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Seven novel macrocyclic polypeptides, designated as varv peptides B—H, have been isolated from the
aerial parts of Viola arvensis. Their primary structures have been elucidated by automated Edman
degradation and mass spectrometry. They all consist of 29 or 30 amino acid residues, covalently cyclized
via the amide backbone and by three internal disulfide bridges. Their amino acid sequences are as
follows: varv peptide B, cyclo-(TCFGGTCNTPGCSCDPWPMCSRNGLPVCGE); varv peptide C, cyclo-
(TCVGGTCNTPGCSCSWPVCTRNGVPICGE); varv peptide D, cyclo-(TCVGGSCNTPGCSCSWPVCT-
RNGLPICGE); varv peptide E, cyclo-(TCVGGTCNTPGCSCSWPVCTRNGLPICGE); varv peptide F, cyclo-
(TCTLGTCYTAGCSCSWPVCTRNGVPICGE); varv peptide G, cyclo-(TCFGGTCNTPGCSCDPWPVC-
SRNGVPVCGE); and varv peptide H, cyclo-(TCFGGTCNTPGCSCETWPVCSRNGLPVCGE). The varv
peptides B—H exhibited high degrees of homology with the hitherto known macrocyclic peptides varv
peptide A, kalata B1, violapeptide I, circulins A and B, and cyclopsychotride A.

Within a research project aimed at finding novel bio-
active polypeptides from plants, we have previously devel-
oped and described a fractionation protocol that provides
a highly purified polypeptide fraction.! By utilizing this
protocol we also reported the isolation of a macrocyclic
polypeptide, varv peptide A, from Viola arvensis Murray
(Violaceae). The primary structure of varv peptide A,
consisting of 29 amino acid residues covalently cyclized via
the amide backbone and by three disulfide bridges, is
shared with a small group of plant polypeptides. This group
is confined to the uterotonic peptide kalata B1 from the
tropical plant Oldenlandia affinis DC. (Rubiaceae),?~® the
hemolytic violapeptide | isolated from V. arvensis,” the
HIV-inhibitory circulins A and B from Chassalia parvifolia
K. Schum. (Rubiaceae),®° and the neurotensin antagonist
cyclopsychotride A from Psychotria longipes Muell. Arg.
(Rubiaceae).’® In this report we describe the primary
structures of seven novel macrocyclic polypeptides, varv
peptides B—H, that have been isolated from V. arvensis
by a combination of adsorption chromatography on Sepha-
dex LH-20 and reversed-phase HPLC.

Results and Discussion

By following an established five-step fractionation pro-
tocol,! a highly enriched polypeptide fraction (previously
designated Fraction P) was isolated. The protocol consisted,
in short, of pre-extraction with dichloromethane to remove
lipophilic substances, main extraction with 50% aqueous
ethanol, removal of tannins by filtration through poly-
amide, removal of low-molecular-weight substances by size-
exclusion chromatography on Sephadex G-10 and, finally,
solid-phase extraction on RP;g material to remove polysac-
charides and salts. Analysis of the Fraction P by reversed-
phase HPLC (diode array detection) indicated the presence
of several tryptophan-containing peptides.

The main peptide in Fraction P, varv peptide A, was
originally isolated in a rather low yield by the extensive
use of reversed-phase HPLC.! To increase the isolation
yield of the peptides in this study, column chromatography
on Sephadex LH-20 with 50% MeOH—-0.1% TFA (v/v) in
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Figure 1. Chromatogram of the polypeptide fraction from V. arvensis
on Sephadex LH-20 in aqueous 30% MeOH—-0.1% TFA. The macro-
cyclic peptides were isolated from peak 1 (varv peptides A—E) and peak
2 (varv peptides F—H). Both peaks appeared after the geometrical
volume of the column (660 mL, marked with a dotted line), which
indicates that separation depends on an adsorption mechanism (see
also Figure 2). Peptides containing one additional aromatic amino acid
residue besides the conserved tryptophan eluted in peak 2. Varv
peptide B, however, eluted in peak 1.

water was attempted. Contrary to true size-exclusion
chromatography, in which an exclusion limit of approxi-
mately 4 kDa could be expected,!! the peptides eluted in
the low-molecular-weight range of the column. Increasing
the polarity of the eluent by adding water further increased
the retention times of the peptides, indicating that the
separation took place in a reversed-phase-like manner. In
the mobile phase aqueous 30% MeOH-0.05% TFA all
peptides eluted after the geometrical column volume and
a separation into groups was clearly obtained (Figure 1).
Reversed-phase adsorption is a known additive mechanism
to size exclusion in chromatography on Sephadex LH-20,
which has been proposed to be due to the interaction
between the dextran gel matrix and aromatic solutes.'?
This has been utilized extensively for the separation of low-
molecular-weight substances.!12 Our results with the varv
peptides indicate a similar behavior for polypeptides
(Figure 1). Peptides containing one aromatic amino acid
in addition to the conserved tryptophan (cf. below) were
more strongly retarded. Isolation of varv peptide A and
seven novel peptides, varv peptides B—H, was finally
achieved by gradient reversed-phase HPLC on C;3 mate-
rial.

By including adsorption chromatography on Sephadex
LH-20 in the purification procedure, the final yield of varv
peptide A was improved fivefold (1750 ug from 100 mg of
Fraction P, compared to the previously described 150 ug
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Figure 2. (a—c) Analytical reversed-phase HPLC of the polypeptide
fraction before (Figure 2a) and after separation on Sephadex LH-20
(Figures 2b and 2c). The chromatogram of peak 1 in Figure 1 is shown
in Figure 2b, and the chromatogram of peak 2 is shown in Figure 2c.
Individual varv peptides are marked by their letters. The difference
in selectivity of reversed-phase adsorption chromatography on Sepha-
dex LH-20 and silica based C1g material is demonstrated clearly. Peaks
overlapping each other (varv peptides A and F) in preparative HPLC
on C;g material were separated on Sephadex LH-20. The main part of
the injection peak seen in Figure 2a corresponds to the substances
eluting before the end of the geometrical volume seen in Figure 1. Final
purification of the peptides was achieved by rechromatography on
reversed-phase HPLC (see Experimental). The peak at approximately
33 min in Figure 2c was then split up to at least five components and
was not further analyzed. The analytical reversed-phase HPLC was
performed on a Rainin Dynamax C18 column (250 x 4.6 mm, 5 um,
300 A) operated with a linear gradient from 37 to 43% organic modifier
(MeCN/iPrOH, 6/4) in 0.1% TFA.

from 42 mg'). Moreover, isolation of individual peptides
was facilitated not only by the removal of nonpeptidic
substances, but also by the separation of the peptide
mixture into two major groups (Figures 1 and 2a—c).

The amino acid compositions of the peptides were
determined by quantitative amino acid analysis and MALDI-
TOF MS (Table 1). Masses calculated for linear peptides
with all cysteines in the reduced form were consistently
approximately 24 Da higher than the molecular weights
found. This is in agreement with the proposed macrocyclic
structures and can be attributed to the deficit of one water
molecule (—18 Da) and six hydrogens (—6 Da), due to the
absence of N- and C-terminals and the formation of three
disulfide bridges.

Prior to automated sequencing, all peptides were reduced
and alkylated with 4-vinylpyridine to give the S-(5-4-
pyridylethyl)cysteine (PEC) derivatives. Peptides contain-
ing only one glutamic acid could directly be digested with
endoproteinase Glu-C, to provide single linear products
amenable to sequencing in one run. Varv peptide H,
however, was found to contain two glutamic acid residues
and was first digested with trypsin. A single linear PEC
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Varv peptide H I-TCFGGTCN".[‘PGCSCETWPVCSRNGLI?VCGE)-I

Trypsin: LTCFGGTCNTPGCSXET NGLPVCGEj
GluC: TCFGGTCNTPGCSCE
GluC: TWPVCSRNGLPVCGE

Figure 3. Determination of the amino acid sequence of varv peptide
H. Overlapping fragments from digestion with trypsin (starting with
an asparigine, N) and endoproteinase Glu-C give the whole sequence
and an additional proof of the macrocyclic structure. One cysteine
residue could not be identified in the trypsin fragment due to low yield
(marked X in the figure).

derivative was isolated and the molecular weight deter-
mined by MALDI-TOF MS as 3712.8 Da, which is in
agreement with the theoretical mass (3710.0 Da) for this
derivative [3055.4 (native cyclic peptide) + 18.0 (H,0) +
6.0 (6H) + 630.6 (6 x 4-vinylpyridine)]. From this digest,
the sequence of the first 24 amino acids was determined.
The alkylated varv peptide H was then digested with Glu-
C, to provide two fragments, which were sequenced. The
trypsin fragment overlaps with the two Glu-C fragments,
and thus they unambiguously define the complete cyclic
amino acid sequence of varv peptide H (Figure 3).

In a comparison of the sequences of the varv peptides
and the hitherto known family of macrocyclic polypeptides
from plants (Figure 4), two groups of peptides were easily
identified (Figure 5). The first of these are the peptides
isolated from V. arvensis, which share a very high degree
of sequence homology with kalata B1. The net charge for
these peptides is neutral or slightly acidic (varv peptides
B, G, H have a net charge of —1). The second group consists
of circulins A and B, together with cyclopsychotride A. They
are all basic with a net charge of +2. Comparison of the
primary structures of the most abundant peptide from V.
arvensis, varv peptide A, and the most distant basic
peptide, cyclopsychotride A, shows a homology of more than
40%. This indicates that the two groups of peptides,
nonetheless, are closely related.

The consensus sequence shows that the cysteines are
conserved in all the macrocyclic peptides (Figure 4). In the
more variable regions, substitution seems to occur with
amino acids of similar polarity. This maintains the pattern
of alternating hydrophobic and hydrophilic regions in all
the peptides. One exception to this is the strongly basic
regions of circulins A and B and cyclopsychotride A (Figure
4).

At present, nothing is known about the function or
significance of the varv peptides. The similarity with the
cocktail of toxic peptides produced by the cone snail, Conus
geographus, is, however, striking.14 The cone snail produces
a series of closely related peptides that block different types
and subtypes of calcium channels of its prey. By analogy,
it appears reasonable to assume that these macrocyclic
polypeptides provide V. arvensis with a combinatorial
peptide library, enabling optimal effect on a hypothetical
biological target of importance to the plant.

Experimental Section

Plant Material. The aerial parts of Viola arvensis Murray
(Violaceae) were collected in July 1996, near the Angstrém
Laboratory, Uppsala, Sweden. A voucher specimen (labeled
VM-107) was identified by Dr. O. Nilsson, the Botanical
Garden, Uppsala University, Uppsala, and deposited at the
herbarium of Uppsala University. The plant material used in
this study was identical with the one used previously.!

Isolation Procedure. The polypeptide fraction (Fraction
P) was isolated from the plant material as previously de-
scribed.! Fraction P (100 mg, corresponding to 7.3 g dried and
powdered plant materialt) was subjected to chromatography
on Sephadex LH 20 with aqueous 30% MeOH containing 0.05%
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Table 1. The Amino Acid Composition and Molecular Weights of the Varv Peptides. For Each Peptide, the Residues from Amino Acid
Analysis Are Listed to the Left and the Residues from Sequencing to the Right

amino acid varv B varv C varv D varv E varv F varv G varv H
Asp/Asn (D/N) 3.1 1D, 2N 2.1 2N 2.0 2N 2.1 2N 1.0 1N 3.1 1D, 2N 2.0 2N
Thr (T) 2.9 3 4.0 4 3.0 3 3.8 4 4.7 5 2.9 3 3.8 4
Ser (S) 2.1 2 2.1 2 2.7 3 2.0 2 2.1 2 2.0 2 2.0 2
Glu/GIn (E/Q) 11 1E 1.0 1E 1.0 1E 1.0 1E 1.0 1E 1.0 1E 1.9 2E
Pro (P) 3.7 4 3.1 3 2.8 3 2.7 3 1.9 2 3.7 4 3.0 3
Gly (G) 4.8 5 5.0 5 5.0 5 5.1 5 4.0 4 4.9 5 4.8 5
Ala (A) 1.0 1
Cys (C) 5.42 6° 4.82 6P 4,92 6P 4,92 6° 4,92 6P 4,92 6° 5.02 6°
Val (V) 1.0 1 3.0 3 2.1 2 2.1 2 2.0 2 3.0 3 2.0 2
Met (M) 1.0 1
lle (1) 1.0 1 1.0 1 0.9 1 1.0 1
Leu (L) 0.9 1 1.0 1 11 1 1.0 1 1.0 1
Tyr (Y) 0.9 1
Phe (F) 1.0 1 1.1 1 1.0 1
Arg (R) 1.0 1 1.0 1 1.0 1 1.0 1 1.0 1 1.0 1 1.0 1
Trp (W) 1d 1 1d 1 1¢ 1 1c 1 1° 1 1d 1 1d 1
No aa:s 30 29 29 29 29 30 30
Mol wt
Calculated® 3085.59 2878.3 2878.3 2892.3 2959.4 3023.4 3055.4
MSf 3087.0¢9 2878.0 2879.5 2894.9 2956.2 3023.5 3053.2

a Half-cystine was determined as cysteic acid with a separate sample following oxidation with performic acid. ® Cysteine was determined
as (pyridylethyl)cysteine following alkylation with 4-vinylpyridine. &9 Tryptophan was determined photometrically either through separate
measurements by spectrophotometer,© or by utilizing the HPLC on-line spectra obtained from the diode-array detection. The presence of
tryptophan was then estimated from the relative intensity of UV absorbance at 280 vs 250 nm. ¢ Calculated with average masses and
with the total sum from amino acid composition adjusted to the macrocyclic structure (—18 Da) and three disulfide bridges (—6 Da).
f Masses determined by MALDI-TOF MS with an experimental accuracy of +0.1% (see Experimental Section). ¢ Including oxidation of
the methionine residue.

varv peptide F cyclo-( TCTLGTC---YTAGCSCS-WPVCTRNGVPICGE )
varv peptide C cyclo-( TCVGGTC---NTPGCSCS-WPVCTRNGVPICGE )
varv peptide D cyclo-( TCVGGSC---NTPGCSCS-WPVCTRNGLPICGE )
varv peptide E cyclo-( TCVGGTC---NTPGCSCS-WPVCTRNGLPICGE )
varv peptide A cyclo-( TCVGGTC---NTPGCSCS-WPVCTRNGLPVCGE )
varv peptide B cyclo-( TCFGGTC---NTPGCSCDPWPMCSRNGLPVCGE )
varv peptide G cyclo-( TCFGGTC---NTPGCSCDPWPVCSRNGVPVCGE )
varv peptide H cyclo-( TCFGGTC---NTPGCSCETWPVCSRNGLPVCGE )
Consensus? TC G C T GCSC WP C RNG P CGE

Identityb * * Kok ok kkkKk Kk .ok kkk .k kkk

kalata Bl cyclo-( TCVGGTC---NTPGCTCS-WPVCTRNGLPVCGE )

violapeptide I cyclo-( TCVGGTC---NTPGCSCS-RPVCTXNGLPVCGE )
cyclo-( SCVWIPC-ISAALGCSCK-NKVCYRNG-IPCGE )
cyclo-( SCVFIPC-ISTLLGCSCK-NKVCYRNGVIPCGE )
cyclo-( SCVFIPCTVTALLGCSCK-SKVCYKNS-IPCGE )

circulin A
circulin B
cyclopsychotride A

GC C

* k. K

Consensus? C C

C N CGE
Identity?  * L* Dk K

* x k

Figure 4. Sequences of reported macrocyclic polypeptides in the range of 29—31 amino acid residues, tabulated starting with the cleavage site
of Glu-C and vertically ordered to illustrate homologies. Inserted gaps for maximum alignment are marked with (—). The consensus sequence? and
the identity based on matching codons® show a very high degree of homology within the group of varv peptides. This sequence is conserved with
only minor changes also in kalata B1 and violapeptide 1. Including all sequences in the comparison limits the conserved amino acids mainly to the
regions of the cysteine residues. The pattern of hydrophobic/hydrophilic regions of the sequences is maintained, with exception for the strongly
basic regions of circulins A and B and cyclopsychotride A. [The alignment was made with the CLUSTAL W (1.7) program.'®]

TFA as mobile phase. Three columns [550 x 30 (i. d.), 380 x
25 and 480 x 15 mm], packed with 170 g of gel in total and
connected in series, were used. The columns were attached to
an LKB 2150 HPLC pump operated at a flow rate of 1 mL/
min. The effluent was monitored at 206 nm using an LKB 2158
Uvicord SD. The fractions corresponding to peak 1 and 2 in
Figure 1 were collected, concentrated, and lyophilized, yielding
17.7 and 6.3 mg, respectively. Preparative HPLC was per-
formed using a Shimadzu LC10 system, equipped with a
Shimadzu SPD-M10Avp diode array detector. Portions of up
to 4 mg of the fractions were repeatedly injected on a 250 x
10 (i. d.) mm Rainin Dynamax column (Cis, 5 um, 300 A),
eluted by a gradient of 37—43% organic modifier (MeCN/
iPrOH, 6/4) in 0.1% TFA. Analysis and final purification of
individual peptides were performed using either a 250 x 4.6

(i. d.) mm Rainin Dynamax column (Cig, 5 um, 300 A) or a
150 x 4.6 (i. d.) mm Vydac (polymer-RP, 259VHP5415, 5 um,
300 A) column, eluted with concentrations of MeCN between
30 and 40% in aqueous 0.1% TFA. The final yield of the
peptides was: varv peptide A, 1750 ug (0.0240% w/w dried
plant material); B, 30 u«g (0.0004%); C, 200 ug (0.0027%); D,
300 ug (0.0041%); E, 315 ug (0.0043%); F, 260 ug (0.0036%);
G, 135 ug (0.0018%); H, 150 ug (0.0021%), as determined by
quantitative amino acid analysis.

Structure Determination. Quantitative amino acid analy-
sis was performed at the Amino Acid Analysis Centre, Depart-
ment of Biochemistry, Uppsala University. The peptides were
hydrolyzed for 24 h at 110 °C with 6 N HCI containing 2 mg/
mL phenol, and the hydrolysates were analyzed with an LKB
model 4151 Alpha Plus amino acid analyzer using ninhydrin
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Figure 5. A phylogenetic tree of macrocyclic polypeptides from plants.
The relationships based on the alignment of amino acids were created

with CLUSTAL W (1.7)'5 and are graphically presented by the program
NJPLOT.16

detection. Molecular weights were determined with a Kratos
Kompact IV MALDI-TOF mass spectrometer. The spectrom-
eter was externally calibrated and operated in the linear mode
(experimental accuracy: +0.1%). Average isotopic masses were
used for all calculated molecular weights. For the sequence
analysis, the peptides were reduced with either mercapto-
ethanol or dithioerythritol in 0.25 M Tris-HCI containing 1
mM EDTA and 6 M guanidine-HCI (pH 8.5, 24 °C, 2 h). The
reduced peptides were subsequently alkylated to their PEC
derivatives by adding 4-vinylpyridine to the solution (37 °C, 1
h). Desalting and isolation of the alkylated peptides were
performed with gel filtration on a Superdex Peptide HR 10/30
column (Amersham Pharmacia Biotech, Uppsala, Sweden) in
40% AcN, 0.1% TFA (v/v) or by reversed-phase HPLC [Rainin
Dynamax, Cig, 5 um, 300 A, 250 x 4.6 (i. d.) mm]. Enzymatic
digests were generated by endoproteinase Glu-C (Calbiochem—
Novabiochem Co., La Jolla, CA) and, for varv peptide H,
trypsin (Sigma Chemical Co., St. Louis, MO) in 0.1 M am-
monium bicarbonate (pH 8.1, 37 °C, 4 h). Reversed-phase
HPLC [Vydac polymer-RP, 259VHP5415, 5 um, 300 A, 150 x
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4.6 (i. d.) mm or Brownlee Aquapore, OD300, 7 um, 300 A, 30
x 2.1 (i. d.) mm] and H,O—MeCN in 0.1 TFA gradient elution
were used for isolation of digested peptides. The amino acid
sequences were determined by automated Edman degradation,
using a Protein/Peptide sequencer model 477 A, coupled online
to a model 120A analyzer (Applied Biosystems).
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