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Human bone marrow expresses a pseudogene that encodes an
antimicrobial peptide homologous to rhesus monkey circular
minidefensins (�-defensins). We prepared the putative ancestral
human peptide by solid-phase synthesis and named it ‘‘retrocy-
clin.’’ Retrocyclin did not cause direct inactivation of HIV-1, and its
modest antibacterial properties resembled those of its rhesus
homologs. Nevertheless, retrocyclin had a remarkable ability to
inhibit proviral DNA formation and to protect immortalized and
primary human CD4� lymphocytes from in vitro infection by both
T-tropic and M-tropic strains of HIV-1. Confocal fluorescent micros-
copy studies performed with BODIPY-FL-labeled RC-101, a close
analog of retrocyclin, showed that the peptide formed patch-like
aggregates on the surface of CD4� cells. These findings suggest
that retrocyclin interferes with an early stage of HIV-1 infection
and that retrocyclin-like agents might be useful topical agents to
prevent sexually acquired HIV-1 infections.

Defensins are cysteine-rich, cationic antimicrobial peptides
expressed by the leukocytes and epithelial cells of birds and

mammals (1–4). Three defensin subfamilies exist in vertebrates:
�-defensins, �-defensins, and circular (�) minidefensins (5). All
derive from an ancestral gene that existed before reptiles and
birds diverged (6), all contain six cysteines, and all have largely
�-sheet structures that are stabilized by three intramolecular
disulfide bonds. Although �- and �-defensins differ in the
spacing and connectivity of their cysteines, they have similar
topology (7). The human �� and �-defensin genes cluster on
chromosome 8p23 (8), a locus that also contains the pseudogene
for retrocyclin (GenBank accession nos. U10267 and
AF238378). RTD-1, a type of defensin (5), was recently detected
in bone marrow from the rhesus monkey, Macacca mulatta. It
had 18 residues and was circular—having been formed by the
fusion of two truncated ��defensin precursors (called ‘‘demide-
fensins’’ in this report), each of which contributed 3 cysteines to
the mature peptide. Subsequently, two additional rhesus circular
minidefensins, RTD-2 and RTD-3, were described (9, 10). The
cellular machinery responsible for processing RTDs is capable of
generating molecular diversity posttranslationally (9, 10), and
remains operational in human leukocytes (5).

Here, we report that human bone marrow expresses mRNA
that is homologous to the precursors of rhesus monkey circular
minidefensins. Although a stop codon within its signal sequence
suggests that the human transcript now represents an expressed
pseudogene, we used its sequence and information derived from
studies on rhesus monkeys to synthesize ‘‘retrocyclin,’’ the
putative ancestral human circular minidefensin. Retrocyclin
dramatically protected human CD4� cells from infection by
HIV-1 in vitro, was noncytotoxic, and killed certain bacteria
effectively in physiologic saline.

Methods
Cloning. The term ‘‘demidefensin’’ denotes an �-defensin tran-
script that contains a stop codon between the third and fourth
cysteine of its defensin domain. We prepared two primers
5�-TCAGGCAAGAGCTGATGAAGCT-3� (P1) and 5�-

ACTCTCAAAGTAACTTCTGAGC-3� (P2) based on the
monkey demidefensin cDNA sequences (GenBank accession
nos. AF 184156, 184157, and 184158) and performed PCR on
Marathon-Ready human bone marrow cDNA (CLONTECH),
which resulted in an �264-bp amplified product. To obtain its 3�
side sequence, we amplified Marathon-Ready human bone
marrow cDNA with P1 and Abridged Universal Amplification
Primer (AUAP) using a 3�-RACE (rapid amplification of cDNA
ends) kit (GIBCO�BRL). After an �352-bp PCR product was
cloned and sequenced, we obtained 5� side sequence with the
5�-RACE kit from Boehringer Mannheim by amplifying Mara-
thon-Ready human bone marrow cDNA with oligo(dT) anchor
primer and antisense primer (5�-ACTCTCAAAGTAAATTCT-
GAGC-3�). The �407-bp PCR product was cloned and se-
quenced. As expected, 264-bp nucleotides were overlapping in
the sequences of our two PCR products.

Peptides. Peptides were synthesized at a 0.25-mmol scale with a
Perkin–Elmer Applied Biosystems 431 A Synthesizer, using
prederivatized polyethylene glycol polystyrene arginine resin
(PerSeptive Biosystems, Framingham, MA), FastMoc chemistry,
and double coupling for all residues. The crude peptide was
reduced under nitrogen for 15 h at 50°C with excess DTT in 6
M guanidine�HCl, 0.2 M Tris�HCl, and 0.2 mM EDTA (pH 8.2).
The reaction was stopped with glacial acetic acid (final concen-
tration, 5%), and the reduced peptide was stored under nitrogen
until purified by RP-HPLC. After this step, the peptide appeared
homogeneous, and its mass [1942.5, by matrix-assisted laser
desorption ionization time-of-f light (MALDI-TOF) MS] agreed
well with its theoretical mass. The reduced peptide (0.1 mg�ml)
was oxidized, cyclized, and purified essentially as described by
Tang and colleagues (5). The MALDI-TOF MS mass of retro-
cyclin (1918.5 Da) agreed well with its expected mass. CD
spectra were obtained at 25°C from an AVIV 62DS spectropo-
larimeter (Aviv Associates, Lakewood, NJ) as described previ-
ously (11).

Antimicrobial Activity. Two stage radial diffusion assays were done
as previously described (12). Clear zone diameters were mea-
sured to the nearest 0.1 mm after overnight incubation. The
x-intercept of the relationship of zone diameter to log10 peptide
concentration was determined by least mean squares regression,
and equated to the MEC (minimal effective concentration).

Abbreviations: moi, multiplicity of infection; PBMC, peripheral blood mononuclear cell;
LTR, long-term repeat region.

Data deposition: The sequence reported in this paper has been deposited in the GenBank
database (accession no. AF355799).
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Cytotoxicity Assay. Cytotoxicity determinations were made with a
Cell Proliferation Kit purchased from Boehringer Mannheim
according to the manufacturer’s instructions. The procedure
measures the reduction of the yellowish MTT molecule (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) to a
dark blue formazan.

Antiviral Activity. Cells. HIV-1 strain IIIB uses the CXCR4 che-
mokine coreceptor for entry. Immortalized CD4� H9 cells,
which are permissive for infection with this strain, were main-
tained in RPMI 1640 supplemented with 10% heat-inactivated
FCS, 10 mM Hepes, 2 mM glutamine, 100 units of penicillin�ml,

and 10 �g of streptomycin�ml. In addition, primary CD4�

lymphocytes from HIV-1-seronegative donors were generated
from freshly purified peripheral blood mononuclear cells stim-
ulated with a CD3-CD8 bispecific monoclonal antibody (13–15).
After �7 days, when 98% of these cells coexpressed CD3 and
CD4 (data not shown), they were infected with HIV-1. These
cells were maintained in RPMI 1640 containing 10% FCS
supplemented with 2 mM glutamine, 100 units of penicillin�ml,
10 �g of streptomycin�ml, and 50 units of IL-2�ml.

HIV-1 stocks. HIV-1 IIIB (T-tropic) was produced by fresh
infection of T1 cells, and supernatant was harvested 4 to 5 days
after infection (16). HIV-1 JR-CSF (M-tropic) was produced by

Fig. 1. Sequence comparison of human and rhesus demidefensins. (A) The sequences of rhesus demidefensin-1 (GenBank accession no. AF184156) and human
pro-retrocyclin (GenBank accession no. AF 355799) were both obtained in our laboratory. A vertical line connects identical bases, start codons are underlined,
and stop codons are bolded and doubly underlined. The sequences are 89.4% identical. The demidefensin-1 sequence is 92% (422�457) identical to RTD-1
precursor 1a and 97% identical to RTD-1 precursor (445�457) 1b–both as described by Tang and colleagues (5). (B) The sequences of rhesus demidefensin-1,
human retrocyclin, and human defensin 4 (HNP-4) are shown. Solid circles (F) indicate a stop codon in the corresponding cDNA. Vertical bars connect identical
residues, and � signs connect similar residues. Residues represented in mature retrocyclin and RTD-molecules are boxed. The demidefensin-1 sequence (GenBank
accession no. AF184156) was derived from the monkey mRNA shown in A.
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fresh infection of peripheral blood mononuclear cells (PBMC)
after 3 days of phytohemagglutinin (PHA) stimulation (PHA
blasts), followed by supernatant harvest 7 or 8 days after
infection (17). Aliquots of virus stocks were cryopreserved at
�80°C and thawed immediately before use. Viral titers were
determined as previously described (18).

Antiviral assays. Approximately 106 CD4� cells�ml were resus-
pended at 37°C in fresh RPMI 1640–10% FCS medium that
contained 50 units of IL-2 when primary CD4� PBL cells were
tested. Retrocyclin (final concentration, 20 �g�ml) was added,
and 3 h later the cells were challenged with an inoculum of
HIV-1 that gave a multiplicity of infection (moi) of 10�2 TCID50

per cell (TCID50 signifies ‘‘50% tissue culture infectious dose’’).
After incubation for 3 h at 37°C, the cells were washed twice and
added to 24-well plates at 5 � 105 cells per well in 2 ml of medium
containing retrocyclin at the indicated final concentrations. At
3-day intervals, 1 ml of supernatant was removed from each well
for HIV-1 p24 antigen quantitation by ELISA (ELISA; DuPont)
and replaced with 1 ml of fresh medium supplemented with
retrocyclin at the final concentrations.

HIV-1 Provirus. To verify whether retrocyclin blocked the forma-
tion of proviral DNA in HIV-1JR-CSF-inoculated CD4�-selected
PBMC, quantitative real time PCR was performed as described
in refs. 19 and 20. In brief, DNA was obtained from frozen cell
pellets after exposure to urea lysis buffer and subsequent
phenol�chloroform extraction as previously described (21). Am-
plification and detection was performed on an Applied Biosys-
tems PRISM 7700 Sequence Detection System using the Taq-
man Reagent Kit. Oligonucleotides that were used for detection
of early HIV DNA [R-U5 regions of the long-term repeat region
(LTR)] have been described previously [SR1 and AA55 (19–
21)]. The fluorescent probe ZXF (200 nM) corresponds to
nucleotide numbers 584 to 616 in the JR-CSF LTR. The
oligonucleotides that were used to detect full-length (LTR-gag)
HIV reverse transcripts included primers that bind sequences in
the beginning of gag, and have been previously described [SR1
and M667 (19–21)]. The probe for this condition is identical to
that used for total HIV reverse transcripts. The standard curve
that was used to determine HIV DNA levels ranged from 10 to
20,000 copies of cloned HIV DNA (19–21). The standard curve

Fig. 2. Structural characterization of retrocyclin. (a) CD spectrum demonstrating the similarity in structure between retrocyclin and RTD-1, both at 0.5 mg�ml
in a 1:1 mixture of trifluoroethanol in PBS at pH 7.4. (b) A hypothetical model of retrocyclin made by templating its sequence on the backbone of a similar peptide
from porcine neutrophils, protegrin-1 (PDB accession code: 1PG1). (c) A cartoon version of b, wherein arginines are black, cysteines are gray, and the other
residues are identified by single letter code. (d) A similar cartoon of rhesus RTD-1, indicating the similarity in structure with retrocyclin.

Fig. 3. Effect of salt on antibacterial activity of circular minidefensins. Human retrocyclin and monkey RTD-1 were tested against our standard lab stains: E.
coli ML-35p, P. aeruginosa MR 3007, L. monocytogenes, EGD, and S. aureus 930918. The bars show minimal effective concentration values � SE values that
resulted from three to six radial diffusion assays per organism and assay condition.
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used to determine levels of beta-globin gene sequences consisted
of DNA derived from 10 to 100,000 normal human peripheral
blood lymphocytes. Quantitation of HIV sequences was
achieved by extrapolation from these standard curves. Thus, the
combination of primers SR1 and AA55 amplified sequences in
R�U5 of the LTR, and detected early events in reverse tran-
scription. The combination of SR1 and M667 amplified the
LTR�gag junction, formed near the completion of the reverse
transcription process.

Reverse Transcription–PCR. Human total placental RNA (0.5 �g)
was reverse transcribed with 1 unit of rHIV reverse transcriptase
(U.S. Biological, Swampscott, MA) by using an Advantage
RT-for-PCR kit (CLONTECH) in the presence or absence of 5
�M retrocyclin, T140, or 3�-azido-3�-deoxythymidine (AZT).
PCR was performed for 25 cycles according to the kit’s protocol.
Amplified products were electrophoresed in a 1% agarose gel
and visualized by using ethidium bromide.

Confocal Microscopy. RC-101 was joined to the amine-
reactive f luorescent dye, BODIPY-FL (Molecular Probes),
according to the manufacturer’s protocol, and the conjugate
(RC-101BODIPY-FL) was purified by reverse-phase HPLC and
resuspended in 0.01% acetic acid at concentrations up to 240
�g�ml. RC-101BODIPY-FL (20 �g�ml) was incubated with 2.5 �
105 CD4�-selected PBMC cells for 15 min at room temperature
and washed once in fresh R10–50 media. Specimens were
imaged on a Leica (Heidelberg, Germany) TCS-SP Confocal
Microscope equipped with an argon laser for 488 nm blue
excitation of BODIPY-FL. Images were collected by using Leica
Confocal Software. Confocal microscopy was performed in the
Carol Moss Spivak Cell Imaging Facility at the University of
California at Los Angeles Brain Research Institute.

Results and Discussion
Fig. 1A compares the cDNA sequence of the human retrocyclin
transcript to that of rhesus demidefensin 1. At the nucleotide
level, retrocyclin is 88.9% identical to rhesus demidefensin 1, and
shows similar identity to rhesus RTD-1 precursors 1a and 1b (5).
Although a stop codon (TAG) within the human transcript’s
signal sequence should abort translation, the otherwise high
conservation of rhesus and human mRNAs suggests that humans
acquired this mutation relatively recently in evolution.

Rhesus RTD-1 is the fused and trimmed product of two
different truncated �-defensin precursors (5), designated 1a and
1b. Recently, we purified and sequenced two additional circular
minidefensins from rhesus bone marrow (9, 10). Their sequences
indicated that these peptides arose after homologous pairing of
the aforementioned 1a and 1b precursors. Fig. 1B shows the
peptide sequences of demidefensin 1 [equivalent to RTD pre-
cursor 1b (5)], prepro-retrocyclin, and prepro-defensin 4. Res-
idues incorporated into the circular minidefensins are boxed,
and stop codons are represented by solid circles.

Our synthetic retrocyclin represents the circular minidefensin
that would have formed (i) if the signal sequence mutation were
absent or inoperative, and (ii) if the precursor underwent
homologous pairing so that its boxed residues formed both halves
of the circular molecule. RTD-1 and retrocyclin have very similar
CD spectra, with largely �-sheet structures stabilized by disulfide
linkages and connected by turns (Fig. 2A; ref. 5). Antimicrobial
peptides with similar spectra include tachyplesins (22), prote-
grins (11), and circularized defensins (23). Fig. 2B, a backbone
ribbon model of retrocyclin, was made by templating its sequence
on the structure of protegrin PG-1 (11) and cyclizing it. The
resulting structure was annealed by molecular dynamics and
energy minimized. Fig. 2C is a cartoon version of Fig. 2B,
designed primarily to show the placement of the cysteine and
arginine molecules. Fig. 2D is a similar cartoon of rhesus RTD-1.

The effects of NaCl on the antimicrobial activity of retrocyclin
and RTD-1, from two-stage radial diffusion assays, are com-
pared in Fig. 3. The peptides showed very similar behavior.
Neither was hemolytic for human red cells, and retrocyclin
showed minimal cytotoxicity for two human cell lines, ME-180
cervical epithelial cells and H9 CD4� T lymphocytes, even when
tested at 100–200 �g�ml (data not shown). Under low salt
conditions, both peptides were highly effective (minimal effec-
tive concentration � 3 �g�ml) against all four test organisms:
Pseudomonas aeruginosa, Escherichia coli, Listeria monocyto-
genes, and Staphylococcus aureus (Fig. 3). Their strong activity
against E. coli and L. monocytogenes persisted in physiological
(100 mM) NaCl, and even hypersalinity (175 mM NaCl) was only
modestly inhibitory. In contrast, neither peptide was effective
(minimal effective concentration � 50 �g�ml) against S. aureus
or P. aeruginosa in physiological or high salt concentrations.

Fig. 4. Anti-HIV-1 activity of retrocyclin. Two strains of HIV-1 and two types
of human target cells were used. The IIIB strain is T cell-tropic and utilizes the
CXCR4 coreceptor for entry; the JR-CSF strain is M-tropic and uses CCR5 for
entry. PBMC signifies CD4�-selected peripheral blood mononuclear cells.
Results indicate p24 antigen concentration in pg�ml, as determined by quan-
titative ELISA assay. (A) Two concentrations of retrocyclin (2 �g�ml, 20 �g�ml),
20 �g�ml of the rhesus circular defensin ‘‘RTD-1,’’ 20 �g�ml of an oxidized and
linearized variant of retrocyclin [‘‘R(ox)’’], and 20 �g�ml of a horseshoe
crab-derived peptide ‘‘T140,’’ which previously was reported to prevent only
T cell-tropic infections (25), were tested in antiviral assays of against strain IIIB
in H9 cells (n 	 2–6 per peptide; error bars indicate SEM). (B) To confirm our
results with primary human cells, similar assays were performed by using IIIB
virus and CD4� PBMC or (C) JR-CSF virus and CD4� PBMC (n 	 2–4 per peptide;
error bars indicate SEM). Assay sensitivity 	 10 pg�ml.
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The anti-HIV-1 properties of retrocyclin are shown in Fig. 4.
Retrocyclin (10–20 �g�ml) afforded complete protection to
CD4�-selected human PBMCs challenged with two different
strains of HIV-1: IIIB (T-cell tropic) and JR-CSF (M-tropic), or
H9 human T cells challenged with IIIB. The rhesus circular
minidefensins RTD-1 (Fig. 4) and RTD-2 and RTD-3 (data not
shown) were also protective, but to a lesser extent than retro-
cyclin. Additionally, the anti-HIV-1 activities of T140 (Fig. 4)
and T22 (not shown), analogs of polyphemusins from horseshoe
crabs that were previously shown to protect against T-tropic, but
not M-tropic, infections (24, 25), were confirmed in the present
study. In similar assays, we also determined that the minimal
concentration of T140 that affords complete protection against
T-tropic HIV-1 was 64-fold less than retrocyclin (day 9 of
incubation; n 	 3).

Because sexually transmitted HIV-1 stains are typically M-
tropic, genetic mutations in humans that eliminate the CCR5
coreceptor afford strong resistance to HIV infection (26). A
consequence of the strong selectivity of T140 for the CXCR4
coreceptor is that it affords little or no protection against
M-tropic strains of HIV-1. In contrast, retrocyclin is effective
against M-tropic as well as T-tropic HIV-1 strains, lending
credence to the potential utility of retrocyclin-like agents for
prophylaxis.

To ascertain whether retrocyclin directly inactivated HIV-1
virions, we incubated HIV-IIIB (moi 10�2) or JR-CSF (data not
shown) with 2 �g�ml, 20 �g�ml, or 200 �g�ml retrocyclin in
R10–50 media. The mixture was diluted in R10–50 media well
below its empirically determined antiviral concentrations, and
used to infect CD4�-selected PBMC. Viral replication was
measured by collecting supernatant for 9 days at 3-day intervals
to quantify HIV-1 p24 antigen by ELISA (Fig. 5A). HIV titer was
not reduced even with the highest concentration (200 �g�ml) of
retrocyclin, suggesting that retrocyclin does not directly target
the virion.

Retrocyclin, a circular peptide, lacks free N-terminal or
side-chain amine groups, rendering radiolabeling or fluorescent-
conjugation somewhat problematic. To overcome this limitation,
we synthesized RC-101 (GICRCICGKGICRCICGR). This pep-
tide contained an Arg93Lys9 substitution (bolded) that pre-
serves the net cationic charge of the peptide while adding the
free amino group of lysine’s side chain. Circular dichroism
confirmed that the CD spectra of RC-101 and retrocyclin were
nearly identical (data not shown).

Quantitative, real-time PCR was performed to compare the
ability of retrocyclin and RC-101 to block formation of proviral
DNA in HIV-JR-CSF-inoculated CD4�-selected PBMC. This
method (20) is even more sensitive than measuring p24 release
and can detect infection even when p24 values may be affected

Fig. 5. Mechanism of action of retrocyclin. (A) Retrocyclin (2–200 �g�ml) was incubated with HIV-IIIB (moi 	 10�2) diluted in R10–50 media before infecting
CD4�-selected PBMC. p24 antigen release was measured by ELISA (n 	 3). Adding retrocyclin directly with HIV-1-IIIB does not reduce infection. Limit of
detection 	 10 pg�ml. (B) Retrocyclin (‘‘Retro’’) and RC-101 inhibited the formation of DNA from both early events (total HIV DNA) and later events (full-length
HIV DNA) of reverse transcription. Data are an average of two experiments, except for RC-101 (one experiment). ‘‘HI virus’’ is a heat-inactivated virus control
for background levels of viral DNA. (C) The p24 titers from day 9 CD4� PBMC infected with IIIB or JR-CSF at the indicated moi, with or without 20 �g�ml retrocyclin
or RC-101, are shown. RC-101 and retrocyclin were comparably active in inhibiting HIV-1 replication at low moi (Left) and higher moi (Right). (D) RC-101BODIPY-FL

was detected by confocal fluorescence microscopy in patches on the surface of CD4�-selected PBMC. The focal plane of D1 is at the surface of a representative
cell, whereas D2–D4 are representative sections from the middle of the same cell. Note that RC-101 aggregates in patches on the surface of PBMC, suggesting
that it inhibits viral fusion or entry. Cell diameter 	 15 �m.
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by virus carried over from the original inoculum. CD4�-selected
PBMC were incubated with either HIV-1 strain JR-CSF (moi 	
0.1), heat-inactivated virus (background control), JR-CSF � 20
�g�ml retrocyclin, or JR-CSF � 20 �g RC-101. Retrocyclin and
RC-101 inhibited the formation of total and full-length HIV-1
proviral DNA (Fig. 5B). Consequently, retrocyclin and RC-101
act very early in the infection process, either by inhibiting reverse
transcription or events (e.g., binding, virion uptake, etc) that
must precede it. The complete lack of proviral DNA formation
with the R-U5 primers suggested that inhibition by retrocyclin
occurred at steps before reverse transcription, consistent with in
vitro tests with purified HIV-1 reverse transcriptase in a cell-free
system (data not shown).

The anti-HIV-1 activity of RC-101 was compared with retro-
cyclin. Primary CD4�-selected PBMC lymphocytes from HIV-
1-seronegative donors were generated from freshly purified
peripheral blood mononuclear cells and were infected with
HIV-1 in the presence or absence of test peptide. The cells were
maintained in R10–50 media for 9 days in the presence of 20
�g�ml test peptide. Similar to retrocyclin, RC-101 afforded
complete protection to CD4�-selected PBMC challenged with a
low inoculum of HIV-IIIB and HIV-JR-CSF and partial pro-
tection with higher inocula (Fig. 5C).

To explore how retrocyclins interacted with cells, we used
fluorescence confocal microscopy to examine CD4�-selected
PBMC cells that had been incubated with 20 �g�ml RC-
101BODIPY-FL (Fig. 5D). RC-101BODIPY-FL bound to the cell

membrane, mostly concentrated in patches, and was not inter-
nalized. Patching, or ‘‘microaggregation,’’ has been reported to
occur with hormone-occupied epidermal growth factor recep-
tors (27), and ‘‘rafts’’ are involved in signaling through the
selective confinement of chemokine receptors to discrete regions
of the cell membrane (reviewed in ref. 28). Studies are underway
to identify the precise molecular target(s) of retrocyclin.

In summary, we used a forensic approach to recreate a ‘‘dead’’
human peptide (retrocyclin) from its remains, an expressed
pseudogene. That the antimicrobial properties of retrocyclin
closely resembled those of rhesus circular minidefensins (�
defensins) was not very surprising. However, the ability of
retrocyclin to prevent infection by HIV-1 was both remarkable
and tinged with irony. Although it is not possible to know
whether the evolutionary loss of retrocyclin contributed to the
susceptibility of humans to HIV-1 infection, retrocyclin is a
promising lead for designing agents (e.g., topical microbicides)
that can prevent human HIV infections.
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