atlantic forests at 700—1800 m stretching from eastern
Brazil to central Paraguay and is also found in wet forests at
950—2250 m on sandstone mountains in the Guyana
Highlands in western Guyana and southeastern Venezuela.”*
Phytochemically, studies on the isolation of a range of small
molecules including squalene, stigmasterol, sitosterol, lupeol,
scopoletin, coumarin, and monoterpene indole alkaloids have
been reported.”>"’

The current study aimed to characterize new cyclotides
isolated from P. sessilis (Rubiaceae), because plant species from
the Rubiaceae tribe Palicoureeae have been previously
examined to contain cyclotides.>® This included the taxonomi-
cally related species Palicourea coriacea and Palicourea rigida,
and more distant species from the tribe Psychotrieae such as
Psychotria longipes."” Generally, species from the tribes
Palicoureeae/Psychotrieae are widely distributed in Brazil.
The leaves and stems of P. sessilis (Rubiaceae) were
investigated allowing the identification and the characterization
of five new Mobius cyclotides (pase A—E). The similarities of
pase peptides with T20K prompted us to investigate their
immunosuppressant activity on human peripheral blood
mononuclear cells (PBMCs). Knowing that single amino
acid replacements can have detrimental effects on activity as
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Figure 2. Identification and purification of cyclotides from P. sessilis. (A) Base peak ion chromatogram profile (LC-MS) of cyclotides identified in
the leaves and stems. A linear gradient of 35—45% B in 30 min was applied: Buffer A (H,0/0.1% FA) and Buffer B (90% CH;CN/0.1% FA). (B)
HPLC traces showing the purity of isolated cyclotides. A linear gradient 40—70% B in 15 min was applied; Buffer A (H,0/0.1% TFA) and Buffer B
(90% CH4CN/0.08% TFA). In both experiments, a Kromasil column (250 mm X 4.6 mm, 5 ym; flow rate = 1 mL per min), 300 A, UV 220 nm

was used.

well as toxicity,43 we also explored such effects of natural
modifications of pase peptides and other immortalized
nonimmune cells, i.e.,, human umbilical vein endothelial cells
(HUVECs), human colorectal adenocarcinoma (HT-29), and
red blood cells (RBCs).

B RESULTS AND DISCUSSION

Extraction and Purification of Cyclotides from P.
sessilis. Dried leaves and stems of P. sessilis were extracted as
described in the Experimental Section. After we obtained the
peptide-rich fraction for each tissue, LC-MS profiles (Figure 2)
were acquired for the extracts. Previous studies have shown
that the HPLC elution profile for cyclotides is around 25—55%
of CH;CN.>>*® All signals in the cyclotide-elution region that
had masses between 2000 and 4000 Da (after deconvolution)
were analyzed individually. As shown in Figure 2, it is evident
that few major cyclotides were present in the two P. sessilis
extracts.

The presence of disulfide bonds in putative peptides was
confirmed through reduction and S-carbamidomethylation of
cysteine residues. All peptide signals displayed a mass shift of
348 Da, indicating the presence of six cysteines, with each S-
alkylated cysteine residue increasing the molecular mass by 58
Da. For the purification of these cyclotides, successive elution
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using preparative analysis was employed on peptide-rich
fractions from leaves and stems. Purity profiles and the
monoisotopic masses of compounds were verified by analytical
RP-HPLC (Figure 2) and MALDI-TOF/TOF-MS, respec-
tively. Six peptides were isolated from the leaves and stem of
this plant, namely, pase A (m/z 2889), pase B (m/z 2903),
pase C (m/z 2905), pase D (m/z 2887), pase E (m/z 2983),
and kalata S (m/z 2877) (Figure 2).

The amounts of individual cyclotides from each tissue are
listed in Table S1 (Supporting Information). Notably, the
amount of cyclotides in the leaves was typically higher than in
the stems. For example, the concentration of pase A was
approximately 0.21 mg/g of dry plant material in the leaves
and 0.07 mg/g dry weight in the stem. Variation in cyclotide
expression pattern has been reported previously and may
reflect seasonal variation and the exposure of different tissues
to different types as well as different levels of biotic
stresses.””%’

De Novo Sequencing of Pase A—E. After reduction and
alkylation, cyclotides were sequenced by de novo MS/MS; the
peptides were enzymatically hydrolyzed by targeting the
conserved Glu residue in loop 1 using endoproteinase GluC
(endo-GluC), which, for cyclotides, commonly results in a
single fragment corresponding to the linearized cyclotide. This

https://dx.doi.org/10.1021/acs.jnatprod.0c01069
J. Nat. Prod. 2021, 84, 81-90
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Figure 3. De novo sequencing of pase A. (A) MALDI-TOF/TOF-MS spectra of native pase A and (B) after reduction and alkylation; (C) MALDI-
TOF/TOF-MS/MS of the peak at m/z 3255.3 corresponding to a linearized cyclotide obtained from tryptic digestion.

also confirmed the presence of a cyclic backbone, with an
observed mass increase of 18 Da (in total the observed mass
increased by 366 Da compared to the native form). Mass
spectra were carefully examined for each peptide, and the
sequence was determined based on the presence of both b- and
y-ion series (N- and C-terminal fragment ions).

After we used endo-GluC and trypsin enzymes, digested
pase A provided a precursor ion at m/z 3255, indicating ring-
opening of the cyclotide backbone. MS/MS of this precursor
ion from endo-GluC digestion only allowed for annotation of
the sequence of a y-ion series fragment VCSWPVCTR (Figure
3). Additionally, the MS/MS of this precursor from tryptic
digestion allowed for the identification of the full sequence as
cyclo-NGI/LPVCGETCVGGTCNTPGCVCSWPVCTR,
based on the b- and y-ion series. As Leu and Ile are difficult to
distinguish by mass spectrometry alone, additional digestion
studies were done. Chymotrypsin can hydrolyze amide bonds
after Leu but not Ile and is widely used to differentiate Leu/Ile.
However, if Leu is followed by a Pro, this cleavage does not
occur, and hence, the two isobaric residues, i.e., Leu” and Ile,""
could only be determined by NMR analysis. Observed b- and
y-ions from both enzymatic digestions together with two-
dimensional NMR data allowed the unambiguous character-
ization of Leu and Ile in the sequence of a Mdbius cyclotide,
named pase A (sequence = cyclo-
GLPVCGETCVGGTCNTPGCVCSWPVCTRN). The same
protocol was applied to characterize the sequences of the other
four cyclotides, pase B—E, and confirm the presence of the
known sequence of kalata S. Sequence fragments used for MS/
MS analyses are shown in Table S2 (Supporting Information).
Overall, MS-MS data from endoGlu-C digestions of pase A—D
resulted in poor fragmentation patterns, and analyses of MS-
MS spectra obtained from tryptic digests were more
elucidative. To assemble the final sequence, MS/MS
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sequencing data and two-dimensional (TOCSY and NOESY)
NMR experiments were used.

Structure Determination by NMR Spectroscopy.
Secondary aH shifts of the backbone protons were calculated
using measured chemical shifts and random coil values.”"**
Peptides that have secondary aH shift values of <—0.1 ppm for
three consecutive amino acids are likely to have a propensity to
form an a-helix. In contrast, if consecutive values of >+0.1 are
observed, the peptide sequence could consist of a f-strand
structure. As illustrated in Figure 4, it is apparent that pase
cyclotides contain a B-sheet motif as described previously for
other Mébius cyclotides such as kalata B1. The aH signals of
Gly,;, (pase C), Asn;; (pase B—D), Asn;¢ (pase B—C), Sery,
(pase E), Trp,; (pase B and pase E), and Asn,, (pase C) were
not observed at the temperature and pH tested. However, even
in the absence of these values, there is no evidence for the
presence of a-helical structure elements. This absence of
helices is consistent with what is commonly found in most
cyclotides. Detailed chemical shift data are reported in Tables
$3—S7 (Supporting Information).

The configuration of proline residues was assigned based on
comparison with aH and SH chemical shifts of kalata BI.
Based on similar values for pase A—E, Pro,, was assigned as cis
and Pro; and Pro,; as trans. Thus, the NMR data and amino
acid sequencing from mass spectrometry confirmed that pase
A—E contain the unique CCK motif and are structurally similar
to kalata B1.

3D Structure of Pase A. As the most abundant cyclotide
in P. sessilis, the pase A structure was determined using torsion
angle dynamics in the program CYANA, and the 15 lowest
energy structures were chosen to represent the 3D fold. This
run involved the calculation of 204 distance restraints, 50
dihedral angle restraints, and 8 pairs of hydrogen bonds (Table
S8, Supporting Information). From these input data, the 15

https://dx.doi.org/10.1021/acs.jnatprod.0c01069
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Figure 4. Structural characterization of pase cyclotides. (A) Secondary aH shift comparison for pase A—E. The data are represented as a bar plot. A
deviation of 0.1 ppm shift from random coil values®' is indicated by a dashed line. Cysteines are highlighted with a yellow box. (B) Superposition
of the 15 lowest energy structures of pase A and (C) cartoon representation of pase A (PDB ID: 7K7X, BMRB ID: 50464 ). Disulfide bonds are

highlighted in yellow, and cysteine residue numbers labeled.

lowest energy structures were calculated for pase A and
showed that the major structural element is a S-hairpin
involving residues 19—21 and 26—28 (Figure 4).

Amino Acid Diversity in Pase Cyclotides. Mobius
cyclotides exhibit a wide sequence variation around the six
cysteine residues and the conserved Pro residue in loop 5. To
date, approximately 160 Mobius and 350 bracelet cyclotides
have been reported in Cybase.'” All published Mobius
cyclotides were compared to pase A—E cyclotides using
Clustal Omega software,”> and a multiple sequence alignment
was established (Figure S1, Supporting Information). Based on
the results from the sequence logo, it is evident that Mdbius
cyclotides display a great degree of conservation in loops 1, 3,
and 4, with loop 6 having the highest variability in size and
sequence (Figure S). Among all Mobius cyclotides reported
hitherto, only seven (~3%) have been reported to have a
valine in loop 4, and herein an additional four cyclotides (i.e.,
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pase A—D) are reported to contain this unusual structural
teature. The absence of a hydroxy group in loop 4 and resulting
loss of potential hydrogen bonding capability may lead to
locally increased flexibility. While such changes may not be
immediately apparent in the overall structure, effects on
bioactivity can be significant. For example, kalata B12, a natural
variant having a substitution of a highly conserved glutamic
acid in loop 1, has an overall similar structure to kalata B1 but
does not exhibit hemolytic activity.”* It is important to
highlight that loops 1 and 4 are the backbone loops that form
the ring of the cystine knot.” Thus, changes in either structure
or flexibility of these loops could significantly impact biological
activities.

The percentage of sequence identity was based on kalata B1
as the model Mobius cyclotide. For the top scoring full length
matches, pase A showed 96.5% (S20 V) (serine position 20 of
kalata B1 was replaced by valine in pase A), pase B showed

https://dx.doi.org/10.1021/acs.jnatprod.0c01069
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Figure 5. Sequence Logo of cyclotides. (A) All Mdbius cyclotides described in CyBase and (B) pase A—E and kalata S, showing the variability
found in each amino acid position. Conserved cysteine residues are colored yellow, and conserved proline residues are shown in blue. The logos

were generated using the application WebLogo version 2.8.2.%°

93.1% (S20 V, V251), pase C (V4T, S20 V, V25I) and pase D
showed 89.7% (S20 V, S22A, V25I), and pase E showed 82.8%
(G11T, N15Y) sequence identity.”*

Effects of Pase Cyclotides on Cell Proliferation of
Primary Activated Human Lymphocytes. After we
considered the high homology between the immunomodula-
tory cyclotide T20K* and pase cyclotides, it was of interest to
examine the bioactivity of these peptides on human immune
cells. Thus, purified lymphocytes from the blood of healthy
donors were treated with pase A—D. The results demonstrated
a well-defined concentration-dependent proliferation inhibition
for all tested cyclotides. As indicated in Figure 6, pase D has
the strongest activity and pase C has the lowest immunosup-
pressive activity levels on human primary cells, denoted by
IC, values for pase A (4.5 & 2.65 uM), pase B (2.3 + 1.39
uM), pase C (7.1 + 3.56 uM), and pase D (1.6 + 1.78 uM).
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Figure 6. Effect of pase cyclotides on proliferation of primary human
lymphocytes. Human T lymphocytes were left unstimulated and
untreated (negative control; NC); all other cells were stimulated with
CD3/CD28 mAbs (100 ng/mL) and cultured with medium (positive
control; PC), cyclosporin A (CsA; S pg/mL), camptothecin (CPT;
300 uM), and different concentrations (1—30 M) of cyclotides. Cell
division analyses were performed by flow cytometry after incubation
for 72 h. Data are expressed as the means =+ standard deviation (SD)
of four independent experiments and were related to untreated
stimulated control (PC = 100%). The asterisk (**p < 0.01, **¥*p <
0.001) represents significant differences from untreated stimulated
cells; n.d. means not determined.
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These data demonstrated similar potency to kalata Bl and its
active analogs (including the clinical candidate cyclotide
T20K),”** which have ICy, values between 1.9 and 4.4 uM."

All tested cyclotides contain 8—11 hydrophobic amino acid
residues (Ala, Val, Leu, Ile, Pro, Phe, and Trp) and have a
similar ratio of these residues in the sequences. They also
present a hydrophilic face, described previously as the
“bioactive face” formed around the residue Glu, and adjacent
residues.**® For example, the natural mutation T20 V in pase
A showed a higher ICy, value, but the concomitant mutations
in T20 V and V25I (pase B) and T20 V, V25I, and S22A (pase
D) showed increased inhibition of cell proliferation. Pase D
was as active as T20K, which may point toward the importance
of Ala,, for this activity. Pase C, with T20 V, V2SI, and V4T
mutations, lost considerable activity. This was expected,
because residue 4 is a part of the hydrophobic face; an
insertion of a polar residue such as threonine can produce a
functional perturbation in the hydrophobic patch, which is
important to membrane binding and consequently activity.
This reinforces the notion that even minimal sequence changes
can have significant influences on activity.

On comparing these results to previous investigations with
kalata B1, T20K and natural mutants of the data demonstrate
the potential of pase cyclotides for the development of new
immunosuppressive drugs. Defined mode-of-action experi-
ments must be performed to see if the pase cyclotides have a
comparable impact on interleukin-2 signaling pathways as well
as on cell function, as has been done in the past with the lead
molecule T20K and native kalata B1.

Effects of Pase Cyclotides on Non-Immune Cells.
Some cyclotides can have toxic activities, and hence, it is
imperative to also assess their potential unspecific toxic and/or
hemolytic effects. Thus, we investigated pase cyclotides on
immune cells (i.e, PBMCs), red blood cells (RBCs), and
umbilical vein endothelial cells (i.e, HUVECs) and cancer
(i.e, HT-29) cells. All pase cyclotides were screened in a
hemolytic assay along with the control peptide melittin (Table
2). The highest hemolytic activity was displayed by pase B,
with a CCy of 14.6 uM, whereas pase C showed the lowest
hemolysis, with a CCy, of 62.8 yM. The reasons for the
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Table 2. Cytotoxicity of HT-29, HUVEC in CCs, (uM) =+
SD, and Hemolytic Activities of RBC in HCy, (uM) + SD of
Cyclotides against Different Cell Lines

cell line; CCy (uM) + SD

cyclotide HT-29 HUVEC RBC
pase A 5.5 £ 0.04 52 + 0.06 39.5 = 0.02
pase B >10 7.5 £ 0.11 14.6 + 0.02
pase C 8.4 + 0.10 >10 62.8 + 0.06
pase D 6.1 + 0.04 5.3 £ 0.06 33.5 £ 0.02
pase E 5.6 £ 0.10 >10 S1.7 + 0.08
kalata S 7.3 £ 0.03 >10 49.6 + 0.02
kalata B1 >10 5.1 £ 0.08

melittin 0.2 £ 0.01

“Cytotoxic concentration required to kill 50% of the cells (CC).
Data represent the means + standard deviation (SD) and have been
normalized and analyzed using Graph Pad Prism, n = 3.

differences observed in hemolytic activity between all pase
cyclotides are not clear, but it is possible that they are
correlated to hydrophobicity. Based on the calculated GRAVY
score obtained from the Expasy Web site (https://web.expasy.
org/protparam/), pase B and pase C have GRAVY scores of
0.331 and 0.162, respectively. These two cyclotides differ only
by one residue at position four (i.e, Val to Thr) in loop 6. A
more positive GRAVY value indicates an increase in hydro-
phobicity.

In general, Mobius cyclotides are less toxic compared to
other subfamilies of cyclotides.”” The cytotoxicity data
obtained for pase A—E with HT-29 cells and HUVEC
endothelial cells showed CCy, values between 5 and 10 uM,
approximately, showing a low toxicity and effectiveness to
inhibit proliferation of lymphocytes.

In summary, a suite of cyclotides from P. sessilis including
five previously uncharacterized sequences (pase A—E) and one
known (kalata S)"® sequence are reported (Figure 7),
increasing the total number of cyclotides from the genus
Palicourea to 11. It was demonstrated that pase cyclotides can
mitigate and stop the cell proliferation of lymphocytes, with
low cytotoxicity and no discernible hemolytic effects at the
tested concentrations. These results open new avenues to assay
pase cyclotides in the future for use as immunosuppressive lead
molecules.

B EXPERIMENTAL SECTION

General Experimental Procedures. Analytical and semiprepar-
ative HPLC analyses were carried out on a Shimadzu (Tokyo, Japan)

Prominence LC-20A instrument, with a LC-20AT pump, a DAD
SPD-M20A detector, a SIL-20A autosampler, a CBM-20A controller
and a DGU 20-A; degassing unit, and a CTO-20A oven, with
analytical and semipreparative Kromasil 300-5-SIL-C g columns (250
mm X 4.6 mm and 250 mm X 10 mm, respectively). UV absorbance
was recorded at 220 and 280 nm. Both analyses were performed using
a linear gradient of 40—70% B in 15 min and 30—50% B in 80 min,
respectively. Solvents are Buffer A (H,0/0.1% TFA) and Buffer B
(90% CH;CN/0.08% TFA). The LC-MS traces were obtained on a
Shimadzu (Tokyo, Japan) chromatograph coupled to an amaZon-SL
ion trap Bruker Daltonics, LC-20AD solvent pump, CTO-20A
column oven, DGU-20A;; online degasser, CBM-20A system
controller, and SPD-M20A (190—800 nm) PDA detector and SIL-
20A HT autosampler. MS and tandem MS analyses were performed
in the positive-ion reflector mode on a 5800 Proteomics Analyzer
(AB/Sciex, Foster City, CA, USA). The spectra were recorded for a
mass window set to 1000—4500 Da using positive ion reflectron
mode. To record NMR spectra, 2 Bruker ARX 600 (Karlsruhe,
Germany) high-resolution NMR spectrometer with a shielded
gradient unit was used. TOCSY and NOESY experiments were
obtained with 80 and 200 ms mixing times, respectively. The water
suppression was achieved using a WATERGATE (water suppression
by gradient-tailored excitation) sequence.

Plant Material. Leaves and stem of P. sessilis were collected in
Itatitaia (22°25'44.7"S 44°37'11.7"W), Rio de Janeiro, Brazil, during
September 2015. The samples were collected by Dr. Marcelo Trovo
and identified by Dr. Mario Gomes, and a voucher specimen has been
deposited at Rio de Janeiro Botanical Garden with the collection
number RB 640066, under harvest authorization SisGenAF5C371.

Extraction, Purification, and Isolation. A total of 175 and 360 g
of dried and pulverized leaves and stems of P. sessilis, respectively,
were extracted with 3000 mL of CH;OH/H,O (6:4, v/v) over 24 h at
room temperature. The extracts were partitioned with CH,Cl,/
CH;0H/H,0 (1:1:1, v/v/v) (4 times), and the combined aqueous
phases were concentrated on a rotary evaporator and lyophilized. The
crude extracts were redissolved in CH,CN/H,O (1:9; v/v) and
loaded onto Polygoprep 60—50 Cg silica gel reversed-phase (S0 yum,
60 A, 70 mg). The silica gel was activated with CH;OH and
subsequently equilibrated with H,0/0.1% TFA (2 X 500 mL). After
application of the extracts, the column was washed with 20 and 80%
Buffer B. The 80% B fractions were considered peptide-rich fractions
and named 80%-C g leaves (1325 mg) and 80%-C,, stems (333 mg).
The fraction of 80%-C;s stem (103 mg) was resuspended, filtered
through a 0.45 ym membrane filter, loaded onto a RP-HPLC column,
and separated using a linear gradient from 30 to 50% Buffer B in
Buffer A over 80 min. Fractions were collected manually and
lyophilized. Similarly, 80%-C,5 leaves (198 mg) was resuspended in 3
mL of Buffer B and 12 mL of Buffer A. All obtained samples were
analyzed by analytical HPLC, yielding six pure cyclotides pase A—E
and kalata S (Table S1, Supporting Information), and subjected to
enzymatic digestion.

i
1

Cyclotide 10 vV VI [M+H]*  Ref.
kalata B1 ~GLPVCGETCVGGT-CNT --- PGCTCSW-—-PVCTRN | 2889.0 11
kalata Bl T20K |-GLPVCGETCVGGT-CNT---PGCKCSW-—-PVCTRN | 2889.0 39
pase A -GLPVCGETCVGGT-CNT --- PGCVC SW---PVCTRN | 2889.0 %
pase B -GLPVCGETCVGGT-CNT --- PGCVC SW---PICTRN | 2903.3 *
pase C —-GLPTCGE TCVGGT-CNT -—-—- PGCVC SW—---PICTRN | |2905.0 *
pase D -GLPVCGE TCVGGT-CNT ——- PGCVCAW---PICTRN | |2887.0 *
pase E —-GLPVCCGETCVTGS-CYT-—-PGCSCSW---PVCTRN | [2983.1 ®
kalata S -GL PVCGE TCVGG T-CNT -—- PGCSC SW---PVCTRN | |2877.2 68

Figure 7. Sequence alignment of pase cyclotides isolated from the genus Palicourea, kalata B1, and T20K. Yellow boxes show the conserved
cysteine residues; the connectivity between the disulfide bonds is shown by black lines, and backbone cyclization is represented by a blue line.

*Isolated in this work.
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LC-MS Analysis. The dried extract as well as peptide-rich fractions
were resuspended in H,O/CH;CN/FA, 90:10:0.1% (v/v/v), and
analyzed by RP-HPLC at 30 °C on Kromasil 300-5-SIL-C,4 columns
(250 mm X 4.6 mm i.d., S um particle size, 300 A pore size) at a flow
rate of 1 mL/min with a linear gradient: 35—45% B in 30 min (A=
H,0/0.1% FA and B = 90% CH;CN/0.1% FA). Absorbance was
monitored on a PDA detector, set up at 220 and 280 nm. The mass
spectra were obtained in the positive-ion mode with a mass range set
to 400—2000 m/z. The mass spectrometer source parameters were as
follows: capillary voltage at 3.0 kV. Nitrogen was used as the
nebulizing and drying gas (7 psi, 4 L/min, 230 °C). Data were
processed using Bruker Compass Data Analysis 4.1.

Sequencing of Palicourea Cyclotides. Cyclotides were
characterized by manual de novo peptide sequencing using enzymatic
digestion, MALDI-TOF/TOF mass spectrometry, and sequence
comparison using CyBase tools (www.cybase.org.au). Data were
analyzed in Data Explorer software Version 4.3. For acquisition, the
dried compounds were dissolved in 0.1% TFA and mixed at a ratio of
1:1 (v/v) with a matrix solution of saturated a-cyano-4-hydroxycin-
namic acid (Sigma-Aldrich, St. Louis, MO, USA) in H,0/CH,CN/
TFA, 50:50:0.1% (v/v/v). An aliquot (1 uL) of the sample/matrix
mixture was directly spotted onto the MALDI target plate and air-
dried. For sequencing, the peptides were reduced, alkylated, and
digested using individual endoGlu-C, trypsin, and chymotrypsin
enzymes, as described previously.”> The peptides obtained from
enzymatic digestion were desalted using Cg ZipTips (Millipore,
Billerica, MA, USA) and reconstituted in 80% Buffer B.

Secondary Structure Analysis of Pase A—E Using NMR. All
peptides were dissolved in 550 uL (90% H,0/10% D,0) at pH ~ 4.0,
and 10 yL (1 mg/mL) of 4,4-dimethyl-4-silapentane-1-sulfonic acid
(DSS) was added as a chemical shift reference for spectral calibration.
One-dimensional NMR (*H spectrum) and two-dimensional spectra
(TOCSY and NOESY) were acquired. TOCSY and NOESY spectra
were acquired with mixing times of 80 and 200 ms, respectively. All
spectra were recorded on a Bruker Avance 600 MHz spectrometer at
298 K and were processed using TOPSIN 2.1 (Bruker) program.
NMR data were analyzed using CCPNMR program version win32
2.3.1.54,% and the sequences were assigned according to Wuthrich.”®
The 3D structure was calculated from interproton distance restraints
derived from cross-peaks in NOESY spectra. The cross-peaks were
analyzed and integrated within the program CCPNMR, and structures
were calculated with CYANA. Once a complete set of input restraints
(distance and dihedral angle restraints) was determined using the
program TALOS-N,”" structures were calculated with a simulated
annealing protocol using CNS.”* A set of 50 structures was calculated,
and the 15 lowest energy structures were selected for further analysis.
The stereochemical quality of final structures was evaluated using
MolProbity.”* The programs MolMol’* and PyMol”® were used to
display the structural ensembles.

Hemolytic Assay. The cytotoxicity of cyclotides on red blood
cells was evaluated through a hemolytic assay as described in the
literature.”® Human red blood cells was collected from healthy donors
following protocols approved by the Human Research Ethics
Department at The University of Queensland. The approval number
is 2013000582. Briefly, red blood cells were prepared by adding an
aliquot of blood (4—S drops) into Eppendorf tubes filled with 1 mL of
phosphate-buffered saline (PBS) and mixed gently. The samples were
centrifuged at 4000 rpm for 1 min, and the supernatant was carefully
removed. An aliquot of suspended red blood cells was diluted in PBS
to achieve a concentration of 0.25% (v/v). Peptide samples were
prepared in water and serially diluted in a 96 well round-bottom plate
obtaining a total of eight concentrations (0.187—24 uM). Melittin
was used as a control peptide and prepared at the highest
concentration of 20 #M. PBS and 1% Triton-X were used as negative
and positive controls, respectively. Cells were incubated at 37 °C for
one h in a final volume of 100 yL. The plate was then centrifuged at
1000 rpm, and the supernatant was transferred into a flat-bottom
plate. The absorbance of the supernatants was measured at 415 nm.
The percentage of cells hemolyzed was determined based on the log
(agonist) vs response (variable slope), and the CCs, (peptide
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concentration required to lyse 50% of red blood cells) was calculated
using GraphPad Prism software.

Cell Culture. Human umbilical vein endothelial cells (HUVECs)
were cultured in EGM-2 BulletKit supplemented with SingleQuots
(supplements = growth factors, cytokines, antibiotics; Lonza) and
10% FBS (catalog no. FFBS-500; Scientifix). Human colorectal
adenocarcinoma cells (HT-29) were cultured in 10% FBS/DMEM
(Dulbecco’s Modified Eagle Medium) with 1% penicillin—strepto-
mycin (5000 U/mL; Life Technologies). The cells were maintained at
37 °C in a humidified incubator with a 5% CO,/95% air atmosphere.

Isolation of Human Peripheral Blood Mononuclear Cells
(PBMCs). Blood of healthy adult donors were obtained from the
Blood Transfusion Centre (University Medical Centre Freiburg,
Freiburg, Germany), and all experiments conducted on human
material were approved by the ethics committee of the University of
Freiburg (55/14). PBMC were isolated by centrifuging venous blood
on a LymphoPrep gradient (density = 1.077 g/cm?, 20 min, 500 X g,
20 °C; Progen, Heidelberg, Germany). Cells were washed twice and
resuspended in cold phosphate buffer saline (PBS; GE Healthcare,
Munich, Germany) and used directly. The cell viability as well as
concentration were determined using the trypan blue exclusion test.

Analysis of Proliferation Capacity of Activated Lympho-
cytes by CFSE Staining. To perform carboxyfluorescein diacetate
succinimidyl ester (CFSE; S mM; Sigma-Aldrich, St. Louis, MO,
USA) staining to determine T cell proliferation, 5 X 10° cells/mL
were stained with CFSE (1:1000 dilution) and incubated for 10 min
at 37 °C. Cells were washed twice with complete medium to stop the
staining reaction. Afterward, stained cells were stimulated with
antihuman CD3 (clone OKT3) and antihuman CD28 (clone 28.6)
mAbs (each 100 ng/mL; both from eBioscience, Frankfurt,
Germany). Furthermore, stimulated cells were treated with medium
alone (positive control; PC), cyclosporin A (CsA; S pug/mL, purity >
99%, Sandimmun S0 mg/mL, Novartis Pharma, Basel, Switzerland),
camptothecin (CPT; 300 uM; purity > 98%; Tocris, Bristol, UK), or
in the presence of different concentrations (1—30 uM) of cyclotides
(pase A—D) for 72 h at 37 °C in a humidified incubator with a 5%
C0,/95% air atmosphere. Cell division progress was analyzed by flow
cytometric analysis using a FACS Calibur analyzer (BD Bioscience,
Becton Dickinson, Franklin Lakes, NJ, USA). Data were analyzed
using FlowJo software. Data were processed with Microsoft Excel and
SPSS software (IBM, Version 22.0, Armonk, NY, USA). Values are
represented as means + standard deviation (SD) for the indicated
number of independent experiments. Statistical significance was
determined by a one-way ANOVA followed by Dunnett’s post hoc
pairwise comparisons. Asterisks (*p < 0.0S, **p < 0.01, ***p < 0.001)
represent significant differences from the respective control.

MTT Assay on HUVECs and Human Colorectal Adenocarci-
noma HT-29 Cells. Cell cytotoxicity assays were performed using
similar methods to those described previously.”” For both cell lines,
5.0 X 10° cells/well (100 uL) were used. All peptides including kalata
Bl (as a control) were used in both assays (10 wL, at final
concentrations ranging from 0.78—100 yM). Triton X-100 (0.1% (v/
v); 10 uL) was used as a positive control. Cells were treated with fresh
medium the day after plating, before the addition of peptides,
followed by a subsequent 2 and 48 h incubation for cell cytotoxicity.
After different incubation periods, 3-(4,5-dimethylthiazolyl-2)-2,S-
diphenyltetrazolium bromide (MTT) (10 yL; S mg/mL in PBS) was
added, and cells were incubated for a further 3 h. The supernatant was
then removed, and 100 uL of DMSO was added to solubilize
formazan salts. Experiments were performed in triplicate. Cell
numbers were recorded at 600 nm. Results were evaluated with log
(Inhibitor) vs normalized response (variable slope), using GraphPad
Prism Version 6 software, for means =+ SD from triplicate
experiments.
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