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Circulins A and B: Novel HIV-Inhibitory Macrocyclic
Peptides from the Tropical Tree Chassalia parvifolia
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A number of structurally diverse peptide derivatives have been
reported to inhibit the replication and cytopathic effects of the
human immunodeficiency virus (HIV). These include linear
peptides,? cyclized metabolites,? and peptide mimetic enzymes
inhibitors.# Through our efforts todiscover novel HIV-inhibitory
natural products,® antiviral activity was detected in crude extracts
of the tropical tree Chassalia parvifolia (Rubiaceae).¢ Subse-
quent anti-HIV bioassay-guided isolation and structure deter-
mination efforts have led to the discovery of circulins A and B,
two novel macrocyclic peptides which now represent the largest
naturally occurring peptides in which the entire primary amino
acid chain is covalently cyclized via peptide bonds. The circulins
exhibit some sequence homology with the human B-cell antigen
CD22, and they may share key structural features with the
defensin class of linear peptides.

Solvent—solvent partitioning of the extract concentrated the
anti-HIV activity in a butanol-soluble fraction. This material
was sequentially separated by gel permeation on Sephadex LH-
20 (MeOH), centrifugal partition chromatography (Sanki, H,O/
n-BuOH/HOAc/EtOH, 10:8:1:1, descending mode), and C;s
HPLC to give the two major active constituents.

The mobility of circulin A by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and its staining
by Coomassie brilliant blue (a single band of M, approximately
3 kDa) suggested that it was an amino acid derived metabolite.
Acid hydrolysis and analysis of the resulting amino acids indicated
that circulin A was composed of 30 amino acids (Table 1).
Attempts to sequence the peptide directly via Edmandegradation
were unsuccessful, indicating that its N-terminus was blocked.
Digestion of circulin A with endoproteinase Lys-C gave one 28
amino acid fragment which was amenable to Edman sequencing
(Figure 1) and a dipeptide that analyzed for N and K by amino
acid analysis. Fast-atom bombardment mass spectrometry
(FABMS) of circulin A provided a MH* molecular ion at m/z
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Table 1. Amino Acid Analysis of Circulins A and B

residues from

residues from

amino acid analysis sequencing
amino acid circulin A circulin B circulin A circulin B
Dand N 2.0 2.0 2(2N) 2(2N)
T 0.1 1.1 0 1
S 33 29 3 3
QandE 1.2 1.0 1 (E) 1 (E)
P 2.0 2.0 2 2
G 3.2 29 3 3
A 2.0 0 2 0
A 2.0 2.8 2 3
M 0 0 0 0
I 2.9 2.7 3 3
L 1.1 2.0 1 2
Y 1.0 1.0 1 1
F 0 1.0 0 1
H 0 0 0 0
K 2.1 2.0 2 2
R 1.1 1.0 1 1
w 1.14 b 1 0
C 5.4¢ 6.0¢ 6¢ 6°
30 31 total

4 Not determined directly. The presence of W was determined from
the relative intensity of UV absorbances at 294 vs 206 nm. ®UV
absorbance at 294 vs 206 nm was insufficient to account for the presence
of W. ¢ C was analyzed as (pyridylethyl)cysteine following treatment of
the peptide with vinylpyridine.

(A) Circulin A
Lys-C~ VCYRNGIPCGESCVWIPCISAALGCSCK + NK
Glu-C SCVWIPCISAALGCSCKNKVCYRNGIPCGE

(B) Circulin B
Arg-C NGVIPCGESCVFIPCISTLLGCSCKNKVCYR

Figure 1. (A) Amino acid sequences of peptides generated by digestion
of circulin A (19 h, 24 °C, pH 8.5) with endoproteinases Lys-C or Glu-C.
(B) Amino acid sequence of the peptide resulting from treatment of
circulin B with Arg-C(20h,37 °C, pH 7.6). Followingdigestion, resultant
peptides were characterized by amino acid analysis and sequenced by
N-terminal Edman degradation.

3153.3.7 While the composition of the Lys-C products was fully
consistent with the amino acid analysis of intact circulin A, the
calculated average molecular weight (3176 Da) of a linear peptide
containing these 30 amino acids was approximately 24 Da greater
than the molecular weight of circulin A as determined by FABMS.

A second enzymatic digest of circulin A with endoproteinase
Glu-C8 (Figure 2) provided a linear 30 amino acid peptide that
could be sequenced directly (Figure 1). The amino acid
composition of this peptide was identical to that determined for
circulin A, and it showed sequence homology with the Lys-C
products. These enzymatically generated peptides which share
common sequences could only arise if the entire amide backbone
of circulin A was cyclized via peptide bonds to give the 30 amino
acid macrocycle shown in Figure 3. A smaller cyclic structure
which blocked the N-terminus could not give the peptides we
observed in the enzyme digests.

Reaction of reduced circulin A (EtSH, 37 °C, 1 h) with
4-vinylpyridine (24 °C, 2 h, pH 8.5, Tris-HCIl) generated the
S-(8-4-pyridylethyl)cysteine (PEC) derivative of circulin A. A
FABMS MH* molecular ion at m/z 3790.5 supported the
presence of six disulfide-linked cysteines in the nonreduced starting
material (calculated net 636.4 Da increase in molecular weight
due tosix pyridylethyl groups). Treatment of the PEC derivative
of circulin A with Glu-C gave a single linear product with a
molecular ion at MH* m/z 3807.9, which resulted from addition

(7) Masses quoted are average molecular weights.
(8) Also commonly referred to as endoproteinase V8.
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Figure 2, CH3yCN/H,O gradient elution C;3 HPLC purification,
monitored at 206 nm, of (A) circulin A, (B) Lys-C digest of circulin A,
and (C) Glu-C digest of the PEC derivative of circulin A, CH,CN
elution percentages are shown above the peaks; fractions collected under
the shaded regions were pooled for sequencing and amino acid analysis.
The peak that eluted with 35% CH3CN in B was the 28 amino acid linear
peptide; the later eluting peak was not analyzed. Peak 1 in C was the
30 amina acid linear peptide; peak 2 was undigested starting material.
The linear elution gradients were 0-60% CH;CN over 60 min, 0-40%
CH;CN over 120 min, and 10-35% CH1CN over 120 min for A, B, and
C, respectively.

[- VCYRNGIPCGESCYWIPCISAALGCS CKNK.*]

Circulin A

|—VCY RNGVIPCGESCVFIPCISTLLGCSCKNK —|

Circulin B

Figure 3. Cyclic amino acid sequences of circulins A and B.

of H,O when the macrocyclic ring was opened. The molecular
weight of native circulin A determined by MS analysis (3152
Da) was in excellent agreement with the calculated mass of the
corresponding linear 30 amino acid peptide (3176 Da) minus 18
due to cyclization and minus 6 due to formation of three disulfide
bridges. The deduced cyclic structure of circulin A is consistent
with the molecular weight determined by MS analysis, the peptide
products of endoproteinase digestion, and the intractability of
the intact molecule to direct sequencing.

Circulin B was clearly related to circulin A on the basis of its
SDS-PAGE characteristics and molecular weight (FABMS,
MH* m/z3284.7). Thenative peptide was resistant to N-terminal
Edman sequencing, and amino acid analysis indicated that it
consisted of 31 residues (Table 1). The calculated molecular
weight of a linear peptide composed of these 31 amino acids
(3308 Da) was approximately 24 Da higher than the molecular
weight determined by MS. This suggested that circulin B was
also macrocyclic with three intramolecular disulfide bonds. The
PEC derivative of circulin B (FABMS, MH* m/z 3922.3) was
digested with endoproteinase Arg-C (Figure 2j togivea 3[ amino
acid, linear product that was suitable for direct N-terminal
sequencing (Figure 1). Aminoacid analyses of the cyclicstarting
material and linear digestion product were virtually identical.
This allowed definition of the macrocyclic structure of circulin
B as shown in Figure 3. Circulins A and B share a very high
degree of sequence homology, differing only by three amino acid
substitutions and insertion of one additional valine residue in
circulin B.

Aninvitro XTT-based anti-HIV assay® was used to screen for
the effects of circulins A and B on virus-induced cell killing in
diverse HIV-infected cultures. Ten different strains of HIV and
twodifferent host cell lines were employed. Confirmatory assays®
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examined the effects of the compounds upon viral replicative
indices, including p24 antigen, supernatant reverse transcriptase
and syncytium-forming units. For both compounds, the antiviral
cytoprotective concentrations (ECsq's) ranged from about 40 to
260 nM, depending upon the particular virus strain and host cell
line used in the assay.'® The cytotoxicity index concentrations
(ICsg’s) were quite constant at about 500 nM in all assays. The
concentration-dependent increase in cytoprotection observed in
the XTT assays was paralleled with decreases in supernatant
levels of viral p24, reverse transcriptase and infectious virions.
The mechanism of anti-HIV activity for circulins A and B has
not yet been defined; however, in a reverse transcriptase (RT)
assay® they had no activity at concentrations as high as 660 nM.
The highly constrained, three-dimensional structures of circulins
A and B appear to be critical to their anti-HIV properties, since
cytoprotective activity was lost if their disulfide bonds were
reduced prior to analysis.

Many proteins and peptides have been described in the literature
as cyclic, due to intramolecular disulfide bridges®!! or cyclization
with one or more side chain functional groups.’!2 However, with
30 and 31 amino acids, respectively, circulins A and B represent
thelargest known naturally occurring macrocyclic peptides which
result from peptide bond cyclization of the entire amino acid
backbone.!? While the cyclic nature and amino acid sequences
of circulins A and B are novel, a search of protein and DNA data
bases!*revealed, interestingly, that they have significant sequence
homology with a region of the human B-cell antigen CD22.15
Eight out of 11 amino acids were identical within the homologous
regions of circulin A and CD22. In the corresponding segment
of circulin B, six of 11 amino acids were identical.'®

Circulins A and B also show some similarities to a widely
distributed class of antimicrobial, antiviral, and cytotoxic peptides
commonly referred to as defensins.'® These peptides typically
contain a conserved cysteine motif with three intramolecular
disulfide bonds, are composed of 29-35 amino acids, and carry
a net positive charge. Theyare active against enveloped viruses,'’
and at least one defensin has been reported to inhibit HIV.'® The
six disulfide-bonded cysteines, molecular size range, net charge
(2+), and antiviral activities of circulins A and B suggest that
these cyclic peptides share some structural properties with the
defensin class of peptides.
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