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Abstract: The development of methods to transport peptides into cells via a passive mechanism would
greatly aid in the development of therapeutic agents. We recently demonstrated that an impermeable
fluoresceinated pentapeptide enters the cytoplasm and nucleus of COS 7 cells in the presence of a host-
[2]rotaxane by a mechanism that does not depend on an active cell-mediated process. In this report, we
further investigate the ability of the host-[2]rotaxane to deliver peptides possessing a wide range of polarities
(negatively charged, positively charged, polar, and apolar side chains) into live cells. Only in the presence
of the host-[2]rotaxane were the Fl-peptides taken up by COS 7 and ES2 cells. Flow cytometry experiments
demonstrated that the level of delivery is largely temperature and adenosine 5'-triphosphate (ATP)
independent, and the membranes remain intact. Although the level of transport does depend upon the
nature of the side chains, it does not correlate with calculated LogD values, indicating that an additional
interaction with the host-[2]rotaxane is modifying the permeability properties of the peptide. The amount of
Fl-peptides transported from an aqueous phase into a chloroform phase in the presence of the host-[2]-
rotaxane correlates with the intensity of cellular fluorescence. Extraction and U-tube studies show that the
Fl-peptide can be released from its complex with the host-[2]rotaxane into an aqueous phase, and the
host-[2]rotaxane can transport a greater than a stoichiometric amount of an Fl-peptide through a CHCl;
layer. These studies demonstrate the utility of the host-[2]rotaxane in delivering peptides of all polarities
across a cell membrane.

Introduction compound’s permeability. Octanelvater partition coefficients
) (LogP or LogD) have been derived to predict the permeabilities
Membranes surround cells to not only act as a barrier but ¢ compounds. Positive values mean a compound has a high
also to house the b_iological compounds that C(_)ntrol the influx permeability whereas negative values mean a low permeability.
and efflux of materials necessary for cell survival. The phos- The siudies of peptides have shown that permeability predictions
pholipids are arranged as a bilayer, displaying charged groupsshoyid also consider the interface that separates the aqueous
at the external and internal aqueous phases and aliphatic Chai”ﬁhase from the lipid phase. Sargent and Schwyzer proposed that
in the membrane interior. These disparate environments keepipe property of the interface could act as a catalyst in the
most compounds from passing through membranes unaided. Ititeraction between amphiphilic peptides and receptors, and their
has long been established that the permeability of a compoundtheory has been invoked to explain the permeability of some
depends on a balance between its affinity for water and its peptides
affinity for the highly apolar lipid environmerit.* Compounds Although peptides hold great promise as therapeutic agents,
with charged or polar groups form strong noncovalent bonds they display biological instability and poor bioavailability. A
with water. These bonds need to be broken for the compound major component of poor bioavailability is the inability of most
to enter the membrane, which reduces its permeablllty The peptides to passive|y pass through cellular membranes. The
hydrophobic effect, on the other hand, drives molecules from creation of peptidomimetics has addressed some problems of
the aqueous phase into the apolar environment of the membranejnstability. Passage through membranes, however, still remains
Thus, the presence of aliphatic or aromatic groups enhances & significant barrier. Peptides rely on their amide backbone and
their side chains for structure and function. The amino acids
lDepaftment of Chemistry. display a wide range of side chains. Negatively or positively
Department of Genome Science. charged and polar groups favor an aqueous environment,
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whereas their alkyl chains and aromatic rings favor a lipid layer. H THN 4
Changing hydrophilic groups to improve membrane permeability HN N~ N

could detract from their desired function. The other possible NH," o wheel
solution to improve permeability would be to incorporate amino MeQ O _~_-O

acids with apolar side chains to a peptide. Besides the possibility o O OMe O
of disrupting function, Conradi and co-workers have shown that Ay

adding Phe, for example, does not enhance the ability of a Oﬁzo)
peptide to travel across Caco-2 cell membranes, which grow O OMe O ( +o
as a monolayer and are used as a model system for permeability MeO OO0 R 4 blocking
through the intestin&? For every Phe added to the peptide chain, pocket NH,* o /// group
another amide moiety is also added. Calculations have shown HZNJLN’\/\HLN
that an approximate transfer energy of 6 kcal/mol is needed to HoosHN H
transfer an amide bond from water to hex&nExtensive
Cy2R

research has shown that out of the following features of _ S

uncharged peptides, chain length, lipophilicity, and amide bond, Figure 1. Schematic of the cyclophane-[2]rotaxane (Cy2R) indicating the
. . . L wheel, axle, blocking group, and pocket.

removing water molecules from the amide bond is the principle

deterrent to passive membrane passage. Table 1. Permeability Properties of Fl-Peptides

Recently, several types of peptides have shown the ability to dominant polarity of
pass through membranes. Some cyclic peptides can cover their peptide the side chains LogD calculated?
amides through intramolecular H-bonds and can pass through Ac-KKALRAQEAVDAL-NH all polarities -11.8
model membrane$.Correctly folded acyclic peptides can pass ~ AC-KKALR-NH, cationic —6.84
through Caco-2 cell monolayéfsand liposomal membrané% AC-QEAVD-NH, aniome —6.38

g o . y p . : Ac-AQEAV-NH; anionic/polar —4.59

The ability of the acyclic peptides to change their conformations  ac-AQSAV-NH, polar/apolar —2.85
enables passage, which may by aided by the environment of Ac-AVWAL-NH apolar 0.86

the interface. Various peptide vectors have been extensively
studied because not only do they pass through membranes, but
they can also carry compounds with them. Most commonly,
these are oligopeptides containing multiple basic amino acids,
especially arginines, for example, Tat protéit and oligo-
argininest®~1° or are amphiphilic with stretches of basic and
hydrophobic amino acid®¥:21 Recent investigations, however,

a Reference 28.

to 4 °C or by depleting the level of adenosinetBphosphate
(ATP).25 These results suggest that endocytosis is not the major
pathway for cellular entry. Host-rotaxanes comprise an arginine-
derivatized wheel, an axle, and an aromatic-rich pocket, as one
have shown thaF most of these cell-penetrating peptides do notﬁ:(;d:elré%ggr:ﬁil:ﬁ] (;%u[ﬁnﬁ)i}];hdeoﬁgﬁe:oﬂi:iﬁg gﬁi&r_oyrf;
enter cells passively but enter through endocyt6sis. domain needs to adjust its conformation to maintain tight guest
We have recently created a novel intracellular delivery association during the changes in environment that occur during
efficiency is not greatly affected by lowering the temperature jnyestigation of host-[2]rotaxanes, a series of oligopeptides were
available that were based on known CAM kinase Il inhibifsrs.
(6) %’&{%’"ﬁga’iﬂé‘cﬁ’e“‘ A. R Ho, N. F. H.; Burton, P. Bharm. Res. Exposing cells to cyclophane-[2]rotaxane (Cy2R, Figure 1) and
(7) Conradi, R. A.; Hilgers, A. R.; Ho, N. F. H.; Burton, P. Bharm. Res. the highly charged FI-KKALRAQEAVDAL-CGH peptide (FI-
1992 9, 435-439. CAM) resulted in fluorescent celfé.To more fully explore the

(8) Roseman, M. AJ. Mol. Biol. 1988 201, 621—-623. . X R i
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T. J. Pharm. Sci 1336-1340. - e
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1991, 7, 365-386. CAM were purchased and tested (Table 1). The carboxyl

(11) Rezal ggé‘gﬁ*gg'g%‘fﬁg&f* Jacobson, M. P.; Lokey, R).5am. terminus of the pentapeptides were converted to carboxamides,

(12) gkuwu,dF.RWi_;PiaulettiF,z G.lgg.;? \ﬁnfeesra— \ie7lge, D. G; Siahaan, T. J.; and they were attached to fluorescein isothiocyanate through
orchardt, R. arm. Res 14, . : : :

(13) Boguslavsky, V.; Hruby, V. J.; O'Brien, D. F.; Misicka, A.; Lipkowski, the a_mlno terminus (HQ:-FI-NHC(S).NH-peptlde.-CONB..

1 '\A/\'/ V(\j/,- J-Jng_t-DResgoog Glé 287;297_- bt SER003 4. 97104 This study shows that the Fl-peptides are delivered into the

5153 Rathbard, 3 B Kieder, E_?%ng)éﬁg‘en’eg'L_;C'Wrig?,t’ L-wyiie B.L. Cells atlevels higher than expected according to their calculated

Wender, P. AJ. Med. Chem2002 45, 3612-3618. distribution coefficients. Intracellular transport does not rely
(16) Futaki, SBiopolymers2006 84, 241-249. L .
(17) Kawakami, H.; Toma, K.; Hattori, Y.; Maitani, YBioconjugate Chem. upon cellular processes. The levels of propidium iodide (PI)

2006 17, 935-942. within the cells and lactate dehydrogenase (LDH) in the

(18) Futaki, SAdv. Drug Delivery Res. 2005 57, 547-558. . L

(19) Wright, L. R.; Rothbard, J. B.; Wender, P. Surr. Protein Pept. Sci. solutions were not detected significantly above background
2003 4, 105-124.

(20) Gros, £ Deshayes, .. Morris, M. C.: Aldrian-Herrada, G.: Depollier, J. !evels' after the assays. These results demonstrate membrane
Heitz, F.; Divita, G.Biochim. Biophys. Act2006 1758 384-393. integrity for cells exposed to the reagents. Model transport

(21) Joliot, A.; Prochiantz, ANat. Cell Biol.2004 6, 189-196. H i

(22) Brooks, H.- Lebleu, B.: Vive, E.Ady. Drug Delivery Re. 2005 57, 559 stut_jles were perf_ormed to further explore the de!lvery process.
577. While these studies do not reflect the complexity of cellular

(23) Richard, J. P.; Melikov, K.; Vitg E.; Ramos, C.; Verbeure, B.; Gait, M.
3. Chernomordik, L. V': Lebleu, Bi. Biol. Chem2003 278, 585-590. membranes, the results of the model study show Cy2R can

(24) Dvornikovs, V.; House, B. E.; Kaetzel, M.; Dedman, J. R.; Smithrud, D.

B. J. Am. Chem. So003 125 8290-8301. (26) Ji, Y.; Li, B.; Reed, T. D.; Lorenz, J. N.; Kaetzel, M. A.; Dedman, JJR.
(25) Bao, X.; Isaacsohn, |.; Drew, A. F.; Smithrud, D. B.Am. Chem. Soc. Biol. Chem.2003 278 25063-25071.
2006 128 12229-12238. (27) Unpublished results. Smithrud, D. B., University of Cincinnati, 2003.
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transport the Fl-peptides from an aqueous phase into a £HCI ONE Integrity Assay (Promega). The cells were washed
layer at concentrations used in the cellular assay throughthoroughly. Calcein blue AM (Invitrogen) and Pl were added
noncovalent complex formation. The amounts of the Fl-peptides to each well to demonstrate cell viability or potential cytotoxicity
delivered into CHGJ and into the cells are correlated. Thus, a and membrane integrity, respectively, after incubation with
complex formation step may be involved in the passive Cy2R and Fl-peptides. Cells were examined via inverted
mechanism used for intracellular delivery. U-tube assays fluorescence microscopy at 1@0magnification.

demonstrate that Cy2R can release an Fl-peptide into an aqueous As expected, only a very weak level of fluorescence is

phase from a liquid membrane and can deliver a greater than agpserved for cells exposed to the Fl-peptides alone (Figure 2G).
stoichiometric amount of an Fl-peptide through this liquid cCells exposed to Cy2R (&M) and FI-AVWAL (10 uM),
membrane. At this time, we do not know if Cy2R delivers a nowever, resulted in high levels of fluorescent cells (Figure 2A).
greater than stoichiometric amount of F|-peptldes into the cells Cells were exposed to the other Fl_pep“desll(m and Cy2R

or if Cy2R delivers the Fl-peptides into the nucleus or other (5 ,M). Although the total number of fluorescent cells and the
cellular compartments. Current studies with a rhodamine-taggedoyerall brightness were generally less than what was observed

transporter are underway to address these issues. for FI-AVWAL, there were focal areas of live cells that had

Results and Discussion equivalent brightness (Figure %B:). Transport levels depend
o S on the polarity of the side chains. For example, CAM has the
Determining the Cellular Transport Efficiencies of Cy2R. smallest calculated LogD value and it showed the least number

To obtain a measure on the likelihood of cellular delivery, LogD  of flyorescent cells as viewed by inverted microscopy. Interest-
values for the peptides were calculated using parametersingly FI-KKALR showed a large number of fluorescent cells

developed by Tao et &. (Table 1). They showed that (gjgure 2B) even though its calculated LogD value is also very
calculated LogD values strongly correlate with observed LogD smal|. Strong calcein blue fluorescence was observed in the

values for a series dfi-acetyl-pentapeptide amides in octanol  majority of cells regardless of treatment. Only a few cells were
and buffered water (pH 7.35). This method does not provide a stained with propidium iodide.

value for fluorescein, but since all of the peptides are fluores-
ceinated, the calculated LogD values provide for a trend in
delivery levels. According to the calculated LogD values, only
the AVWAL peptide should be permeable to a small extent.
Because fluorescein has low membrane permeability, the actual
LogD values are most likely lower than the ones calculated.
Thus, FI-AVWAL should actually have a negative LogD value.
The optimal concentration of Cy2R for guest delivery was
determined in part through cell viability assays using trypan
blue. Trypan blue is taken up by dead cells, which are detected
using light microscopy. Suspended cells were combined with
Cy2R at different concentrationsrf@ h atroom temperature.
Trypan blue analysis revealed that<110° cells exposed to 5
uM Cy2R is not cytotoxic (6% cell death and untreated cells
also gave 6% cell death). Doubling the concentration of Cy2R
to 10uM gives about 10% dead cells. Once a nontoxic ratio of
cells to Cy2R was determined, the assay was performed for
plated cells. The delivery assays were performed with adhered

cells to enable the delivery of the Fl-peptide to be visually calcein blue positive cells (range: 886%) was observed

monitored through fluorescence MICroscopy. Plate(_j ce_lls < demonstrating that Cy2R and the Fl-peptides at these concentra-
1 cells per well) were exposed to various combinations of .
tions have a low level of toxicity. Only a small percentage of

the reagents used in the assays for 1 h. Exposing cells to Cy2R 0 ; A L i
(5 uM) and FI-AVWAL (10 uM), which was chosen as the the cells €%8) contained propidium iodide. A similar percent

. . . age was observed for cells exposed to the Fl-peptides alone.

representative Fl-peptide, produced approximately the same . L .
percentage of cell death as untreated cells (5% to 4%, _Calceln blue, pro_p|d|um iodide, and peptide fluorescence were
respectively). To ensure cell viability in the delivery assays, 1 mdependent. variables. . . )
x 10 plated cells were exposed tq of Cy2R and 10uM To determine the cellular location of the delivered Fl-peptides,
of Fl-peptide. COS 7 cells were grown on microscope slides. Live cells were

We used fluorescence microscopy analysis to determine &XPosed to Cy2R (xM) and an Fl-peptide (1@M) in PBS
whether the optimal concentration of8/ of Cy2R and 10 for 1 h at 20°C. Unfixed cells were examined by fluorescence
M of FI-AVWAL resulted in intracellular delivery. The assay ~ MIcroscopy (40&). The Fl-peptides were seen in the cytoplasm
procedure has been described in detail previotisBriefly, and the nucleus of COS 7 cells (Figure 4). The fluorescence
COS 7 or ES2 cells were incubated with Cy2R and an Fl-peptide INt€nsity of the cytoplasm and the nucleus is slightly different
in a phosphate-buffered saline (PBS) solution pH 7.4. After an for the Fl-peptides. Interestingly, the fIl_Jorescence intensity for
hour, aliquots of the assay solutions were analyzed for the C€llS €xposed to FI-KKALR and Cy2R is observed to be about
presence of LDH using the commercially available CytoTox- equally distributed in the cytoplasm and the nucleus. For cells
exposed to the other Fl-peptides and Cy2R, generally a more
(28) Tao, P.; Wang, R.; Lai, LJ. Mol. Model.1999 5, 189 — 195. intense fluorescence is observed in the nucleus. Short sequences

Flow cytometry was used to quantify the relative levels of
the Fl-peptides, calcein blue, and propidium iodide within the
cells. Thresholds and gates were set as described in the
Experimental Section and were applied to each sample. Cy2R
efficiently delivered FI-AVWAL into a large percentage of the
cells (ca. 80%, Figure 3 and Table 2). FI-KKALR and
FI-AQSAYV are delivered into a reduced number of cells (ca.
60%). These similar values are surprising considering that the
peptide portion of FI-KKALR is highly charged whereas the
peptide portion of FI-AQSAYV is uncharged. Peptides with one
and two negative charges were transported into a lower number
of cells (33-38%, Table 2). Apparently, Cy2R can cover two
negative charges of a peptide (QEAVD) as well as it can cover
one negative charge (AQEAYV). FI-CAM has the same number
of negative charges in buffered water as does FI-QEAVD, but
it has three positive charges. Since FI-CAM is delivered into
around 33% of the cells, it appears that the number of negative
charges dictates the level of delivery. A high proportion of

7286 J. AM. CHEM. SOC. = VOL. 129, NO. 23, 2007
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nm in diameter), such as the Fl-peptides, Cy2R, or the various
Cy2R-Fl-peptide complexes, can pass into the nucleus through
the nuclear pore complex by passive diffust®éme do not know

at this time if Cy2R is involved in transport into the nucleus.

Investigating the Cellular Transport Mechanism. The
cellular transport mechanism was investigated with COS 7 cells.
To determine whether endocytosis was the predominant mech-
anism of intracellular transport, additional experiments were
performed at £C or by reducing the cellular ATP with 6 mM
2-deoxyp-glucose (2DG) and 10 mM sodium azide to deplete
the energy-dependent cellular pathw&$/%-4! Since some cell
death was caused by these procedures (assessed by cell
detachment and loss of calcein blue fluorescence), further
analysis was restricted to live cells that remained attached to
the plates. Cells were incubated at°@ or with the ATP-
depleting cocktail prior to the addition of Cy2R and subsequent
Fl-peptide. The cells were observed via inverted fluorescence
microscopy (10&) and then were trypsinized and assessed by
flow cytometry. Treatment with 2DG and azide resulted in a
40% reduction in the delivery of FI-AVWAL and FI-CAM
(Table 3). The delivery of the other Fl-peptides was less affected.
At 4 °C, however, the delivery efficiency was enhanced by 20
; 30% for the Fl-peptides, as compared to room temperature,
except for FI-AQSAV, which remained about the same, and
FI-AVWAL, which showed a 20% reduction. Since FI-AVWAL
and FI-CAM showed the greatest reduction in delivery levels
with energy-depleted cells, these experiments were repeated for
cells grown on microscope slides and were observed under 400
magnification. Examination of the live cells exposed to energy-
depleted conditions and normal conditions (Figure 5) reveals a
similar location and intensity of the fluorescence. These results
indicate that endocytosis is not the major pathway for cell entry
of the Fl-peptides.

Measuring Membrane Integrity. Another possible means
for intracellular entry is Cy2R forming nontoxic holes in the
membran& and the Fl-peptides entering through these holes.
Propidium iodide was used in the assay to measure membrane
integrity. The inability of Pl to enter less than 5% of the cells
that were exposed to the Fl-peptides or to Cy2R and Fl-peptides
indicates that the cell walls were intact (Table 2). The ability
of Cy2R to deliver rhodamine was also investigated. Rhodamine
is similar in size to fluorescein, but it contains a cationic
charge. Cy2R binds rhodamine weaker than fluoredeém
buffered water (pH 7.4) and DMS®& frodamine pmsc= 4 x 10%

Pl o

(29) Dingwall, C.; Laskey, R. ATrends Biochem. Scl991], 16, 478-481.

(30) Gorlich, D.; Mattaj, I. W.Sciencel996 271, 1513-1518.

(31) Vassiliou, G.; McPherson, R. Lipid Res.2004 45, 1683-1693.

(32) lwamoto, M.; Allen, R. D.J. Histochem. Cytocher@004 52, 557—565.

(33) Panyam, J.; Labhasetwar, Rharm. Res2003 20, 212—220.

(34) Langel, U.Cell Penetrating Peptides: Processes and Applicatic@@RC
Press: Boca Raton, FL, 2002.

(35) Suzuki, T.; Futaki, S.; Niwa, M.; Tanaka, S.; Ueda, K.; Sugiural.\Biol.

Figure 2. Fluorescence microscopy of COS 7 cells incubated with the (36) EEgE;2%9255;%“??%%2% W.; Yagami, T.; Tanaka, S.: Ueda, K.:

Fl-peptides (1Q:M) alone or with Cy2R (5uM). Cells were viewed for Sugiura, Y.J. Biol. Chem2001, 276, 5836-5840.
fluorescence (from left to right: white light, FITC (Fl-peptide uptake), (37) Skiba, P. J.; Zha, X. H.; Maxfield, F. R.; Schissel, S. L.; Tabas, Biol.
calcein blue fluorescence (viability), and propidium iodide (decreased Chem.1996 271, 13392-13400.

membrane integrity)). (A) Cy2R and FI-AVWAL, (B) Cy2R and FI-  (38) 7P7°°93' M.; Hallbrink, M.; Zorko, M.; Langel, FASEB J1998 12, 67—
KKALR, (C) Cy2R and FI-AQSAV, (D) CY2R and FI-AQEAV, (E) CY2R  (39) Afonina, E.; Stauber, R.; Pavlakis, G. N.Biol. Chem1998 273 13015
and FI-QEAVD, (F) Cy2R and FI-CAM, and (G) an example of an FI- 13021.
peptide (original magnification: 100). (40) Vives, E.; Brodin, P.; Lebleu, Bl. Biol. Chem1997, 272 16010-16017.

. . . . . . (41) Derossi, D.; Calvet, S.; Trembleau, A.; Brunissen, A.; Chassaing, G.;
with highly basic side chains are known as nuclear targeting Prochiantz, AJ. Biol. Chem 1996 271, 18188-18193.

_ ; _  (42) Hong, S.; Bielinska, A. U.; Mecke, A.; Keszler, B.; Beals, J. L.; Shi, X.;
Sequencegj' Thus, of all the Fl-peptides, we expected Fl Balogh, L.; Orr, B. G.; Baker, J. R.; Banaszak, Holl, M. Bioconjugate

KKALR to reside in the nucleus. Since small molecule®( Chem 2004 15, 774-782.
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Figure 3. Relative fluorescence of COS 7 cells exposed to the Fl-peptides aloneM)L0r with Cy2R 1 (5 uM) for 1 h at 20°C as measured by flow
cytometry.

Table 2. Quantification of Uptake into Cells as Measured by Flow
Cytometry
%Fl-peptide  %cbAM  %PI %chAM
COS7 COS7 COS7 %Fl-peptide ES2  %PIES2
compound? cells cells® cells ES2cells  cells cells
FI-AVWAL + Cy2R 82 91 3 74 95
FI-AQSAV + Cy2R 64 93 2 56 93
FI-KKALR + Cy2R 57 90 54 94

FI-AQEAV +Cy2R 38 91

FI-QEAVD + Cy2R 34 92
FI-CAM + Cy2R 31 91 34 96
Fl-peptidé 5 95 5 96
Cy2R 2 86 2 87
a[Cy2R] = 5 uM, [Fl-peptide] = 10 uM, all transport assays were
performed in PBS (pH 7.4) for 1 R.[Calcein blue AM] = 1 uM.
¢ Propidium iodide ¢ Average values obtained for cells exposed to only the
Fl-peptides, %FI-peptide was set at 5% for each Fl-peptide.

Figure 4. Fluorescence photomicrographs showing representative examples

oNorprw®

w

&>

©

a
OWeprnrwWA®

ML, Kihodamine, water< 1 X 10° M™%, Kfyorescein,pmso= 7.7 X of COS 7 cells exposed to Cy2R (/) and an Fl-peptide (1@M): (A)
10° ML, andKruoresceinvate= 5.3 x 104M 1), A similarly weak, ~ FFAVWAL, (B) FI-KKALR, (C) F-AQSAV, (D) F-AQEAV, (E) Fi-
background level of rhodamine was observed in cells that were QFAYD: and (F) FI-CAM. (Original magnification: 400).

exposed to rhodamine alone (@®!) or to rhodamine (0..xM) by comparing the level of LDH in the assay solutions (CytoTox-
and Cy2R (5uM) (Supporting Information). Fluorescein (0.5 ONE Integrity Assay). The fluorescence signal produced for
uM) enters COS7 cells in the presence of Cy2Rikf).2* This cells (COS 7 or ES2) exposed to a 0.1% Triton X-100 solution
suggests that an impermeable compound needs to form a tightvas set at 100% (Figure 6). Untreated cells and cells exposed
complex with Cy2R to more efficiently enter cells. to the Fl-peptides showed fluorescence intensities in the range
Membrane integrity was also demonstrated by calcein blue of 9—-13%. Cells exposed to Cy2R or Cy2R and Fl-peptides
(cbAM). CbAM is a short-term, fluorescent indicator of live ranged from 15% to 17%, except for ES2 cells exposed to Cy2R
cells and remains in the cells for several hours. Within the usual and FI-CAM, FI-QEAVD, or FI-AQEAV, which had values of
2 h needed to prepare and analyze the cells in our assay, thet9—20%. Because the latter FI-peptides are delivered in the least
intensity of the blue fluorescence does not change noticeably.amounts, a positive correlation does not exist between the
Furthermore, untreated cells and cells containing the Fl-peptidesdelivery efficiencies and LDH levels.
are analyzed first by flow cytometry to set the gates. Cells Investigating Whether Cy2R and Fl-Peptide Assembly Is
containing Cy2R and an Fl-peptide are then examined. The levellnvolved in Transport. Only a very weak correlation exists
of cbAM is usually within a few percentage points throughout between the number of fluorescent cells of each Fl-peptide
the samples. Another measure of material released was obtainedersus the calculated LogD values £ 0.68, Figure 7).
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We know that fluorescein and the Fl-peptides do not enter
cells unless in the presence of a host-rotaxane. Cellular
membranes appear to be intact during intracellular delivery.
These results suggest that a complex is formed between Cy2R
and an Fl-peptide during delivery. Association constants were
obtained to determine if complex stability during the transport
process is responsible for the observed differences in the level
of Fl-peptides within the cells. The three main domains are the
extracellular aqueous phase, the interface, and the lipid portion
of the membrane. Weak association in any one of the phases
or the exposure of insoluble groups could lead to the observed
differences in delivery. The association constarkg'g) of
Cy2R-Fl-peptide complexes were measured using fluorescence
guenching assays in an aqueous solution (98% PBS, pH 7.4/
2% DMSO) and DMSO (Table 4). Many of these Fl-peptides
Figure 5. Fluorescence photomicrographs showing representative examplescontain multiple acidic or basic side chains. Since the charge
Zfo(C:O(SB )75_923\%&’85&8 IOM():)\//fiE@él)Ii?gd(ﬁ)TEI_(A(;/)Vlﬁ(L:,S\g étl'\&) N"Ii)t of the peptide or the fluorescein moiety as it passes through
at 4°C. and (D) FI- CAMﬂ(lo/AM) Wnﬁ depleted ATP. _the_ I|p|_d tails is not known, we cogld not set the appro_prlate

ionization state of the Fl-peptides in CHCIThus, extraction
and U-tube cell experiments were used as model systems (see
below) to further investigate membrane passage.

A range ofKa's are observed for complexes in the aqueous
solutions. The largeK is observed for the complex of FI-
AVWAL and the smallest is observed for the complex of FI-
CAM. These results are consistent with the hydrophobic
effect*>46where the apolar side chains of FI-AVWAL are driven
into the aromatic pocket of Cy2R. The complex strength for
these peptides is consistent with the observed transport level:
FI-AVWAL showed around 80% fluorescent cells and FI-CAM
showed around 33% fluorescent cells. Complex strength in

Untreated Cells § water, however, does not appear to be the only determinant in

' T T T T T the level of transport. The complexes of FI-KKALR and FlI-

Fluorescence Intensity (%) AQSAYV have similarly smalKa’s in the aqueous solution as

Figure 6. LDH levels for COS 7 (solid bars) and ES2 (stripe bars) cells. FI-CAM, but they are delivered into cells more efficiently (ca.
The fluorescence signal for cells exposed to 0.1% Triton X-100 for 10 min  60% versus ca. 33% fluorescent cells, respectively). The FI-

was set at 100%. Cells exposed to the Fl-peptides had very similar LDH ; ) :
levels, and so the values were averaged. Untreated cells contained OIZ%})Gptldes have much largéii’s for the complexes in DMSO,

DMSO, which existed in the assay solutions. Standard deviation is less "ePresenting the pplarity experienced at the interf‘éd:b{;}n in
than 1% for COS 7 and 2% for ES2 cells. the aqueous solution. A second largg was observed in the

binding assays (Supporting Information) and was assigned to

the 2:1 host-to-guest compleK/) in Table 4). SinceKa
Excluding the data for FI-AVWAL, the variables are no longer and Ka() for the FI-AQSAV and FI-CAM complexes have
correlated = 0.39). This suggests that Cy2R interacts with similar values, Job plot analysis was performed. The results
some of the impermeable portions of the peptides in the Fl- verify the existence of 2:1 complexes for these Fl-peptides
peptides during the delivery process. Arginines can be permeablgSupporting Information). We do not know whether 2:1
when linked together in small peptides. The carboxylates of the complexes are formed at the cellular interface. Neither the
guests can be made more permeable through several processeaqueous phase nor the interface appears to differentiate the level
Covering a negatively charged group means that either a strongof transport. Even though the transport levels do not correlate
salt bridge or a proton exchange reaction, which produces neutralwith LogDc4c values, the binding results suggest that the lipid
species, occurs. According to ab initio and semiempirical domain is the deciding factor.
calculations, neutral complexes are more likely formed since  Modeling of Fl-Peptide Transport through Extraction
they are more stable than the zwitterionic pair in a solvent-free Experiments. The level of fluorescent cells does not correlate
environment, such as the lipid portion of membratfesnother with the calculated LogD values and with tk&’'s obtained
possibility is that the fluorescein moiety undergoes lactonization for complexes in water and DMSO. This suggests that Cy2R

0.1% Triton X-100
Cy2R'FI-CAM §
Cy2R-FI-QEAVD
Cy2R-FI-AQEAV
Cy2R FI-KKALR }
Cy2R-FI-AQSAV
Cy2R-FI-AVWAL
Cy2R §

FI-Peptide §

through its carboxylic acid upon protonatithlf this event interacts with a portion of the peptides as the Fl-peptides pass
occurs, one formal charge of an Fl-peptide would be neu- through the lipid layer. Extraction assays were performed to
tralized. obtain experimental distribution constants. These constants

would represent the delivery of the Fl-peptides from the aqueous

(43) Melo, A.; Ramos, M. J.; Floriano, W. B.; Gomes, J. A. N. F.; Leao, J. F.

R.; Magalhaes, A. L.; Maigret, B.; Nascimento, M. C.; Reuter,JNMol. (45) Xu, H. F.; Dill, K. A. J. Phys. Chem. B005 109, 23611+-23617.
Struct.: THEOCHEM1999 463 81-90. (46) Dill, K. Biochemistry199Q 29, 7133-7155.

(44) Guilbault, G. G. IrPractical FluorescenceGuilbault, G. G., Ed.; Marcel (47) Avdeef, A.Absorption and Drug Deelopment: Solubility, Permeability,
Dekker: New York, 1990. and Charge StateWiley-Interscience: Hoboken, NJ, 2003; Chapter 5.
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Figure 7. A very weak correlationr(= 0.68) exists for the total fluorescence observed in cells (COS 7 diamonds and ES2 squares) exposed to Cy2R and
an Fl-peptide, as determined by flow cytometry, and the calculated LogD ¢&laéseutral pH) for the corresponding peptide portion of the Fl-peptides.
The insert shows the data without FI-AVWAL, which results in a plot of scattered data poirt9(39).

Table 3. Flow Cytometric Analysis of Intracellular Delivery of without Cy2R, the amount of an Fl-peptide observed in the
Fl-Peptides by Cy2R after ATP and Temperature Reduction® CHCI; phase is equal to the amount of its complex with Cy2R
ATP depleted 4°C ([Cy2R-Fl-peptide]). For the assay with the same concentration

peptide® %Fl-peptide cells  %cbAM cells  %Fl-peptide cells  %cbAM cells of components (4@M), a very weak correlationr (= 0.68) is
FI-AVWAL 49 72 65 85 observed when the percentages of the Fl-peptides delivered into
FI-AQSAV 59 93 60 77 CHCI; (Table 5, row 1) are plotted against the total percentages
E::Egéf\*/ ‘33(; %% 2? 773 of the fluorescent cells (data not shown). Removing FI-AVWAL
FI-QEAVD 25 76 45 72 from this plot, however, drops the correlation coefficient to
FI-CAM 19 78 46 74 0.20.

a Assay was performed in PBS (pH 7.4)fb h and [Cy2R]= 5 uM. The same extraction assay was repeated exeept that the
b [Fl-peptide] = 10 uM. amount of Cy2R and Fl-peptide was adjusted to give the same

concentration of the [Cy2#FI-peptide] complex. This study is

i i —_ a - . - e
Table 4. Association Constants for Cy2R—Guest Complexes a more direct method of determining the ability of the complexes

water” DMSO to pass into the lipid. A moderate correlation is observed in the
guest Ka Kay® Ka® plot of the amount of Fl-peptide in the CHObhase against
FI-AVWAL 140 140 40 the total percentages of the fluorescent cealls=(0.85, Figure
FI-KKALR 18 320 60 8). More importantly, this correlation coefficient is only slightly
E::ﬁggﬁx gg ?Zég 1;8 reduced \_/vith the remoyal of FI-AVWAL from the .plot E
FI-QEAVD 30 190 50 0.78). This correlation is better than the one obtained for the
FI-CAM 17 210 160 plot using calculated LogD values € 0.68), especially when

. FI-AVWAL is removed from that plot { = 0.39, Figure 7).
aThe assays were performed at room temperature, the standard dewatlor':

is less than 10% for eadkn, and the values have been divided by 1L.0°. urthermore, the highly charged FI-KKALR and the polar Fl-
b98% water (PBS 10 mM, pH 7.4)/2% DMSOK, for Cy2R-Fl-peptide AQSAV lie in a similar position in the plot of the complexes

complex.¢Ka for (Cy2R)-Fl-peptide complex. versus cellular fluorescence. These Fl-peptides have very

extracellular domain into the lipid layer of a membrane. The dissimilar LogD values, and thus, they are not together in the
same concentration of Cy2R and an Fl-peptide in a 1:1 ratio LogD versus cellular fluorescence plot (Figure 7). The correla-
(37 uM each) were added to the aqueous phase (1.5 mL, PBS tion between the observed fluorescence intensity of the cells
pH 7.4), which was on top of a CHgphase (1.5 mL). After 'and the amount of complex delivered into CH8liggests that
vigorously stirring for 3 h, the amount of Fl-peptide and Cy2R Fl-peptideCy2R complexes form during intracellular delivery

in each phase was determined using high-performance liquid and that these complexes exist at a similar concentration. The
chromatography (HPLC) analysis. After each assay, the solutions/&2k correlation between cell intensity and LogD suggests that
were completely removed and the vial was washed with DMSO CY2R either forms strong noncovalent bonds with the impass-
and was analyzed to confirm that the components did not @ble portions of the peptides or the carboxylates are chemically
precipitate. modified via one or more proton-transfer reactions. The peptides,
concentration in both the aqueous and the GH@hses, which  the complex, and these features control the ability of the complex
would lead to a set of relative LogD values. However, after t0 pass through the membrane.

extracting the materials for 3 h, there was no Cy2R observed To determine whether a protonation step is necessary for
in the aqueous phase. Fl-peptides were observed in the{LHCI transport into CHG, Cy2R was added to a pH 12 solution of
phase. Because the Fl-peptides are not observed in £HCI water, which was on top of a CHghyer, and then FI-AQEAV
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Figure 8. A moderate correlationr (= 0.85) exists for the total fluorescence observed in cells (COS 7 diamonds and ES2 squares) exposed to Cy2R and
an Fl-peptide, as determined by flow cytometry, and the percent of an Fl-peptide transported intob@ HIGR2R. The data without FI-AVWAL still
produces a moderate correlatian= 0.78).

Table 5. Extraction of the FI-Peptides into CHCI3 by Cy2R

%FI-peptide extracted into CHCl,

initial conditions in aqueous phase? FI-AVWAL FI-KKALR FI-AQSAV FI-AQEAV FI-QEAVD FI-CAM
[Cy2R] = [Fl-peptide]= 37 uM 93 12 27 21 18 8
[Cy2R-FI-peptide]= 20 uM 51 39 44 31 32 19
[Fl-peptide]= 25uM NDP ND ND ND ND ND

aPBS 10 mM, pH 7.4° ND means not detected.

Table 6. Results Obtained From the U-Tube Cell Experiments

day 1 day 3 day 9
Ratio Cy2R:FI-AQEAV? source phase receiving phase source phase receiving phase source phase receiving phase
1:1.5 13 0.2 7.9 1.7 5.8 7.1
1:4.5 51 0.6 43 6.4 23 15
1:9.0 100 7 91 20 66 44

= mol. ® Amount of FI- in the aqueous layers is givenmol.
aCy2R= 13umol.b A f FI-AQEAV in the aq layers is givenmol

was added immediately afterward. After extracting these materi- These studies model the transport step of Cy2R leaving the lipid
als for 24 h, FI-AQEAV was not found in the CH{phase. layer, binding FI-AQEAYV, and transporting it to the lipid layer.
This suggests that a protonation step is required for transport.As expected, the basic form of Cy2R does not transport Fl-
Cy2R binds FI-AQEAYV in pH 12 and pH 7.4 buffered water AQEAV from the basic aqueous phase (pH 12) into CHCI
with similar magnitudesa = 1.9 x 10* and 2.9x 10* M1, within 24 h (Figure 9A). The acidic form of Cy2R in the CHCI
respectively). Thus, a lack of transport is not caused by a lack phase, however, binds and transfers FI-AVWAL from a neutral
of complex formation. To determine if protonation is solely aqueous solution (pH 7.4) into the CHGQlhase (Figure 9B).
responsible for transport, FI-AVWAL was used in an extraction After extracting these materials for 24 h, 26% of FI-AQEAV
assay with acidic water (pH 1) and CHC4. FI-AVWAL was was found in the CHGI phase, which closely matches the
chosen as the representative Fl-peptide in this experimentprevious value of 31% that was obtained by extracting a
because it has the most permeable side chains in a membranereformed complex in the aqueous phase (Table 5). Importantly,
and is the most soluble in CH&f the Fl-peptides used in this  the extraction of FI-AQEAV in a pH 7.4 aqueous solution with
study. Only 3% of FI-AVWAL was found in the CHEgphase the basic form of Cy2R in a CHglayer results in the transport
via HPLC analysis. HPLC was used to determine the amount of 24% of the FI-AQEAV into the CHGI phase after 24 h
of FI-AVWAL since fluorescein is known to convert to a (Figure 9C). These results show that the transport cycle is
nonfluorescent lactone when protonated. These results suggespossible where a deprotonated host-rotaxane can interact with
that complexation and proton transfer are both required for the an aqueous phase, be reprotonated, and transfer more material.
intracellular delivery of the Fl-peptides. Modeling of Transport Using U-Tube Cells. The fluores-
According to these results, Cy2R would need to be reproto- cence assays, which were used to obtainkk's, showed that
nated to continue the transfer cycle. Extraction assays werecomplexation quenches the fluorescence of the Fl-peptides.
performed with Cy2R placed into the CHGlhase in its basic ~ Some cells, on the other hand, were intensely fluorescent. This
form (transferred from a pH 12 solution) or its acidic form suggests that some of the Fl-peptides are released from Cy2R
(transferred from a pH 7.4 solution) and FI-AQEAYV was added once the complex enters the cells. U-tube assays were performed
to the aqueous phases. At pH 12, the ammonium ions of Cy2Rto determine the possibility of this process: complex formation,
should be deprotonatedKp = 9.0 for —NHz* of arginine). membrane passage, and release of an Fl-peptide. The possible
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Figure 9. Extraction assays that show an acidic proton is necessary for
Cy2R to transport FI-AQEAV from an aqueous phase into GHCI

return of Cy2R to the extracellular domain was also explored.
As with the extraction experiments, CHGlas chosen as the
liquid membrane, and FI-AQEAV was chosen as the model Fl-

peptide. The U-tube cell contains two aqueous phases (source

and receiving) separated by the CH@hase. Materials are

added to the source phase, and the amount of materials in thi

phase, in the CHGlphase, and in the receiving phase is
determined at set time periods using HPLC analysis. We
found that FI-AQEAV alone does not enter the Chi@hase,

and Cy2R does not reside in the aqueous phase at equilibrium

UV —vis analysis was used to verify the amount of FI-AQEAV

that additional material can be delivered once the equilibrium
is altered by removal of material in the receiving phase. This
would apply to a case when Cy2R transfers compounds into
cells that are removed from the intracellular space by being
bound to biological materials or by being consumed.

U-tube experiments were preformed with 1.5, 4.5, and 9-fold
equivalences of FI-AQEAYV, as compared to Cy2R, in an attempt
to deliver a greater than stoichiometric amount of material. As
the amount of FI-AQEAYV increases, its rate of transport and
the amount of it delivered increase (Table 6). A greater than a
stoichiometric amount of FI-AQEAV, as compared to the
limiting amount of Cy2R, is observed to be transported with a
9:1 ratio of FI-AQEAYV to Cy2R at 3 and 9 days. Although the
transport rates are slow in the U-tube experiments, the transport
rate in cells is most likely much faster. The CH@hase was
only gently agitated to keep the source and receiving phases
from coming into contact. Furthermore, volume of the cellular
membrane is a lot less than the volume of the CH&lase.
These results show that host-rotaxanes may release an Fl-peptide
once it passes through a membrane. Furthermore, the transport
of a greater than a stoichiometric amount of material into a cell
is possible. Future experiments will be designed to determine
the stoichiometry of the components by using a transporter
linked to rhodamine and a peptide linked to fluorescein.

Conclusion

According to the results obtained from the extraction and
U-tube assays, Cy2R resides within the membrane environment

sof cells. The presence of Cy2R should affect membrane

integrity, and at a certain concentration, should become cyto-
toxic. The trypan blue assays show that the concentrations of
Cy2R and an Fl-peptide used in the delivery assay are not toxic.
At higher concentrations of Cy2R, greater cell death occurs.

Thus, a balance most likely exists between Cy2R disrupting

in the aqueous phases. The experiments were designed t&he membrane enough to aid in peptide delivery and the

determine the extent to which FI-AQEAV is released into the
receiving phase (mimic of the intracellular domain) and the
ability of Cy2R to return to the source phase to repeat the
transport cycle.

FI-AQEAV and Cy2R were placed in a 1:1 ratio into the
receiving phase. After 9 days of light agitation, we observed
by eye that an equivalent intensity of green existed in both
aqueous phases. The CH@hase was colorless. HPLC analysis
revealed that 21% of FI-AQEAV existed in the source and

receiving phases, so its distribution was equilibrated. About 50%

of FI-AQEAV remained in the CHGlphase. Since it is not
soluble in CHC4, FI-AQEAV existed in a 2:1 hostguest
complex [(Cy2Ry)-FI-AQEAV] or some higher order aggregate

that remains soluble. After removing both agueous phases, buffer

was added to both sides of the CH@hase, and the solutions
were lightly agitated for three more days. Only 2% more of
FI-AQEAV was released to the aqueous phases. Thus, the host
guest complex is very stable in CHCAnd limits the amount
of released FI-AQEAV. Both aqueous phases were removed

production of holes. At the concentrations used in this assay,
LDH and calcein blue are not significantly released from within
the cells. Pl and rhodamine do not enter the cells above
background levels. Fl-peptides are found within cells for the
delivery assays performed at°€. For some Fl-peptides, a
greater number of fluorescent cells were found atCtas
compared to room temperature. Leaky membranes appear not
to be the reason for peptide entry. The model studies demon-
strate that the transport level of the various Fl-peptiGg@R
complexes into CHGlcorrelates with the observed fluorescence
intensity of the cells. The U-tube experiments show that an FI-
peptide can be transported from an aqueous source phase,
through a CHGJ phase, and can be released into an aqueous
receiving phase. The results of these experiments show that a
cyclophane-[2]rotaxane is required for the intracellular delivery
of a series of Fl-peptides, and it likely associates with the FI-
peptide during the delivery process. We are currently designing
experiments to further investigate the transport process, which
includes using solid-supported membranes and delivering other

'materials into cells.

new aqueous phases (pH 7.4) were added, and another equiva-

lence of FI-AQEAV (18umol) was added to the source phase.
After 9 days, 36% of FI-AQEAV was in the source phase and
11% of FI-AQEAV was in the receiving phase. The CHCI

phase contained an approximate 1:1 ratio of host to guest.

Experimental Section

Intracellular Transport Assays. Assays were performed as de-
scribed?® Briefly, cells were grown in six-well culture plates in DME
with 10% fetal calf serum until they had reached ca. 70% confluency

Although the transfer process is less efficient, this study shows (approximately 1x 1 cells per well). After 24 h, the growth media
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was removed from the wells, and the cells were washed twice with mL of one of these solutions into a 3.5 mL cuvette. Guests were added
phosphate-buffered saline (PBS, 11.9 mM phosphates, 137 mM NaCl, from a DMSO stock solution to give a final concentration of %0
2.7 mM KCl, pH 7.4). For the assays performed at room temperature, 10°¢ M in buffered water or x 10" M in DMSO. Multiple aliquots
PBS buffer (1 mL) was added to each well. Cy2R and Fl-peptides were of a Cy2R stock solution in DMSO were added to the cuvette to give
added from DMSO stock solutions to keep the amount of DMSO less Cy2R concentrations starting at approximately 0.3-fold lower than that
than 0.2% (v/v) of the total volume. A baseline level of fluorescence of an Fl-peptide’s concentration and ending at the point where
was obtained from wells containing Fl-peptide, and other wells significant quenching of the fluorescent signal occurs. The total change
contained no reagents except DMSO (referred to as untreated cells).in volume caused by addition of an FI-peptide and Cy2R was less than
After rocking the wells at room temperature (RTy fbh in thedark, 2%. The fluorescence spectra were recorded and analyzed after each
aliguots of the assay solutions were removed and tested for LDH releaseaddition of a Cy2R. Plots of the changes observed in the quenching
according to the protocol provided by Promega. Three aliquots were assays were fitted using a nonlinear least-squares procedure to derive
removed from each well and were tested for LDH. Cells in one well Ka and AFnax values?® The assays in water were duplicated, giving a
were exposed to 0.1% Triton-X 100 for 10 min to give a reference standard deviation of less than 10% of the value obtained for the
fluorescence level for lysed cells. An LDH value of 18% was derived association constant.
for COS 7 cells exposed to Cy2R for 3 h. There is only a small rise in  Examination of the binding plots in DMSO revealed a second
the fluorescent signal (1618%) over 1.5 h, which shows that the  equilibrium constant. Benesi-Hildebrand analysis was performed to
membranes remain stable to the release of the enzyme. There is also @btain both equilibrium constants. The initial concentration of an FI-
rise in the LDH level for untreated cells (£1.3%) during this time peptide was set at ¥ 107 M, and Cy2R was added in/L aliquots
period. to give concentrations of ¥ 106 M to 1 x 10°° M. SinceKa) and

The cells were thoroughly washed. Calcein blue AM solution (1 K, are close in value for the Cy2RI-AQSAV complex and for the
uM in PBS) and 2uL of a 50 ug/mL propidium iodide solution were  Cy2R-FI-CAM complex, Job plots were performed, and the results
added to each well. After 10 min, cells were observed by inverted verify the existence of the 2:1 Cy2R to Fl-peptide complexes (Sup-
fluorescence microscopy (180magnification). The cells were then  porting Information).
harvested with trypsin versene (0.4 mL of a solution containing 0.25%  y-Tube and Extraction Experiments. HPLC and U\-vis analyses
trypsin, 0.01% EDTA incubated at 37C for 10 min) for flow were used to determine the amount of materials in the various solutions
cytometry. The cells were pelleted via centrifugation (5 min atf00  of the assays. Calibration curves were created for each compound and
After removing the PBS solution, the cells were resuspended in FACS for some complexes to obtain molar extinction coefficients for the-UV
buffer (1% fetal bovine serum in PBS), and the proportion of fluorescent yis experiments and to convert the peak areas to moles for the HPLC
cells was measured using two-color flow cytometry. The same eyperiments. The extraction solutions were vigorously stirred, and the
thresholds were used as in the previous stutfido determine the  CHCI, phases of the U-tube cells were lightly agitated to ensure that
level of PI, all events were analyzed. These assays were performedine two aqueous solutions did not come into contact. Cy2R and an
twice to give a standard deviation less than 5% for the values given in F|peptide were added to the appropriate solvent from DMSO stock
Table 2. solutions. The total percentage of DMSO was less than 0.1%, which is

We investigated whether the order of addition of Cy2R and an Fl- 3 similar value as used in the cellular delivery assays. For comparison
peptide affects the transport efficiency. Cells were exposed to Cy2R experiments, a single CH@br aqueous solution was made and divided
30 min prior to the addition of FI-AQSAV to the cells, to Cy2R and into aliquots to perform the assays. The extraction assays contained
FI-AQSAV at the same time, and to a premixed solution of Cy2R and 1 5 mL of CHC} or octanol and 1.5 mL of an aqueous solution. The
FI-AQSAV. Flow cytometric analysis showed that the order of addition J-tupe cells contained 0.5 mL for the source, receiving, and GHCI
does not matter in terms of the Fl-peptide within the cells (61, 65, and phases. For assays performed at pH 7.4, the PBS solution was used.
67%, respectively), cell viability (cbAM: 98, 95, and 97%, respec-  The acidic and basic solutions were set at the appropriate pH value
tively), and membrane integrity (PI: 1, 1, and 2%, respectively). The sing a potentiometer. At the end of an assay, the pH of the aqueous
LDH levels were also consistent (17, 16, and 18%, respectively). solution was checked. After the solutions were removed for analysis

For cells assayed at®C, the plates were stored af@ for 15 min via HPLC, the existence of any precipitated materials was measured
before the addition of Cy2R, and the above procedure was followed py washing the vials or U-tubes with DMSO and then by analyzing
with the plates maintained at®€ except for the final wash step, which  the contents of the wash solution with HPLC analysis. A small

was performed at room temperature. For the depletion of cellular ATP, percentage €2%) of FI-AQEAV precipitated in the U-tube assays.
the cells were preincubated with 2-demaglucose (6 mM) and sodium

azide (10 mM) in PBS for 1 h, as describ®dCy2R and an Fl-peptide Acknowledgment. This material is based upon work sup-
were added to the solution containing 2-deoxy-d-glucose and sodium ported by the National Science Foundation under Grant No.
azide, and the above assay procedure was followed. CHE-0400539 and the American Cancer Society, Ohio Division,

Determinati_on of quo_rgscginatgd peptide localization in cells was ¢ (AFD). We thank Dr. David R. Plas for assistance in
achieved by high magnlflcathn microscopy- COS_ 7 cells were grown performing and analyzing the FACS experiments.
on 11 x 11 mm glass coverslips (Corning) in a six-well culture plate
with one slide per well. Cells were exposed to Cy2R and an Fl-peptide  sypporting Information Available: Fluorescence microscopy
in the culture plgte, as desc_:ribed _above. The coverslips were thenpictures of ES2 cells exposed to Cy2R and Fl-peptides, Cy2R
e o 0t 24 nly, Trion X-100,and hodamine aloneorwih Cy2R binding
) titrations and Job plots for assays in DMSO. This material is

fluorescence microscopy. lable f £ ch 2 th hitp:
Determination of Association ConstantsFluorescence quenching available free of charge via the Internet at http://pubs.acs.org.

assays were performed to obtain the association constants. DMSO wagang7928X
freshly distilled and stored over molecular sieves (3 A) prior to making

the stock S_0|Uti0ns and performing the assays. The water Solu.tion Wa5(48) Conners, K. ABinding Constants, The Measurement of Molecular Complex
buffered with PBS (10 mM) at pH 7.4. The assay involved placing 2.7 Stability, Wiley: New York, 1987.
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