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SUMMARY: The [Tyr5:12, Lys7}-polyphemusin II peptide (T22) has been shown to inhibit
HIV-1 replication in lymphocytes. The mechanism of T22 inhibition of HIV-1 replication is not
known but may involve T22 competition with HIV-1 for attachment sites on the plasma
membrane of targeted cells. Here we find that three human immunocyte cell lines (H9, Jurkat,
and U-937) attach to T22. The phorbol ester, 12-O-tetradecanoylphorbol 13-acetate (TPA),has
been shown to activate intracellular protein kinase C and to stimulate lymphocyte attachment to
various substrates through specific cell surface receptors. Here we find that TPA treatment
enhances attachment of the immunocytes to T22 by three- to four-fold. These data demonstrate
that T22 binds to immunocyte cell surfaces and support the hypothesis that T22 may inhibit
HIV-1 replication by competing with the virus for a common cell surface receptor(s).

© 1994 Academic Press, Inc.

Tachyplesin I (T1) is a peptide consisting of 17 amino acids with two disulfide bridges and
is derived from Japanese horseshoe crab hemocytes (1). Three additional isopeptides of
tachyplesin have been found in both the Japanese horseshoe crab and the American horseshoe
crab and are known as tachyplesin II (Japanse) and polyphemusin I and II (American) (2). All
four peptides inhibit the growth of Gram-negative and Gram-positive bacteria and are presumed
to play a role in the horseshoe crab self-defense system (1-3).
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The most compelling quality of tachyplesin and polyphemusin is their ability to inhibit the
replication of the human immunodeficiency virus-1 (HIV-1) in lymphocytes (3-6). Recent
research has focused on the development of tachyplesin and polyphemusin analogs which have
improved anti-HIV-1 activity. Compared to T1 and fifteen additional analogs the most active
peptide is T22, a derivative of ployphemusin II (5). It has been suggested that the T22 peptide
interferes with a process after HIV-1 binding to the cell surface but before reverse transcription
of the viral genome (6). However it is possible that T22 inhibits HIV-1 binding to the cell
surface plasma membrane and prevents internalization of the virus.

Here we investigate the ability of the T22 peptide to interact with cell surface ligands on
lymphocytes and promonocytes. This interaction is measured by the ability of these
immunocytes to attach to T22. In addition we identify a cell binding site on the T22 peptide. We
also investigate the effect of protein kinase C activation on immunocyte binding to T22. Our
results indicate that T22 is bound by a cell surface receptor(s), and support the hypothesis that
T22 may compete with HIV-1 for cell binding.

Materials and Methods

Synthetic peptides: All synthetic peptides used are listed in Fig. 1. Tachyplesin I (T1) and its
analog peptides (T22 and D-T22) were synthesized by 9-fluorenylmethyloxycarbonyl (Fmoc)
based solid phase strategy as previously described (7, 8). The branched peptides, Ac-Y 16 [(Ac-
YIGSRG)16KgK4K2KG] and YRK16 [(Ac-YRKG16KgK4K2KG], were manually synthesized by
Fmoc strategy on low roading Wang-type resin (Fmoc-Gly-resin, 0.1 mmol/g) as previously
described (9).

12-0-tetradecanoylphorbol 13-acetate (TPA) and H7: TPA and its control, 4o-phorbol 12, 13-
didecanoate12,13-didecanoate (PDD) were obtained from Sigma (St. Louis, MO) and were
dissolved in ethanol and stored at -80 °C at a stock concentration of 16 mM. H7 was obtained
from SEIKAGAKU Co. (Tokyo, Japan) and was stored at 4 °C at 5Smg/ml in ethanol.

Cells and culture: H9, U-937 and Jurkat cells (10-16) were cultured in RPMI 1640 containing
10% fetal bovine serum and pennicillin and streptomycin. For the attachment assays (see below)
cells were collected, washed free of serum and placed in medium consisting of soley RPMI 1640.
Attachment assays: The peptides tested were dissolved at 1 mg/ml in distilled water. The
peptides were then added to 16 mm diameter wells of a 24 well Costar tissue culture plate to
which 0.5 ml of water had been added. Peptides were tested at 1, 10 and 100 pg. The water in
the wells thus varied from 500 pl (blank) to 600 ul (100 pg peptide). The water was allowed to

completely evaporate overnight, thereby neutralizing volume differences. Next, 2.5 x 104 cells
in a serum free medium (see above) were plated in the wells and were incubated at 37 °C for
three hours. After the attachment period the media and unattached cells were removed by
aspiration. The remaining cells were fixed, stained and counted as a measure of cell attachment.

Tachyplesin | (T1y: KVVCI"RVCYRGII “YRRCR-amide

|
T22 and D-T22: RRWCYRKCYKGYCYRKCR-amide
YRKI6: (Ac-YRKG)16K8K4K2KG
Ac-Y & (Ac-YIGSRG)16K8K4K2KG

Fig. 1. List of synthetic peptides. *D-T22: all-D-configuration.
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The number of cells in three fields were counted at 10x magnification and averaged. At 10x
magnification, each field is 1/64 of the 16 mm diameter well. Therefore, the average number of

cells per field was multiplied by 64 and then divided by the total number of cells (2.5 x104).
This number was then multiplied by 100 to give the percent of the total number of cells which
attached. This number is shown in Fig. 2-4 as the measurement of cell attachment. TPA was
added at the time of cell seeding at a concentration of 100 nM and the attachment assay was then
allowed to proceed for the usual 3 hours before measuring attachment. H7 was tested by adding
30 mM at the time of TPA addition which, as stated, was also the time of cell seeding.

Results

The two human lymphocyte cell lines, H9 and Jurkat, and one human promonocyte cell
line, U-937, attached to the T22 peptide (Fig. 2). Jurkat cells were the most adherent with
approximately 30% of the cells attaching to 10 pg of T22 peptide. For H9 cells and U-937 cells
22% and 17 % attached to 10 pg of the peptide. Attachment to 10 pg of the D-configuration T22
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Fig. 2. Attachment of lymphocyte cell lines to the T22 and its related peptides. The percent of
cells attached to the synthetic peptides was determined as described in the materials and
methods. Here, 10 pug of the peptides was used to coat wells and cells were allowed to attach
for three hours in a serum free medium before the unattached cells were removed and the
attached cells were counted. Maximum attachment was observed with a well coating of 10 pg
and at three hours (Fig. 3).

(:) ug peplide

Fig. 3. HO9 cell attachment to the T22, D-T22, YRK16 and Ac-Y16 at different doses.
Attachment was determined under the same conditions described for Fig. 2. The laminin YIGSR
sequence is an active domain for the attachment of several cell types. H9 cells are known to not
attach to this domain (18).
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peptide, D-T22, and T1 was tested. Both of these peptides have been shown to have less anti-
HIV-1 activity than T22 (17) H9 cell attachment to D-T22 was approximately 50% of that
observed for T22, while the U-937 and Jurkat cell attachment to the D-T22 was approximately
three-fold less than that observed for T22. The T1 peptide also had less adhesive activity (Fig.
2). This result suggested a correlation between the anti-HIV-1 activity and the cell binding
activity of the tachyplesin and polyphemusin analogs.

The T22 peptide has two YRK sequences (5). A multimeric (16mer) YRK peptide,
YRK16, was prepared using the multiple antigen peptide system (7) and tested for cell
attachment. All cells attached to YRK16 (Fig. 2) which indicated that this sequence is a cell
attachment site on the T22 peptide. As a control multimeric peptide, a 16-mer of the laminin
YIGSR cell binding domain, Ac-Y16 (9), was also tested for cell attachment. H9 cells do not
attach to YIGSR (18), and here we found that neither the lymphocyte or the promonocyte cells
attached to Ac-Y 16 (Fig. 2).

Attachment of H9 cells to the T22 peptide was maximal at 10 pg with approximately 20% -
25% of the cells attached (Fig. 3). At 100 pg, 19% of the H9 cells to T22 while only 3%
attached to Ac-Y16 (Fig. 3). Maximal attachment of H9 cells to YRK16 was also maximal at 10
ug with approximately 15 % of the cells attached (Fig. 3).

The phorbol ester, TPA has been shown to stimulate immunocyte receptor-mediated
attachment to various substrates (18). Therefore, the attachment of H9 and U-937 cells to the
T22 peptide in the presence of TPA was investigated here. Treatment with 100 nM TPA
stimulated a three- to four-fold increase in both H9 and U-937 cell attachment to the T22 peptide
(Fig. 4A). Without TPA the maximal attachment of the H9 and U-937 cells to 10 pug of T22 was
approximately 22% and 17% respectively. With TPA added, 68 % of the H9 cells and 47 % of
the U-937 cells attached to 10 pg of the T22 peptide (Fig. 4A). As a control for the TPA, 4a-
phorbol 12, 13-didecanoate (PDD) was tested at 100 nM and this did not stimulate attachment to
the T22 peptide (data not shown). Using the H9 cells, the role of protein kinase C in the TPA
stimulated attachment was investigated using the protein kinase C inhibitor, H7. Co-treatment of
TPA activated H9 cells with 30 uM H7 completely blocked the TPA enhanced attachment to T22
(Fig. 4B). H7 did not cause a reduction of the background attachment to T22. These results
demonstrated that activation of cellular protein kinase C increases lymphocyte binding to T22
and suggested that the T22 ligand in immunocyte plasma membranes can be modified by
intracellular protein kinase C activation.

Discussion

The tachyplesins and polyphemusins are peptides found in the hemocytes of the horseshoe
crab (1, 2). These peptides are potent antimicrobial agents and are presumed to play a role in the
horseshoe crab self-defense system. Recently, tachyplesin I and a synthetic analog, T22, was
reported to inhibit HIV-1 replication (3-6). The mechanism through which T22 inhibits HIV-1
replication is unknown, but it has been suggested that T22 interferes with a process after virus
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Fig. 4, (A) Treatment of lymphocyte cells with TPA increases their ability to attach to the T22
peptide. H9 and U-937 cells were treated with 100 nM TPA at the time of cell seeding and
attachment was allowed to proceed for the standard three hours before the percent of attached
cells was determined.

(B) The protein kinase C inhibitor blocks the TPA-induced increase in attachment to the T22
peptide. H9 cells were allowed to attach to 10 pg of the T22 peptide for three hours  with 100
nM TPA, or 100 nM TPA and 30 uM H7, or with no treatments (blank). All treatments were
added at the time of cell seeding.

binding to lymphocyte plasma membranes (6). However it is possible that the T22 peptide
blocks HIV-1 binding to the cell surface plasma membrane thereby inhibiting infection of the
cell. Alternatively, T22 may inhibit cell-cell contact and block the direct passage of the virus
from infected cells to uninfected cells.

Here we investigate the ability of the T22 peptide to interact with the plasma membranes of
human CD4+ lymphocyte and promonocyte cell lines, each of which can be actively infected
with HIV-1 (10-16). All of the immunocyte cell lines bind to the T22 peptide. The attachment
of the cells to the T22 peptide appears be mediated through the YRK sequence since these cells
bind to a synthetic multimeric YRK peptide (YRK16). Activation of protein kinase C in
immunocytes has been shown to stimulate cell surface receptor binding activity (18), and here,
activation of intracellular protein kinase C increases immunocyte attachment to T22. This
further suggests that immunocyte binding to T22 is receptor mediated.

The results of this study focus future research on the identification of the immunocyte
receptor(s) for the T22 peptide. The present study also raises the possibility that T22 can
compete with HIV-1, or infected cells, for a common cell surface receptor thereby blocking HIV-
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1 internalization and replication. Identification of the immunocyte surface receptor for the T22
peptide will contribute to the development of peptides for the prophalaxis HIV-1 infection.
Identification of the immunocyte surface receptor for the T22 peptide may also help to further
elucidate the fundamental mechanisms of HIV-1 infection.

References

1. Nakamura, T., Furunaka, H., Miyata, T., Tokunga, F., Muta, T., Iwanaga, S., Niwa, M.,

Takao, T., and Shimonishi, Y. (1988) J. Biol. Chem. 263, 16709-16713.

Miyata, T., Tokunga, F., Yoneya, T., Yoshikawa, K., Iwanaga, S., Niwa, M., Takao, T.,

and Shimonishi, Y. (1989) J. Biochem. 106, 663-668.

Morimoto, M., Mori, H., Otake, T., Ueba, N., Kunita, N., Niwa, M., Murakami, T., and

Iwanaga, S. (1991) Chemotherapy 37, 206-211.

Murakami, T., Niwa, M., Tokunaga, F., Miyata, T., Iwanaga, S. (1991) Chemotherapy

37, 327-334.

Masuda, M., Nakashima, H., Ueda, T., Naba,H., Ikoma, R., Otaka, A., Terakawa, Y.,

Tamamura, H., Ibuka, T., Murakami, T., Koyanagi, Y., Waki, M., Matsumoto, A.,

Tamamoto, N., Funakoshi, S., and Fujii, N. (1992) Biochem. Biophys. Res. Commun.

189, 845-850.

Nakashima, H., Masuda, M., Murakami, T., Koyanagi, Y., Matsumoto, A., Fujii, N., and

Yamamoto, N. (1992) Antimicrob. Agents Chemother. 36, 1249-1255.

Tam, J. P, (1988) Proc. Natl. Acad. Sci., U.S.A. 85, 5409-5413,

Akaji, K., Fujii, N, Tokunaga, F., Miyata, T., Iwanaga, S., and Yajima, H. (1989) Chem.

Pharm. Bull. 37, 2661-2664.

Nomizu, M., Yamamura, K., Kleinman, H. K., and Yamada, Y. (1993) Cancer Res. 53,

3459-3461.

10. Mann, D. L, O'Brien, S. J., Gilbert, D. A., Reid, Y., Popovic, M., Read-Connole, E.,
Gallo, R. C,, and Gazdar, A. F. (1989) AIDS Res Hum Retroviruses 5, 253-255.

11. Popovic, M., Read-Connole E., and Gallo, R. (1984) Lancet ii, 1472-1473.

12. Popovic, M., Sarngaharan, M., Read, E., Gallo, R. C. (1984) Science 224, 497-500.

13. Weiss, A., Wiskocil, R., and Stobo, J. (1984) J. Immunol. 133, 123-129.

14. Ralph, P., Moore, M., and Nilsson, K. (1976) J. Exp. Med. 143, 1528-1533.

15. Sunstrom, C., and Nilsson, K. (1976) Int. J. Cancer 17, 565-571.

16. Folks, T., Justement, J., Kinter, A., Dinarello, C., Fauci, A. (1987) Science 238, 800-802.

17. Otaka, A., unpublished obsevations.

18. Weeks, B., Holloway, E., Klotman,P., Akiyama, S., Schnaper, W., and Kleinman, H.
(1994) Celiular Immunology 153, 94-104.

“oR W N

o ooN o

475



