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Abstract--Transcellular transport is one of the most important barriers facing the development of new therapeutic agents. 
However, little is known about the specific effects of structure and particularly stereochemistry on cell permeability. An attractive 
in vitro model has been developed for the direct assessment of cell transport, using the immortalized human epithelial cell line, 
Caco-2. The present study assesses the effects of stereochemistry on transport in a commonly used 13-turn model system. Thus, L,L- 
and L,D-Ala-Ala were cyclized with aminocaproic acid, resulting in macrocycles in which the dipeptides correspond to the i + 1 and 
i + 2 positions of a 13-turn. The transport of these dipeptides across a Caco-2 cell monolayer was determined, along with 
corresponding acyclic models (L,L- and L,D-CH3CH2C(O)-Ala-AIa-n-Pr). The transport studies were carried out in the presence 
and absence of verapamil, a known inhibitor of the apically polarized efflux system present in Caco-2 cells. Both apical~basolateral 
and basolateral~apical transport were measured. Measurements made in the presence of verapamil showed that the cyclic 
peptides experienced a ca. 4-5-fold difference in intrinsic flux depending on stereochemistry, with the L,D isomer being transported 
at a higher rate. These differences disappeared in the acyclic cases examined (permeability coefficient ratios of the L,D/L,L isomers 
were 1.04--1.13). These observations are discussed in terms of the conformations and hydrogen-bonding characteristics of the 
compounds as determined by NMR spectroscopy. © 1997 Elsevier Science Ltd. 

Introduction This property, along with the tendency of a peptide or 
protein to undergo rapid metabolism and excretion, has 

One of the most challenging aspects of modern been the driving force behind continuing efforts to 
pharmaceutical research is the identification and develop peptidomimetic molecules that share the 
development of agents suitable for oral delivery. The biological activity of their peptide leads and the 
oral bioavailability of a drug candidate largely depends favorable pharmacokinetic properties of more tradi- 
on its ability to cross a variety of biological barriers tional drugs. A l t h o u g h  a number of orally active 
including the intestinal epithelium and, for agents peptides and peptidomimetics have been introduced, 3 
acting in the central nervous system, the blood-brain such agents are typically developed while trying to 
barrier. Historically, the optimization of bioavailability maintain both potency and bioavailability. 
has been done relatively late in the drug discovery and 
development process, after a significant effort has A shared goal of these laboratories is to identify which 
already been expended toward the optimization of the properties of peptides and peptidomimetics lead to 
desired in vitro biological activity of a given agent. The facile transport through biological membranes. Inher- 
cellular permeability of a solute is a complex function of ent in the development of such a 'structure-transport 
its size, lipophilicity, hydrogen bond potential, charge, relationship' (STR) is the ability to readily measure 
and conformation.t An improved and pragmatic under- transport of a series of systematically modified struc- 
standing of these factors would greatly facilitate the tures through membranes or cell monolayers. An 
efficiency of the invention of new medicinal agents, increasing body of research has addressed the role that 

peptide conformation can play in transcellular trans- 
This situation is, if anything, more pronounced in the port. 4 In this paper, we describe a study that demon- 
case of peptide and protein pharmaceuticals.: As a strates a significant stereochemical effect on the 
class, peptides are poorly absorbed compared to transport of a series of related 13-turn peptidomimetics 
traditional 'small-molecule' pharmaceuticals, largely across a cell monolayer based on the human intestinal 
because their generally greater polarity is inconsistent cancer cell line, Caco-2. 
with passive diffusion through a lipid bilayer membrane. 

Background 
Address correspondence to: Professor Jeffrey Aub6, Department of The possibilities for passage of a molecule across a cell 
Medicinal Chemistry, University of Kansas, Lawrence, KS 66045- 
2506, U.S.A. Tel: (913) 864-4496; fax: (913) 864-5326; e-mail: monolayer include transcellular and paracellular routes, 
jaube@rx.pharm.ukans.edu in addition to mechanisms with active transport or 
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effiux mechanisms (Fig. 1). The paracellular flux of amide bond content along the series Ac-(Phe)n-NH2, 
solutes across a healthy intestinal mucosa is minimal where n = 1-3 resulted in decreased permeability 
because of the tight junctions which exist between these despite increasing PCs in the same direction. These 
highly polarized epithelial cells. 5 For solutes that have observations suggested that a primary factor in deter- 
the correct physicochemical properties (e.g., size, mining transport is the relative energy needed to 
charge, lipophilicity, hydrogen bonding potential, solu- desolvate the amide group so that it can diffuse across 
tion conformation), the transcellular passive route the cell membrane. 
(pathway B) of diffusion can predominate. 1 However, 
this passive flux of a peptidomimetic across the An important role of hydrogen bonding in peptides and 
intestinal mucosa may be limited by the substrate peptidomimetics is the stabilization of turns; in turn, 
properties of the molecule for a recently identified 
apically polarized efflux mechanism (pathway B'). Jes'~'6 turns are important players in ligand-receptor interac- 

tions." Accordingly, our laboratory has begun to 
This effiux mechanism, which may be mediated by a systematically examine the effect of the hydrogen- 
member of the p-glycoprotein family, limits the bonding potential of peptides on their ability to 
transcellular flux of lipophilic solutes by preferentially undertake cellular transport via various routes. 4 Pre- 
facilitating their effiux from the mucosal cell across the 
apical membrane (i.e., toward the intestine). The flux of liminary results indicate the introduction of short-range 

cyclizations or other prodrug moieties can substantially 
molecules that resemble di- and tripeptides across the facilitate transport. So far, these results are consistent 
intestinal mucosa can be facilitated by additional 
transporters as well (pathway C)~e.7 with the idea that the formation of intramolecular 

• hydrogen bonds is an important determining factor, 

The assessment of transport has been greatly facilitated although other considerations such as reductions in the 
in recent years by the development of in vitro models of average hydrodynamic radius of the molecule can also 
biological membranes# Caco-2, an immortalized human play a role. The importance of hydrogen bonding in 
epithelial cancer cell line, has proven a particularly apt D-turn formation, and the use of [3-turns as templates 
modelY This cell line, which readily forms highly for a wide range of peptidomimetics] 2 prompted us to 

more closely investigate the role of hydrogen bonding, polarized cell monolayers, has been shown by many 
academic and industrial laboratories to be an appro- configuration, and conformation in the transport of 
priate model of the intestinal mucosa and very useful simple [3-turn models. 
for conducting drug transport and drug metabolism 
studies in vitro. To make this cell culture system more We 13 and others ~4 have investigated dipeptides cyclized 
convenient for pharmaceutical scientists, our laboratory with 6-aminocaproic acid (Aca) or its derivatives as 
developed an apparatus that can be used to conduct small-molecule models of [3-turns. In this study, the 
Caco-2 transport and metabolism studiesJ ° transepithelial transport profiles of cyclo(L-Ala-L-Ala- 

Aca) (la) and cyclo(L-Ala-D-Ala-Aca) (lb) were 
Preliminary work with the Caco-2 system has begun to compared using the Caco-2 cell culture system. Cellular 
address the physicochemical issues that determine permeability was measured from both the apical 
peptide and peptidomimetic transport through the (AP)~basolateral (BL) and B L ~ A P  directions to 
epithelium• For example, Burton and co-workers have determine if these peptides were substrates for the 
investigated the effect of N-methylation on a series of effiux system• As controls, transepithelial transport 
peptides based on phenylalanineJ f'h As Ac-Phe-Phe- profiles of linear molecules, CH3CH2C(O)-L-Ala-L- 
Phe-NH2 was subject to increasing N-methylation, the AIa-CH2CH2CH3 (2a) and its L,D isomer (2b) were 
permeability of the peptide increased to a greater extent also determined• All of the compounds were also 
than its polarity expected based on octanol-water characterized with respect to solution-phase conforma- 
partition coefficients (PCs). In contrast, increasing tion (NMR, CD) and solubility (PC) characteristics• 

A B B' C CH 3 H C.H3 C H3 H C.H3 

,,wwwww, 1== lb  

l CH3 H C.-H3 CH3 H CH3 
o ..- 

A B B' C , '-,,-~-N'~ ,NH O --~N'~NH 

intestinal mucosa or the BBB. Pathway A, paracellular; pathway B, 
transcellular via passive diffusion; pathway B ~, transcellular via passive 
diffusion modified by an apically polarized efflux mechanism; pathway 
C, transcellular via di-/tripeptide transporter. 2a 2b 
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Results isomer was ca. 1.8:1. Unfortunately, the insolubility of 
all of the compounds in isooctane made comparison of 

Table 1 shows the apparent permeability (Papp) values of these values to those obtained in the alternative 
the cyclic and the linear compounds in both the isooctane/water system (often used to estimate hydro- 
A P ~ B L  and the B L ~ A P  directions. The experiments gen bonding potential via log PC measurements) risky. 
were carried out both in the absence and presence of 
verapamil; the latter values are considered the 'intrinsic' 
permeability, that is, those unimpeded by effiux in the All previous data accumulated for Aca-linked di- 
B L ~ A P  direction. All of the compounds examined peptides (NMR, CD, X-ray, and computations) are 
were substrates for this efflux system as apparent by the consistent with the adoption of turn structures centered 
systematically higher values for A P ~ B L  permeability in around the dipeptide moiety. 13'~4 Similar results were 
the presence of the inhibitor and systematically lower obtained for the compounds described herein. NMR 
values for B L ~ A P  permeability under the same spectra of all four compounds were recorded in DMSO- 
conditions (albeit to different extents for each com- d6. All resonances were assigned by inspection of the 
pound). DQF-COSY and NOESY spectra. Both cyclic com- 

pounds showed a strong NOE from the NH proton of 
When the P~pp values of the cyclic compounds in the the Aca to the NH proton of the second Ala, the 
A P ~ B L  direction were compared in the absence of expected diagnostic NOE for a turn structure. In 
efflux inhibitor, cyclo(L-Ala-D-Ala-Aca) showed 2.8 addition, cyclo(L-Ala-L-Ala-Aca) showed an NOE peak 
times higher flux than that of cyclo(L-Ala-L-Ala-Aca), between the Ala~ and Ala2 NH protons, consistent with 
In the BL--,AP direction, cyclo(L-Ala-D-Ala-Aca) the type I 13-turn. This peak was absent in the NOESY 
showed 3.7 times higher flux than cyclo(L-Ala-L-Ala- spectrum of cyclo(L-Ala-D-Ala-Aca), but the strong 
Aca). When the Papp values between A P ~ B L  and Ala~ ot-Ala2 NH peak expected for a type II [3-turn was 
B L ~ A P  were compared in both cyclic compounds, P~pp observed. These results are fully consistent with CD 
values in the B L ~ A P  direction of cyclo(L-Ala-D-Ala- spectra described previously; we also repeated these 
Aca) and cyclo(L-Ala-L-Ala-Aca)were 3.3 and 2.5 times measurements in the buffer used in the transport 
higher than those in the A P ~ B L  direction, respectively, experiments and obtained curves similar to those 
Both linear compounds 2a and 2b showed similar P~pp previously recorded in methanol and other organic 
values in both directions, and P~pp values in B L ~ A P  solvents. ~3'~4 Overall, our results support the constraint 
direction of both linear compounds were slightly higher of the backbone in a 13-turn motif, although the 
than those in the A P ~ B L  directions (1.5 and 1.7 times, hydrogen bonding patterns of 7-turns may be more 
respectively). When the Papp values were determined in important contributors than previously appreciated (see 
the presence of verapamil (0.2 mM), Papp values in both below). 
directions became much closer in all compounds, 
supporting the view that permeability under these In both linear compounds, the stronger NOEs observed 
conditions represents the intrinsic ability of the are consistent with an extended, open structure: the N- 
compounds to cross the Caco-2 monolayer, terminal -CH2C(O)NH- to Ala~-NH, and the Alal to 

Ala2-CH~ to the C-terminal -C(O)NH-. However, in 
Partition coefficient (PC) values in octanol/pH 7.4 both compounds a very weak NOE was observed from 
buffer are also listed in Table 1. When the log PC values the Ala2-NH to the Pr-NH, indicating that a low 
of cyclo(L-Ala-t-Ala-Aca) and cyclo(L-Ala-D-Ala-Aca) population of turn structure(s) exists in solution, rapidly 
were compared, cyclo(L-Ala-D-Ala-Aca) showed almost averaging with the extended form. This NOE would be 
1.8 times higher partition to octanol phase than that of found in either type of 13-turn or in a ~,-turn, and without 
cyclo(L-Ala-L-Ala-Aca). The logPC values of the linear additional experimental data, these cannot be distin- 
compounds in octanol/pH 7.4 buffer were 1.6-3.3 times guished. From the small size of the NOE, it can be 
higher than those of the cyclic compounds; again, estimated that the population of turn structure(s) does 
however, the ratio of the values for the L,D versus L,L not exceed a few percent. 

Table 1. Transport properties of stereoisomeric Ala-Ala pseudopeptides 

Papp × 107 (em/s)  a 

W i t h o u t  addi t ive  Wi th  v e r a p a m i l  

C o m p o u n d  A P  -~  B L  B L  -~  A P  A P  --~ B L  B L  ~ AP  log  P C  b (octanol /buffer)  

la (cyclic L,L) 0.62 (0.04) 1.57 (0.15) 0.66 (0.15) 0.99 (0.17) --0.59 (0.02) 
lb (cyclic L,D) 1.75 (0.15) 5.82 (0.19) 3.39 (0.32) 4.10 (0.28) --0.34 (0.07) 
2a (acyclic L,L) 2.59 (0.14) 3.84 (0.43) 2.81 (0.26) 2.94 (0.36) --0.13 (0.02) 
2b (acyclic L,D) 2.40 (0.32) 4.06 (0.25) 2.91 (0.20) 3.43 (0.15) --0.07 (0.01) 

"Mean values (_+SD), determined from three separate filter experiments. 
bMean values (-+SD), determined from three determinations. 
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20' The acyclic L,D isomer 2b has a CD spectrum that is '7. 
somewhat similar to its cyclic counterpart lb (Figure 2). ~ \ la 

"1o However, the NMR results in DMSO-d 6 described o~ ............... 11, 
above are clearly consistent with a linear/unconstrained oE 10' \ 2a 
conformation. Literature precedent for 13-turn forma- ~ ks.,.,,~,, ............... 
tion in capped acyclic dipeptides has been limited to -o ~-" ~ : , , , , ~ I  "*;~,~,,._ 
proline-containing examples like Piv-Pro-Phe-NHMe. ~6 =. ,,~,~ n,%.=,,,., o 0' / 
The NMR experiments were repeated in 4:6 methanol- "" 
d4:H20 solution to rule out the remote possibility that x 
this isomer contains a greater amount of 13-turn in ~o 
aqueous solution than in D M S O .  17 Comparable NMR ~-10 '  
spectra in these two solvent systems lead us to believe 
that the confluence of the CD spectra of lb and 2b is a _ 

o coincidence arising from the L,D-configurations of the ~ -20 
dipeptide. 80 2()0 220 240 260 

Finally, the NMR properties of 1 and 2 were examined Wavelength 
to shed some light on the  hydrogen  bond ing  t endency  of  Figure 2. CD spectra of cyclic and acyclic peptides measured in 10 
the c o m p o u n d s  (Table  2). A m i d e  b o n d  t e m p e r a t u r e  mM Hypes (pH 7.4 buffer) at 37 °C. 
coefficients have often been used for this purpose and 
were measured. TM Recently, increasing emphasis has 
been placed on chemical shift values as trivially the capping N-terminal propanoyl and C-terminal 
obtained and sensitive indicators of the relative strength propyl groups to solvent relative to the cyclic com- 
of hydrogen bonds with carbonyl groups and the pounds 1, in which the two ends are attached and 
following discussion will center on those values? 9 therefore less flexible. 

The most striking observation is the significant differ- 
Discussion ence in permeability due to the configuration change in 

As described in the previous section, all of the the 13-turn mimics 1 but not in the acyclic compounds 2. 
compounds examined appeared to be substrates for In the former case, the L,D-configured lb is transported 
the apically polarized effiux system. 6 In this paper, approximately four to five times more rapidly than its 
however, we wish to focus on the effect of structure and homochiral isomer. This contrasts sharply with the 
stereochemistry on the intrinsic permeability of this 2a/2b Papp ratio, which varies only from 1.03 to 1.16 for 
series, and will confine the following discussion to the the AP-~BL and the B L ~ A P  directions. To our 
intrinsic permeability measurements, i.e., those made in knowledge, this is the first time a significant depen- 
the presence of verapamil (Table 1). Under these dence of membrane permeability on molecular config- 
conditions, the data for all four compounds are uration has been explicitly measured (although such 
reasonably well correlated for measurements in both differences may well contribute to oral bioavailability 
the BL--,AP and A P ~ B L  directions (the R 2 value is measurements made for various series of drug candi- 
0.971). As mentioned earlier, this fact supports these dates). 
values as the intrinsic permeability of the compounds. 
In contrast, although the transport data for 1 and 2 Although the dipeptide portion of la exists mostly in a 
reasonably reflect the octanol/water coefficients within type I 13-turn conformation (with the two Ala residues 
each cyclic and acyclic pair, respectively, there is not a corresponding to the i + 1 and i + 2 positions of the 
general correlation of PC data for all four compounds, curve) and the corresponding part of lb is in a type II 
This is not surprising because transport/membrane conformation, it seems unlikely that the simple rotation 
permeability is expected to depend of molecular radius of the Ala-Ala amide bond could be directly respon- 
in addition to bulk solvation and polarity. Qualitatively, sible for this difference in transport (although it may 
the linear compounds 2a, shown to be more hydro- well be important in potential intermolecular interac- 
phobic by the PC data, likely expose a greater portion of tions between the molecules and the peptide 

Table 2. Selected NMR Data for compounds 1 and 2 in DMSO-d 6 

Ni l  chemical shifts (ppm) Ni l  temperature coefficients (ppb) 

Compound Alal Ala z 'Aca' Alal Ala 2 'Aca' 

la  (cyclic L,L) 8.09 7.69 7.37 4.0 5.0 6.0 
lb  (cyclic L,D) 8.49 8.57 7.00 7.5 9.0 3.0 

2a (acyclic L,L) 7.97 7.84 7.71 5.0 6.3 4.2 
2b (acyclic L,D) 8.01 8.17 7.75 7.5 4.8 4.0 
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transporter). On the other hand, it seems certain that qH3 H QHa C,k~,H\~,,H 3 
~ , - N . ~  H there,ative conf,,, , ,a,iono, t,,e two stereo,er, i c nt rs 

influences the overall conformation of the macrocycle o o - - - /  t/ NH 
and accordingly its ability to engage in intramolecular " O 
versus intermolecular hydrogen bonding. 

a b 
The chemical shift data in Table 2 are instructive in this 
regard. The participation of a proton in an idealized \~ )u---k o IZH3 CHN~.ff_~H 3 
(linear) H-bond with an amide should lead to maximum CH3 , / 
deshielding because the proton is well within the O=:~Nu 'NH 0 : : ~  0 .... .N 
deshielding cone of the amide carbonyl group, with ~ ~N_H - "'H ~0 
more upfield chemical shifts resulting from either 
lengthening of the C = O H  distance or deviation from 
the plane. Alternatively, an amide proton hydrogen 
bonding with water should not experience such de- c a 
shielding. Along these lines, the spectrum of the more Figure 3. Some possible hydrogen bonding modes in Aca-linked 
highly permeable compound lb has significant down- dipeptides: (a) 13-turn type involving the Aca NH; (b) and (c) y-turns; 

and (d) a strained hydrogen bond involving the Ala 1 NH. 
field shifts from that of its isomer la for both the Alal 
NH and Ala2 NH protons (0.40 and 0.88, respectively). 
Interestingly, the values for the Aca NH (with the 
potential to engage in the hydrogen bond most closely has import for the many current efforts directed toward 
associated with [3-turn formation, i.e., that between the i the development of orally active agents based on 
and i + 4 residues) indicate less intramolecular peptides. This work provides one example of an 
hydrogen bonding in lb, as evidenced by its upfield increase in binding attendant on D-amino acid incor- 
shift in the less permeable isomer la (AS for l a - l b  potation in a cyclic peptide model that may or may not 
being 0.37). In contrast to this situation, the A8 values affect receptor binding when translated to biologically 
between 2a and 2b are practically nonexistent for both active cyclic peptides. The peptide literature is filled 
the Alat and Aca amides, but again reach a high value with examples of a single stereochemical change-- 
of 0.33 for the Ala2 NH. usually an L-,D amino acid modification--that simulta- 

neously decreases binding to a circulating peptidase (for 
The NMR data suggest that there is little difference in example) while retaining potency at its target receptor 
hydrogen bonding patterns between 2a and 2b, and that or enzyme. 2 Additionally, this information, coupled to 
lb is substantially better able to involve its Ala 1 and Ala2 the NMR work described here, strengthens the present 
amide protons in hydrogen bonding (but not its Aca- assessment of the importance of hydrogen bonding in 
NH). If true, this strongly suggests that the improved molecular transport across biological membranes. 
permeability of lb can be largely traced to the Current efforts are directed toward understanding the 
involvement of hydrogen bonding motifs other than generality of these effects in both 13-turn models and 
the classical [3-turn model. Indeed, the Aca-NH is not other classes of peptidomimetics and to establishing in 
necessary to maintain turn-like dihedral angles in these detail the effect of configurational changes on the 
molecules because its role is taken over by the carbon conformational space in this class of macrocyclic 
backbone of the Aca linkage. 3,-Turn structures that compounds. 
intimately involve the Ala2-NH seem quite reasonable 
(Fig. 3) and consistent with the observation that this 
proton is subject to the greatest chemical shift variations Experimental 
between isomers. This issue is currently the subject of a 
detailed molecular dynamics study in this laboratory Materials 
that will be reported elsewhere; preliminary results 
indicate that structures b and c appear with consider- [14C]Mannitol (55 mCi/mmol) was purchased from 
able greater frequency than a in a simple dynamics American Radiolabeled Chemicals (St Louis, MO). 
study carried out with the Kollman force field. Verapamil, 2-(N-morpholino)ethane sulfonic acid 
Experimentally, the increased internal hydrogen bond- (MES), and Dulbecco's phosphate buffer solution (D- 
ing ability of lb is manifested in both the transport data PBS; powder form) were purchased from Sigma 
and the PC measurements, which show this isomer to Chemical (St Louis, MO). N-[2-Hydroxyethyl]- 
the less polar in a simple bilayer competition, piperazine-Nr-[2-ethanesulfonate] (Hepes), Hanks's 

balanced salt solution (HBSS), Dulbecco's modified 
Eagle medium (DMEM), and nonessential amino acids 
(NEAA) were obtained from JRH Biosciences (Lenexa, 

Conclusion KS). Fetal bovine serum (FBS) was from Intergen 
Company (Cambridge, MA), and rat tail collagen (type 

The demonstration that stereochemistry can play a I) was from Collaborative Research (Lexington, MA). 
decisive role in affecting the rate of molecular transport Penicillin and streptomycin were obtained as a mixture 
in such an important motif in peptidomimetic design from Irvine Scientific (Santa Ana, CA). Transwell ~" 
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clusters, PVP-free, 24.5 mm in diameter (4.71 cm 2 The permeability coefficient (Papp) was calculated 
surface area), and 3.0-ram pore size were purchased according to the following equation: 
from Costar Corporation (Bedford, MA). Acetonitrile V-dC  
was HPLC grade. Other chemicals were used as 
received. Papp - A  • Co • dt 

where V.(dC/dt) is the steady-state rate of appearance 
of the peptidomimetic in the receiver chamber after 

Synthesis initial lag time, Co is the initial peptidomimetic 
concentration in the donor chamber, and A is the area 

Cyclo(L-Ala-L-Ala-Aca) (la) and cyclo(L-Ala-D-Ala- of the Transwell ~. 
Aca) (lb) were prepared as previously reportedJ 4e 
The linear peptides were prepared using solution- 
phase techniques. Boc-L-Ala-OH and Boc-D-AIa-OH, HPLC analysis 
respectively, were reacted with n-PrNH2 (isobutyl 
chloroformate (IBCF), TEA, THF, - 5  °C) to give the 
corresponding C-terminal amides. Following N-depro- The analysis conditions for the peptidomimetics were as 
tection (4 N HCl/dioxane, THF, 25 °C), Boc-L-Ala-OH follows: column, C18 (Vydac, 4.6 mm x 250 mm, 
was coupled to the two capped amino acids using Hesperia, CA); mobile phase, 70 mM phosphate buffer 
identical coupling conditions. Following another N- (pH 3.5) containing 10 mM heptane sulfonic acid and 
deprotection, the two peptides were reacted with 5-8% acetonitrile; detection, 210 nm; flow rate, 
propionic acid (DCC, TEA, CH2C12, 0 °C) to give the 1 mL/min. The retention times of la, lb, 2a, and 2b 
target amides as white solids after purification by were approximately 6.7, 6.3, 7.2 and 7.8 min, 
column chromatography. L,L-CH3CH2C(O)-Ala-Ala-n- respectively. 
Pr (2a): mp 267-268 °C; 1H NMR (300 MHz, CDC13) 
6.85 (d, J = 7.8 Hz, 1H), 6.61 (br s, 1H), 5.14 (d, J = 6.7 
Hz, 1H), 4.46 (quintet, J = 7.2 Hz, 1H), 4.22-4.08 (m, Partition coefficient experiments 
1H), 3.27-3.09 (m, 2H), 1.57-1.43 (m, 2H), 1.43 (s, 9H), 

1.37 (d, J = 6.9 Hz, 3H), 1.35 (d, J = 6.9 Hz, 3H), 0.89 Partition coefficients were determined by overnight 
(t, J = 7.3 Hz, 3H); 13C NMR (74.5 MHz, CDC13) 5 shaking of pH 7.4 buffer solution of the compounds 
172.6, 171.9, 155.6, 80.4, 50.6, 48.9, 41.3, 28.3, 22.7, 19.0, with a volume of octanol-saturated pH 7.4 buffer. All 
18.2, 11.3. L,D-CH3CH2C(O)-Ala-AIa-n-Pr (2b): mp manipulation was done at room temperature. Phase 
193-194 °C; 1H NMR (300 MHz, CDCI3) 6 6.93 (d, J volumes of the buffer and the organic solvents were 
= 7.0 Hz, 1H), 6.78 (br s, 1H), 5.26 (d, J = 6.8 Hz, 1H), 1:25, 1:35, and 1:45 for each compound. After overnight 
4.47 (quintet, J = 7.2 Hz, 1H), 4.14-4.07 (m, 1H), 3.20- 
3.13 (m, 2H), 1.56-1.42 (m, 2H), 1.42 (s, 9H), 1.37 (d, J shaking and centrifugation, the buffer layers were 
= 7.1 Hz, 3H), 1.34 (d, J = 7.2 Hz, 3H), 0.88 (t, J = 7.4 collected. The amount of the peptidomimetics in the 

samples was determined by HPLC. The partition 
Hz, 3H); 13C NMR (74.5 MHz, CDCI3) 6 172.8, 172.0, coefficients were calculated from the concentration of 
155.6, 80.2, 50.5, 48.9, 41.2, 28.3, 22.7, 18.2, 18.1, 11.3. 

the peptidomimetic in the octanol divided by the 
concentration of the peptidomimetics in the buffer. 

Transepithelial transport studies 

CD spectra 
Caco-2 cells were plated and grown according to 
previously published procedures. 7b Apical~basolateral CD spectra were recorded on a JASCO J-710 spectro- 
(AP~BL) and basolateral~apical (BL~AP)  flux polarimeter using a quartz cell of 0.02-cm path length. 
experiments of the cyclic and linear compounds (0.5 Spectra were measured in 10 mM Hepes (pH 7.4 buffer) 
mM) were conducted in Caco-2 ceils at 37 °C in the at a compound concentration of 0.5 mM at 37 °C. 
presence or absence of verapamil (0.2 mM) according 
to previously published procedures. 7b On the day of the 
experiment, cells were rinsed with HBSS containing 25 NMR mM glucose and 10 mM Hepes (pH 7.4 buffer) at 37 °C. 
Plates were then preincubated at 37 °C for 10 min with 
pH 7.4 buffer on the both sides. After removal of the All spectra were taken at room temperature on a 
preincubation medium, a 1.5 mL aliquot of pH 7.4 Bruker AM-500 equipped with an inverse detection 
buffer was placed in the receiver chamber. A 1.5 mL probe. TPPI phase sensitive, double-quantum filtered 
aliquot of the pH 7.4 buffer containing a compound of COSY and phase sensitive NOESY experiments were 
interest with or without verapamil was added to the performed with standard Bruker pulse programs. 
donor side. Samples (200 gL) were removed at Typical two-dimensional conditions were: sweep width 
designated times from the receiver chamber and 4000 Hz, 2K data p6ints in t2, 300 increments in t~, 
replaced with fresh pH 7.4 buffer. The samples were NOESY mixing time 700 ms. The data were transferred 
then acidified by addition of 0.08 N HCI (100 gL) and to a Silicon Graphics Indigo 2 workstation and 
analyzed by HPLC. processed using Felix 95 (Biosym, San Diego, CA). 



Transepithelial transport of ~-turn peptidomimetics 1865 

Acknowledgements 4. (a) Gangwar, S.; Jois, S. D. S.; Siahaan, T. J.; Vander 
Velde, D. G.; Stella, V. J.; Borchardt, R. T. Pharm. Res. 1996, 

The support of the Costar Corporation, Japan Tobacco, 13, 1655. (b) Pauletti, G. M.; Gangwar, S.; Okumu, F. W.; 
Inc., NSF Epscor (NSFEHR-92-55223), and the Siahaan, T. J.; Stella, V. J.; Borchardt, R. T. Pharm. Res. 1996, 
National Institutes of Health (GM-51633, GTM- 13, 1613. (c) Okumu, F. W.; Pauletti, G. M.; Vander Velde, 

D. G.; Siahaan, T. J.; Borchardt, R. T. Pharm. Res. 1997, 14, 
088359) is gratefully acknowledged. We additionally 169. (d) Pauletti, G. M.; Gangwar, S.; Wang, B.; Borchardt, R. 
thank Martha Morton and Mary MacDonald for T. Pharm. Res. 1997,14, 11. 

experimental assistance. 5. Nellans, H. Adv. Drug Deliv. Res. 1991, 7, 339. 

References 6. Burton, P. S.; Conradi, R. A.; Hilgers, R. A.; Ho, N. F. H. 
Biochem. Biophys. Res. Commun. 1993, 190, 760. 

1. (a) Stein, W. D. In The Movement of Molecules Across Cell 7. (a) Matthews, D. M. Physiol. Rev. 1975, 55, 537. 
Membranes; Academic: New York, 1967; pp 65-215. (b) Tamura, K.; Bhatnagar, P. K.; Takata, J. S.; Lee, C.-P.; 
(b) Diamond, J. M.; Wright, E. M. Proc. R. Soc. Lond. (Biol.) Smith, P. L.; Borchardt, R. T. Pharm. Res. 1996, 13, 1222. 
1972, 172, 273. (c) Burton, P. S.; Conradi, R. A.; Hilgers, R.A. (c) Tamura, K.; Lee, C.-P.; Smith, P. L.; Borchardt, R. T. 
Adv. DrugDeliv. Rev. 1991, 7, 365. (d) Conradi, R. A.; Hilgers, Pharm. Res. 1996, 13, 1661. (d) Tamura, K.; Lee, C.-P.; Smith, 
A. R.; Ho, N. F. H.; Burton, P. S. Pharm. Res. 1991, 8, 1453. P.L.; Borchardt, R. T. Pharm. Res. 1996, 13, 1750. 
(e) Conradi, R. A.; Hilgers, A. R.; Ho, N. F. H.; Burton, P. S. 
Pharrn. Res. 1992, 9, 435. (f) Adson, A.; Raub, T. J.; Burton, 8. (a) Borchardt, R. T. J. Drug. Targeting 1995, 3, 179. 
P. S.; Barsuhn, C. L.; Hilgers, A. R.; Audus, K. R.; Ho, N. F.H. (b) Hillgren, K. M.; Kato, A.; Borchardt, R. T. Med. Res. Rev. 
J. Pharm. Sci. 1994, 83, 1529. (g) Pauletti, G. M.; Gangwar, S.; 1996, 15, 83. (c) Borchardt, R. T.; Smith, P. L.; Wilson, G., In 
Knipp, G. T.; Nerurkar, M. M.; Okumu, F. W.; Tamura, K.; Models for Assessing Drug Absoprtion and Metabolism; 
Siahaan, T. J.; Borchardt, R. T. J. Controlled Release 1996, 41, Borchardt, R. T., Smith, P. L.; Wilson, G., Eds.; Plenum: 
3. (h) Conradi, R. A.; Burton, P. S.; Borchardt, R. T., In New York, 1996; pp 1-11. 
Lipophilicity in DrugAction and Toxicity; Pliska, V.; Testa, B.; 9. (a) Hidalgo, I. J.; Raub, T. J.; Borchardt, R. T. Gastro- 
Waterbeerd, V., Eds.; VCH: Weinheim, 1996; pp 234-252. enterology 1989, 96, 736. (b) Hilgers, A. R.; Conradi, R. A.; 
(i) Pauletti, G. M.; Okumu, F. W.; Borchardt, R. T. J. ,°harm. Burton, P. S. Pharm. Res. 1990, 7, 902. (c) Artursson, P. J. 
Res. 1997, 14, 164. (j) Burton, P. S.; Conradi, R. A.; Ho, N.F. Pharm. Sci. 1990, 79, 476. (d) Wilson, G.; Davis, S. S.; Ilium, 
H.; Hilgers, A. R.; Borchardt, R. T. J. Pharm. Sci. 1996, 85, L.; Zweibaum, A. In Pharmaceutical Applications of Cell and 
1336. Tissue Culture to Drug Transport; Wilson, G.; Davis, S. S.; 
2. (a)Lee, V. H. L. Crit. Rev. Ther. Drug Carrier Syst. 1988, 5, Ilium, L.; Zweibaum, A., Eds.; Plenum: New York, 1991. 
69. (b) Plattner, J. J.; Norbeck, D. J. In Drug Discovery (e) Thwaites, D. T.; McEwan, G. T. A.; Brown, C. D. A.; 
Technologies; Clark, C. R.; Moos, W. H., Eds.; John Wiley: Hirst, B. H.; Simmons, N. L. J. Biol. Chem. 1993, 268, 18438. 
New York, 1990; pp 92-126. (c) Lee, V. H. L.; Yamamoto, A. (f) Hidalgo, I. J., In Models for Assessing Drug Absoprtion and 
Adv. Drug Deliver), Rev. 1990, 4, 171. (d) Sawyer, T. K. In Metabolism; Borchardt, R. T., Smith, P. L.; Wilson, G., Eds.; 
Peptide-based Drug Design; Taylor, M. D.; Amidon, G.L. ,  Plenum: New York, 1996; pp 35-50. 
Eds.; American Chemical Society: Washington, DC, 1995, 10. Hidalgo, I. J.; Hillgren, K. M.; Grass, G. M.; Borchardt, 
pp 387-422. R.T. Pharrn. Res. 1991, 8, 223. 
3. For some recent examples, see: (a) Doherty, A. M.; Sircar, 11. Rose, G. D.; Gierasch, L. M.; Smith, J. A., InAdvances in 
1.; Kornberg, B. E.; Quin lli, J.; Winters, R. T.; Kaltenbronn, Protein Chemistry; Anfinsen, C. B., Edsall, J. T.; Richards, 
J. S.; Taylor, M. D.; Batley, B. L.; Rapundalo, S. T.; Ryan, 
M. J.; Painchaud, C. A. J. Med. Chem. 1992, 35, 2. (b) Bai, F.M., Eds.; Academic: Orlando, FL, 1985; Vol. 37, pp 1-109. 
J. P. F.; Amidon, G. L. Pharm. Res. 1992, 9, 969, and 12. For some recents reviews, see: (a) Olson, G. L.; Bolin, 
references contained therein. (c)Boyd, S. A.; Fung, A. K.L.; D.R. ;  Bonner, M. P.; B6s, M.; Cook, C. M.; Fry, D. C.; 
Baker, W. R.; Mantei, R. A.; Armiger, Y.-L.; Stein, H.H.;  Graves, B. J.; Hatada, M.; Hill, D. E.; Kahn, M.; Madison, 
Cohen, J.; Egan, D. A.; Barlow, J. L.; Klinghofer, V.; Verburg, V.S.; Rusiecki, V. K.; Sarabu, R.; Sepinwall, J.; Vincent, G. P.; 
K. M.; Martin, D. L.; Young, G. A.; Polakowski, J .S . ;  Voss, M. E. J. Med. Chem. 1993, 36, 3039. (b) Giannis, A.; 
Hoffman, D. J.; Garren, K. W.; Perun, T. J.; Kleinert, H. D.J. Kolter, T. Angew. Chem., Int. Ed. Engl. 1993, 32, 1244. 
Med. Chem. 1992, 35, 1735. (d) Kleinert, H. D.; Rosenberg, 13. Kitagawa, O.; Vander Velde, D.; Dutta, D.; Morton, M.; 
S. H.; Baker, W. R.; Stein, H. H.; Klinghofer, V.; Barlow, J.; Takusagawa, F.; Aub6, J. J. Am. Chem. Soc. 1995, 117, 5169. 
Spina, K.; Polakowski, J.; Kovar, P.; Cohen, J.; Denissen, J. 
Science 1992, 257, 1940. (e) Hurley, T. R.; Colson, C.E.;  14. (a) Deslauriers, R.; Leach, S. J.; Maxfield, F. R.; 
Hicks, G.; Ryan, M. J. J. Med. Chem. 1993, 36, 1496. (f) Minasian, E.; McQuie, J. R.; Meinwald, Y. C.; N6methy, G.; 
MacPherson, L. J.; Bayburt, E. K.; Capparelli, M. P.; Bohacek, Pottle, M. S.; Rae, I. D.; Scheraga, H. A.; Stimson, E. R.; Van 
R. S.; Clarke, F. H.; Ghai, R. D.; Sakane, Y.; Berry, C.J.; Nispen, J. W. Proc. Natl. Acad. Sci. U.S.A. 1979, 76, 2512. 
Peppard, J. V.; Trapani, A. J. J. Med. Chem. 1993, 36, 3821. (g) (b) N6methy, G.; McQuie, J. R.; Pottle, M. S.; Scheraga, H. A. 
Yang, L.; Weber, A. E.; Greenlee, W. J.; Patchett, A.A.  Macromolecules 1981,14, 975. (c)Deslauriers, R.; Evans, D. J.; 
Tetrahedron Lett. 1993, 34, 703. (h) Fourni6-Zaluski, M.-C.; Leach, S. J.; Meinwald, Y. C.; Minasian, E.; N6methy, G.; 
Coric, P.; Thery, V.; Gonzalez, W.; Meudal, H.; Turcaud, S.; Rae, I. D.; Scheraga, H. A.; Somorjai, R. L.; Stimson, E. R.; 
Michel, J.-B.; Roques, B. P. J. Med. Chem. 1996, 39, 2594. Van Nispen, J. W.; Woody, R. W. Macromolecules 1981, 14, 
(i) Weller, T.; Alig, L.; Beresini, M.; Blackburn, B.; Bunting, 985. (d) Maxfield, F. R.; Bandekar, J.; Krimm, S.; Evans, D. J.; 
S.; Hadvfiry, P.; Hi.irzeler Mfiller, M.; Knopp, D.; Levet-Trafit, Leach, S. J.; N6methy, G.; Scheraga, H. A. Macromolecules 
B.; Lipari, M. T.; Modi, N. B.; Miiller, M.; Refino, C.J. ;  1981, 14, 997. (e) Bandekar, J.; Evans, D. J.; Krimm, S.; 
Schmitt, M.; Sch6nholzer, P.; Weiss, S.; Steiner, B. J. Med. Leach, S. J.; Lee, S.; McQuie, J. R.; Minasian, E.; N6methy, 
Chem. 1996, 39, 3139. (j)F/~ssler, A.; Bold, B.; Capraro, H.-G.; G.; Pottle, M. S.; Scheraga, H. A.; Stimson, E. R.; Woody, 
Cozens, R.; Mestan, J.; Poncioni, B.; R6sel, J.; Tintelnot- R.W. Int. J. Peptide Protein Res. 1982, 19, 187. (f) Perczel, A.; 
Bromley, M.; Lang, M. J. Med. Chem. 1996, 39, 3203. Fasman, G. D. ['rot. Sci. 1992, 1,378. 



1866 K. TAMURA et al. 

15. Chikhale, E. G.; Ng, K. Y.; Burton, P. S.; Borchardt, R.T. have indicated these compounds undergo aggregation-deag- 
Pharm. Res. 1993, 11, 412. gregation exchange under the conditions of the NMR 
16. Aubry, A.; Cung, M. T.; Marroud, M. J. Am. Chem. S o c .  experiment. This may have a bearing on the temperature 
1985, 107, 7640. coefficients as well but we do not believe self-association 

affects the results of the transport experiments, in which the 
17. The peptide still retains adequate solubility for NMR concentrations of the compounds are 5-10 times lower and 
work in this mixture while avoiding deuterium exchange of the the various cell membrane constituents and hydrophobic 
amide resonances as would be the case for pure methanol-d4; macromolecules in the Caco-2 cells are present. (b) Andersen, 
DMSO is not a suitable solvent for CD measurements. N . H . ;  Chen, C.; Marschner, T. M.; Krystek Jr., S. R.; 
18. The high values of the amide temperature coefficients do Bassolino, D. A. Biochemistry 1992, 31, 1280. (c) Rothemund, 
not, in our view, accurately reflect the extent of intramolecular S.; Wei6hoff, H.; Beyermann, M.; Krause, E.; Bienert, M.; 
hydrogen bonding occurring in these compounds. It has been Miigge, C.; Sykes, B. D.; S6nnichsen, F. D. J. Biomol. NMR 
noted before that the temperature coefficients can be high in 1996, 8, 93. 
the presence of intramolecular hydrogen bonding if there is 
conformational exchange in an appropriate time scale. 18bx 19. Asakura, T.; Toaka, K.; Demura, M.; Williamson, M. P. J. 
Preliminary pulsed field gradient diffusion measurements Biomol. NMR 1995, 6, 227. 

(Received in U.S.A. 21 March 1997; accepted 7 May 1997) 


