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Adenosine 5'-phosphor(ademantyl)amidate (5), an analog derived by linking the antiviral drug amantadine to 5'-AMP is 
transported through a model membrane system in a discontinuous periodic-catastrophic fashion. The system was 
composed of a glass cell containing two aqueous buffer phases separated by a chloroform layer. A more lilm~hili¢, but 
structurally related derivative, adenosine 5'-phespi~'(n-decyl)amidate (3) showed linear ~ in ~ same system. 
Less lipephili¢ substances, indudiog 5'-AMP and adenosine 5'.phespher(motpheli~l)amidate (2), did not show 
transport. It is hy~thesized that the periodic-catastrophic ~rans~rt is a result of the ¢elleetive activity of amidate 5 at 
the interlace between the first aqneees interlace and the chloroform layer. ]'he time between catastrolJ~ events is 
thought to be a reflection of the time necessary for molecular organization at the interface. The ptL~emenon is a new 
exampie of molecular organization in a system far from equilibrium leading to a repeti~e dynamic process. 

Introduction 

The dynamics of molecular transport across cell- 
membrane lipid bilayers is an important process that 
has been studied in detail for small ions and some 
biologically active molecules [1]. Transport of electri- 
cally neutral small moleeules across lipid bilayers is 
generally found to occur by a kinetic~y first-order 
process driven by the presence of a concentration gradi- 
ent between the inner and outer aqueous phases. On the 
other hand, inorganic cation transport can occur by 
kinetically more complex periodic processes. Voltage 
oscillations ate observed between model membrane sep- 
arated aqueous phases, containing either different in- 
organic cations or a salt which is at greatly different 
concentrations in the two separated aqueous phases 

Abbreviations: BrU, 5-bromcuridine; AU, absorbance units; UV. 
ultraviolet; THF, tetrahydrofuran; DMF, dimethylformamide; 
DMSO, dimethylsulfoxide. 
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[2-4]. Because of experimental complexity, most studies 
have been done with model-membrane systems rather 
than with intact cells. These may be constructed from 
cell membrane material or be constituted from posi- 
tively charged amphiphilic substances capable of for- 
ming liposomes, micelles, reverse micelles, or even sim- 
ply a water-immiscible organic phase, such as chloro- 
form. 

Effective passive transport of small molecules across 
lipid bilayers requires that the molecules have an opti- 
mal balance between lipophilicity and hydrophilicity to 
maximize transport rate [5]. Stemming from our interest 
in designing transportable bioactive nucleotide analogs, 
we initiated a study to determine what type of fipophilic 
group could be attached at the 5'+phosphate to maxi- 
mize transport rate, while maintaining water solubifity. 
Our investigation eventually encompassed neutral C-5 
substituted pyfimidine nucleosides structurally related 
to antiherpes agents [6-8], and pl:osphate modified 
adneosine structurally related to lil~ophilic nucleotide 
analogs of interest as antitumor agJmts [9-14]. Com- 
pounds from the latter group haw been synthesized 
specifically to address the drug deliv,~ry and trm+,sporta - 
bifity problem inherent in underi,/atized nucleotides 
[15-171. 



Materials and MethMs 

Analytical methods 
Melting points were determined on a Biichi 510 

apparatus. Infrared (IR) spectra were recorded in KBr 
pellets on a Nicolet MX-S spectrophotometer. Proton 
nuclear magnetic resonance (1H-NMR) spectra were 
measured on a Varian EM-390 spectrometer and are 
reported (d) downfidd from either tetramethylsilane or 
sodium 3-(trimethylsilyl)-l-propane sulfonate as inter- 
hal standards. Ultraviolet (UV) spectra were recorded 
on a Shimadzu UV-260 spectrophotometer. Elemental 
analyses and mass zpectral analyses were performed by 
Galbraith Laboratories, Knoxville, TN and Midwest 
Center for Mass Spectrometry at the University of 
Nebraska, Lincoln, respectively. 

Column chromatography was carried out with the 
following packings: alumina 90 activated basic, 70-230 
mesh; silica gel 60, 70-230 mesh (EM Reagents); DEAE 
Sephadex A-25 (Sigma); Bio-Gd P-2, 200-400 mesh; 
AG 50W-2S, 100-200 mesh, hydrogen form; Bio-Rex 
70, 50-100 mesh, sodium form (Bio-Rad Laboratories). 
Analytical thin-layer chromatography (TLC) was done 
on the following plates: silica gel 60 F254, 0.2 mm thick; 
alumina neutral (Type E) 60 F2~4, 0.2 rrml thick (EM 
Science); Whatman Ce1300 DEAE, 0.1 ram thick, East- 
man Chromagram cellulose plate. Two solvent systems 
were used for thin-layer chromatography on silica gel: 
Solvent system A, 2-propanol/ammonia/water (7:1: 
2); Solvent system B, 1-butanol/acetonitrile/0.1 M 
ammonium hydroxide/ammonia (6 : 1:2:1). The thin 
layer plates were visualized under ultraviolet light. 

Reagents and solvents 
All chemicals used in the present investigation were 

reagent grade. Pyridine was stored over sodium in a 
constant reflux apparatus and distilled as needed. Tetra- 
hydrofuran (THF) was dried by passing through an 
anhydrous alumina column, and then distilled from 
sodium/benzophenone before use. N,N-Dimethylform- 
amide (DMF) was distilled from calcium hydride onto 
4A molecular sieves. Dimethylsulfoxide (DMSO) was 
purified by vacuum distillation. Morpholine was dis- 
tilled over sodium and stored in a bottle containing 
freshly-pressed sodium. Monoaza-18-crown-6(crown 
ether amine) was prepared as described in the literature 
procedure [181. 1-Adamantanamine, n-deeylamine and 
dicyclohexylcarbodiimide were purchased from Aldrich. 
Stearylamine and adenosine 5'-monophosphate were 
obtained from Sigma. t-Butyl alcohol was purified by 
distillation over calcium oxide and only the center por- 
tion was collected. Other commercially unavailable 
compounds were prepared in this laboratory, fraction- 
ally distilled or subjected to column chromatography 
until they were pure. The syntheses of the C-5 alkyl 
deoxyuridines have been previously reported [19]. 5- 

Bromouridine was prepared by direct bromination of 
uridine in DMF following the procedure of Dural and 
Ebel [20]. 

Synthesis of adenosine 5'.phosphoramidates 
The nucleoside 5'-phosphoramidates were synthe- 

sized by the procedure of Moffat and Khorana [21]. A 
detailed procedure is illustrated for adenosine 5'-phos- 
phor(adamantyl)amidate (5). Products were purified by 
anion-exchange chromatography on DEAE Sephadex 
A-25. Two solvents systems were used for gradient 
elations: (i) a~u~ous ammonium bicarbonate varying in 
concentration from 0.005 M to 0.1 M; (ii) 0.005 M 
ammo~Aam bicarbonate/ethanol (3:7) to 1.0 M am- 
monium bicarbonate/ethanol (4: 6). Solvent (i) and (ii) 
were used to separate water-soluble and water-insoluble 
phosphoramidates from 5'-AMP, correspondingly. A 
cation exchanger was used to convert the desired phos- 
phoramidate to a sodium salt form. Dowex 50W-gX in 
H + form was changed to sodium form by washing the 
Dowex resins sequentially with deionized water, 1.0 M 
sodium hydroxide and deionized water, until the aque- 
ous duate showed a pH 6.0-8.0. The phosphoramidates 
were converted to the sodium salt on Dowex 50W-8X 
(Na +) by loading them onto the resin and dating with 
deionized water until the phosphoramidate was com- 
pletdy dated. Finally, the phosphoramidates were 
passed through a Bio-Gd P-2 column dating with de- 
ionized-distilled water to remove inorganic salts. Iden- 
tity and purity were established by tH, FAB mass 
spectra, UV, TLC and elemental analysis. 

Adenosine 5'-phosphor(morpholidyl)amidate O) 
The procedure reported by Moffatt and Khoi-ana 

was followed. R F = 0.56 (solvent A); R F = 0.276 
(solvent B); 1H-NMR (D20) 8 8.30 (1H, s), 8.00 (1H, s), 
5.98 (1H, d, J = 5 Hz), 4.46 (1H, t, J = 5 l-lz), 4.30 (m), 
4.02 (2H, In), 3.50 (4H, t, J = 4 Hz), 2.90 (4H, t, J = 4 
Hz); MS: m/e 437 M +, 415 (anion); UV(H20), ~'m~, 
259.6 nm (c 14420). Elemental analysis calculated for 
C12H20NrO7PNa • 2.5H20: 
Calcd.: C, 34.78; H, 5.17; N, 17.39. 
Found: C, 34.70; H, 4.85; N, 17.20. 

Adenosine 5'-phosphor(n-decyl)amidate (3) 
The procedu:-.~ was similar to the one for the prepara- 

tion of adenosine 5'.phosphor(adamantyi)amidate. The 
adenosine 5'-phosphor(n-decyl)amidate was isolated as 
its ammonium salt, (345 ms; 34.3% yield). RF = 0.359 
(B); R F ~- 0.674 (A); 1H-NMR (D20/CD3OD = 1:3) 
8.60 (1H, s), 8.23 (m, s), 8.19 (m,  s), 6.O9 (m, d, 
J = 5 Hz), 4.44 (1H, m), 4.28 (2H, m), 4.01 (1H, in), 
2.94 (impurities), 1.125-1.37 (lgH, m) 0.83 (3H, m); 
UV (95% EtOH), hma ~ 260 nm (c 7460); MS, 485 
m - (C2oH34NrOrP anion). 
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Adenosine 5 '.phosphor(1, 4, 7,10,13-pen tao xo-16-azacyclo- 
octadecyl)amidate (4) 

A procedure similar to that described below for 
compound 5 was followed. Following anion-exchange 
chromatography, one single spot on a silica gel plate by 
TLC analysis confirmed the purity of the desired prod- 
uct. Rv=0.29 (B); R~=0.54 (A); ~H-NMR (D20) /1 
8.44 (1H, s), 8.18 (1H, s), 6.05 (1H, d, J--5  Hz), 
3.00-3.75 (48H, m); 1.0-2.0 (16H, m); UV(H20), hm~ ~ 
259.8 nm (c 13 500). 

Adenosine 5'-phosphor(ad:,mantyOamidate (5) 
1-Adamantanamine (0.605 g, 4 retool) was added to a 

solution of 50% aqueous t-butyl alcohol (20 ml) contain- 
ing adenosine 5'-phosphate (0.365 g, 1.0 retool). The 
suspension changed to a clear solution as refluxing 
began. Dropwise addition of dicyelohexylcarbodii~de 
(0.825 g, 4.0 retool) in t-butyl alcohol (10 ral) to the 
refluxing solution was completed in 2 h. After refluxing 
for 22 h, the reaction mixture was cooled to room 

temperature. The white crystalline precipitate was sep- 
arated by suction filtration and washed several-times 
with t-butyl alcohol. The residue was suspended in a 
mixture of ethanol/water (7: 3) and filtered. The aque- 
ous ethanol solution was reduced to a r;finimum volume 
which was then subjected to anien-exchange chromatog- 
raphy. 

A 0.6 g sample of reaction mixture was applied onto 
a column (1.65 cm diameter ),: 30 cm height) of DEAE 
Sephadex A-25. Elution was begun, using a linear gradi- 
ent of ammonium bicarbonate in ethanol. The mixing 
vessel initially contained 450 ml of ethanol/0.005 M 
ammonium bicarbonate (7 : 3) and the reservoir 450 ml 
of ethanol/1.0 M ammonium bicarbonate (6:4). The 
fractions collected were analysed by TLC. The fraction 
(1!2-144 ml) with an R F = 0.337 (B) was concentrated 
and last traces of ammoniam bicarbonate were removed 
by several further evaporations after addition of small 
amounts of water. Finally, 239 mg oi" the ammonium 
salt of 5 (48% yield) was obtained after lyophilization: 

Adenosine Pho~pho~'amidates 
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Fig. I. Nucteosides and nucleotides. 
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Fig. 2. Model transport apparatus. The area of interface 1 was 12.8 
cm 2, and area interface 2 was 3.8 era 2. 

hole was cut in the side of the central tube to permit 
access to the inner aqueous solution using pipets. The 
beaker was clamped in position to allow 2-3 mm be- 
tween the bottoms of the tube and the beaker The 
CHC13/aqueous-buffer interface fell between the pairs 
of outer rods on the tube as shown in the figure. When 
the drill was used, the rate of the rotation of the tube, 
and thus of the stirring in the system, was controlled 
using a variable transformer with the drill locked in 
high speed. Measured stirring rates with the drill were 
not constant, but were usually 40-55 rpm, and ranged 
from 30 to 90 rpm. In this apparatus, the CHC13 layer 
was added first using a 20 ml glass syringe, followed by 
1000 p.l of the inner aqueous-buffer solution (using an 
adjustable pipet), then the entire outer solution (using a 
10 ml glass syringe), and lastly the remainder of the 
inner aqeous solution. The aqueous-buffer solution used 
in all experiments was 10 mM potassium phosphate 
(pH 7.3), 0.16 M NaCI. The volumes of the three phases 
were: aqueous phase 1, 7.0 ml; aqueous phase 2, 3.0 ml; 
and chloroform (phase 2), 12 ml. Transport was mea- 
sured by monitoring the absorbance of aliquots from 
the inner aqueous layer after various stirring intervals. 
The aliquots were returned to the system following the 
measurement. Absorbance measurements were made on 
a Shimadzu UV-260 UV.Vis spectrometer in semimicro 
(4 nun wide × 10 mm pathlength) quartz cuvettes using 
the same aqueous buffer as a reference. Stirring was 
halted during the times the absorbance was measured. 

R F = 0.64 (A); R F = 0.348 (B); IH-NMR (D20) 8 8.50 
(1H, s), 6.11 (1H, d, J = 4.5 Hz), 4.32 (1H, m), 3.98 
(2H, m), 1.34-1.85 (15H, m); MS. 479 M -  
(C2oH28N606 P anion); UV (H20), Xm~ 259.6 nm (c 
12 900). Elemental analysis calculated for C20H32NTO6P 
• 5H20: 
Calcd.: C, 40.88; H, 7.15; N, 16.69. 
Fonnd: C, 40.44; H, 6.68; N, 16.76. 

The three-dimensional representation of 5 (Fig. 1) 
was created in the software program Chem 3D (Cam- 
bridge Scientific) by incorporating the parameters found 
for adenosine in uridylyl Y,5'-adenosine phosphate [21]. 

Transpor: apparatus 
The apparatus (Fig. 2) (Den Norsk Glassbl~tsende 

Fabrikk) for measuring transport through a CHC13 
liquid membrane was constructed using a 20 ml beaker 
in which was suspended a glass tube (22 mm i.d.) 
connected to a stirring motor (either a 3/8" variable 
speed reversible drill or a 60 rpm constant speed motor) 
mounted on a ring stand. Three pairs of 2 nun glass 
rods (7-9 mm long) were fused perpendicularly to the 
tube: one pair at the bottom on the outside, a second 
pair about 5 ram above the first pair, and a third pair 
on the inside at the height of the upper outer rods. A 

Extraction coefficients 
Extraction constants between aqueous buffer and 

chloroform were determined. Nucleotides were pre- 
pared in a solution of 10 mM potassium phosphate (pH 
7.3), 0.16 M NaCL The absorbance of each solution was 
scanned to determine the wavelength and intensity of 
the maximum. Molar extinction coefficients (¢) were 
calculated for each compound. 2.0 ml of the nncleotide 
solution was mixed with an equal volume of CHCI3 in a 
large test-tube. The mixtures were extracted five-times 
for 1 rnin using a vortex mixer with 1 rain pauses 
between extractions. The phases were allowed more 
than 10 rain to equilibrate, and the absorbance of the 
aqueous phase was measured. The extraction coeffi- 
cient, K, which is defined as K - C o / C  w, where C o is 
the concentration of the substance in chloroform at 
equilibrium and Cw is the concentration in the aqueous 
phase at equilibrium was calculated as follows: 

K = [A(before)- A(after)] 
[ ~l(after)] 

where A is the absorbance measured at the maximum 
before and after CHCI3 extraction. Each value repre- 
sents the average of at least one set of duplicate extrac- 
tions. 



Results 

The analogs chosen for our study included four phos- 
phoramidates derived from AMP, three C-3 aikyluri- 
dines (Fig. 1), and 5-bromouridine. The simplest system 
for measuring transport rates, and yet which can be 
extrapolated to more complex lipid bilayers, is a model 
membrane constructed of aqueous phases separated by 
an immiscible organic layer such as chloroform. The 
system (Fig. 2) was designed so that all three layers 
were stirred. Stirring was setup to minimize disruption 
of the total system, but yet keep the bulk phases homo- 
geneous. One could observe shear near the interface, 
implying that there is a relatively undisrupted quiescent 
layer where the process of molecular movement is prob- 
ably diffusion controlled. The question of artifacts in- 
troduced by stirring can not be unequivocally answered. 
Neither stirring nor sampfing appeared to be directly 
related to the transport phenomena. The rate of trans- 
port was determined spectrophotometrically, as de- 
scribed in Materials and Methods, by measuring the 
appearance of the nucleoside in aqueous phase 3. The 
stirring was discontinued during the period of time that 
it took to withdraw a sample for spectrophotometric 
determination. Following the absorbance measurement, 
the sample was returned to the cell and stirring recon- 
tinued. Experiments with the alkyl uridines in which the 
number of assays per unit time varied considerably 
(four versus sixteen data points over a period of 80 rain; 
Fig. 3) showed that sample witMrawal did not intro- 
duce an observable error. The transport studies were 
carried out for a maximum of 400 rain. The rate of 
solvent evaporation was relatively slow, but noticeable 
over time periods longer than 400 rain, thereby preclud- 
ing us from continuing experiments for longer periods 
of time. 

When the three C-5 substituted nucleosides 6-8 were 
allowed to migrate from aqueous phase 1 to aqueous 
phase 3, the increase in absorbances for each compound 
was linear over the short time span of the experiment 
(Fig. 3). Reproducibility between experiments was gen- 
erally good, as illustrated in the figure. The respective 
relative rates of transport for 6, 7, and 8 were 1 : 7 : 39. 
?, detailed series of experiments with another C-5 sub- 
stituted nucleoside, 5-bromouridine (9) established that 
transport followed pseudo-first-order kinetics on appli- 
cation of a steady-state transport model. Data for 5- 
bromouridine (BrU) transport is shown in Table I. The 
rate of transport of BrU across a phase boundary 
should be dependent on the surface area of the inter- 
faces, as well as on the concentration of BrU; hence, 
these two parameters were varied in rate studies. The 
concentrations of BrU in the three phases are indicated, 
respectively, by [BrU:], [BrU2], [BrU3I. Relatively con- 
sistent values for k 1 could be obtained by using a steady 
state approximation, wherein d[BrU2]/dt was assumed 
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Fig. 3. Rate of appearance of the C-5 substituted uridin¢ derivatives 
5-ethyluridine (6), 5.propyluridine (7), and 5.pentyluridine (8) in the 
inner aqueous phase (of. Fig. 2) as measured by the increase in 
abserbance at 268 nm. The absorbance in aqueous phase 2 is ploned 
versus the stirring time of the system. Three separate experiments 
were carried out with each of the nucle¢~idcs 5-ethyIuridine {B, (1). 
and A) and 5-propyluddine ([3, O, ~). Four separate experiments are 

shown for 5.pentyluridine (ii], o, L v). 
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to be very small and, hence, could be approximated as 
zero. Over the course of the experiment, [BrU1] :~ 
[BrU3]. Therefore, terms containing [BrU3] are ne- 
glected. 

TABLE I 

Dependence of 5-bromouridine transport on concentration and inlerface 
area 

[BrUt]--Concentration of 5-bromouridine in aqueous phase I; A t. 
the area of the interface bet~veen aqueous phase 1 and chloroform 
(phase 2)~ ,42, the area of the interface between aqueous phase 3 and 
chloroform (phase 2). 

[BrUd 4̀1 A2 d[BrU3]/dt k: 
(M×104 ) (cm 2 ) (cm 2 ) (Mlrnin) (rain- Lcm -2 ) 

5.0 12.8 3.8 2.88.10 -6 4,5.10 -4 
5.0 12.8 3.8 3.04.10 -6 4,8.10 -4 
1.0 12.8 3.8 4.86.10 -7 3.8-I0 -4 
1.0 3.8 12.8 1.62.10 -7 4.3.10 -4 
3.3 3,8 12.8 5.36-10 -~ 4.3-I0 -4 
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According to the steady state approximation, 

kl[BrUd[Al]- k_ ,[norU~][A~]- k:[BrU2][A2] =0 

where k~ is the rate constant for the transport of BrU 
from aqueous phase 1 to chloroform (phase 2) across 
interface 1 of area d~. k_ t is the rate constant for the 
transport in the opposite direction across the same 
interface, and k 2 is the rate constant for the transport 
of BrU from chloroform (phase 2) to aqueous phase 3, 
across the second interface with area A~. 

Then 

k@rUd[.'ld 
[BrU_, ! = k_ i1"~1] + k2[A2] 

while the 

rate = k2[BrU:][A:] 

Substituting for [BrU2] in the rate expression yields: 

klk 2l Al]l a:l[BrUtl 
rate= k_dAll+k2[A2 ] 

If the transport across the first interface is rate 
determining, then 

k2[A21 :~ k_ ilAll 

hence 

k_l[A1]+ k2[A2] = k2[A2] 

k2k z[ A1][ A2l[~rUt] 
rate k2[A2l = kt[Ai]lBrU~] 

Using this approximation, the value of k~ was found 
to yield fairly closely matching values in two sets of 
experiments ((4.4 5:13.6). 10 -4 rain - I .  em -2) and ((4.3 
+0.1).10 -4 (min-l.cm-2)) (see Table I). k I was 
determined to be independent of concentration, since 
transport at three different concentrations (1.0, 3.3 and 
5.0.10 -4 M) gave similar calculated values when the 
steady state approximation was used. 

The area of the interfaces between the phases was 
varied simply by reversing the aqueous phase in which 
the sample was introduced. In the experiments in which 
A t was 12.8 cm 2 and [BrUt] was 113 -4 M, the rate of 
transport was 3 times greater than the experiment in 
which A was 3.8 cmx and [BrU~] 10 -a M. Since the 
ratio of areas is 12.8/3.8 = 3.4, agreemerit is fairly good. 
The other experiments listed in Table I are also in 
agreement. Another set of experiments was attempted 
using the same inner apparatus, but a different outer 
vessel so that A~ was 24.7 cm ~, and A 2 remained at 3.8 
cm 2. Although one experiment was in very close agree- 

TABLE 11 

Compound Extraction Relative 
coefficient transport 
g rate 

i AMP 0.012 0 
2 Adenosine 5'-phosphor- 

(morpholidyl)amidate 0.0104 0 
3 Adenosine 5'-phosphor- 

(n-decyl)amidate 0.144 9 
4 Adenosine 5'-phosphor- 

(t.aza.18.crown.6)amidate 0.021 0 
5 Adenosine 5'-phosphor- 

(adamantyl)amidate 0.034 1- t6 (variable) 
6 5-Ethyluridine 0.0118 1 
7 5-Propyluddine 0.0130 7 
8 5-Pentyluridine 0.0319 39 

ment (kt = 4.9.10 -4 (rain -t • cm-2)), the system was 
generally less reproducible. 

Finally, one experiment using a different inner ap- 
paratus (A1=2.5 cm 2, and A2=12.8 cm 2) yields a 
value of kt = 5.0.10 -4 (rain -~ .cm-2), which again 
was within experimental error. 

Overall, these experiments illustrate that transport 
follows pseudo-first-order kinetics, and that when trans- 
port o~curs from aqueous phase 1 to aqueous phase 3, 
the area of the first interface is rate controlling. These 
results are consistent with the first order kinetic behav- 
ior which is predicted from Fick's laws of diffusion and 
mass transfer [23]. 

The relative rates of transport of 6, 7, and 8 corre- 
sponded to lipophilicity as measured by extraction coef- 
ficients (Table I1). The most lipophilic derivative, 5- 
pentyluridine showed the highest rate of transport, while 
the least lipophilic, 5-ethyhiridine clearly showed less 
rapid transport. 

In contrast to the C-5 alkyluridines, the transport 
behavior of the phosporamidates of similar lipophilicity 
(as measured by extraction coefficients; ef. Table II) 
was far less consistent. In most experiments AMP (I), 
adenosine 5'-phosphor(morpholidyi)amidate (2) and 
adenosine 5'-phosphor(1-aza-18-crown-6)amidate (4) did 
not show transport. However, one experiment with 2 
showed transport behavior similar to that described 
below for adenosine 5'-phosphor(adamantyl)amidate 
(5). In three experiments adneosine 5'-phosphor(n-de- 
cyl)amidate (3) gave fairly linear transport rates, one 
example of which is plotted in Fig. 4, along with the 
data for nucleotide 5. 

The transport system is quite sensitive to the pres- 
ence of other substances. A series of experiments with 
cAMP diesters was discarded because difficult-to.re- 
move impurities were apparently transported faster than 
the ~ derivatives. Failure to carefully clean glassware (a 
final scrubbing with an anionic detergent and adequate 
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Fig. 4. The absorbanc¢ in aqueous phase 3 was plotted versus the stirring time of the system for adneosinc 5'-phosphor(adamantyl)amidate initially 
placed in aqueous phase 1 at a concentration of 5.10 -4 M. Ten separate experiments are shown. For comparison, experiments with adenosine 
5'-monophosphate (1), which gave virtually no transport (~). and with adenosine 5'-phosphor(n-dccyl)amidate (3), which resulted in nearly linear 

transport (o), are shown. The curves connecting the points were generated by a Steinman interpolation routine. 

rinsing with distilled water is necessary) gave apparent 
spurious results in other expdments. 

Although nucleotides !, 2 and 4 all showed extrac- 
tion coefficients similar in magnitude to that de- 
termined for 5.ethyluridine, they did not show trans- 
port. It is unlikely that the extraction coefficients de- 

termined for the highly hydrophilic ampl~;philic com- 
pounds are true extraction coefficients because of ab- 
sorption of the molecules at the water/CHCl 3 interface 
or on the glass surfaces. A simple calculation, assuming, 
(1) that each molecule occupies from 50 to leO nm 2 of 
surface area, (2) that the surface area between the HeO 
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Fig. 5. The absorbanc¢ in aqueous phase 3 is plotted versus the 
stirring time of the system for one representative experiment with 
adenosine 5'-phosphor(adamantyl)amidate under the conditions 
specified in Figs. 2 and 4 (li]). The curve connecting the points was 
generated by a Steinman interpolation routine. The lower curve 
shown in the figure is the first derivative of the upper curve and 
graphically represents the rate at which the phosphoramidate passes 

from aqueous phase 1 to aqueous phase 3. 

and CHCI 3 layers in the extraction experiment is ap- 
prox. 10 cm z, and (3) that the compounds have extinc- 
tion coefficients in the range (1.2-1.7). 104 M -t, yields 
decreases in absorbance of 0.008 to 0.027 from 2 ml of 
aqueous solution. This is clearly within the range of the 
absorbance decreases that we measured in our extrac- 
tion experiments. 

Unlike the other derivatives, adenosine 5'-phosphor 
(adamantyl)amidate (5) showed periodic-catastrophic 
transport in most experiments (Fig. 4). We have deemed 
the observed transport 'catastrophic', because it shows 
behavior typical of systems far from equilibrium which 
reach bifurcation points that lead to sudden changes in 
the state of the system [23]. The transport is periodic 
with multipte catastrophic events typically occurring 
within the 300-rain time span of most experiments. 

The periodic aspect of the transport varied from 
experiment to experiment and can be best discerned by 
examining one experiment in detail At least six 
catastrophic events in a very distincf pattern can be 
observed in one experiment (Fig. 5). After an initial 
rapid transition had occurred within 5 rain (0.0116 AU) 

six additional transitions occurred at 45 (0.0048), 100 
(0.0100, 170 (0.0268), 230 (0.0056), 300 (0.113) and 350 
(0.042) rain. The time interval between major transitions 
falls in the range 50 to 70 nfin with the exception of the 
early transitions (5 and 45 min). Close inspection of the 
graph (Fig. 5) indicates that each major transition is 
followed closely by a transition of much smaller magni- 
tude. Following some transitions there are alternating 
decreases and increases in absorbance that resemble 
resonance ringing effects, as if the system goes too f~z in 
one direction and must rebound in the opposite direc- 
tion. The phosphoramidate must be in the sodium salt 
form. A series of experiments with tetrabutylammonium 
cation added to aqueous phase 1 enhanced the rate of 
t~ansport of phosphoramidate 5 and completely sup- 
pressed periodic-catastrophic transport. The transpoi-t 
appeared linear over time in these experiments. 

Discussion 

Three distinct types of transport phenomena were 
observed with three distinct types of molecu!*s treeted 
under the same conditions. AMP did not transport, 
neutral nudeoside analogs transported with pseudo- 
first-order kinetics, and phosporamidate 5 transported 
in periodic catastrophic bursts. This implies that the 
phenomenon is a molecular level phenomenon and not 
an apparatus contrived artifact. For compound 5, two 
aspects of the transport, the magnitude of the individual 
transitions and the period between transitions, warrant 
discussion. For the ten experiments with 5 shown in 
Fig. 4, the magnitude of the transitions (absorbance 
change) was plotted versus occurrence (Fig. 6). There 
appear to be some transition ranges slightly more preva- 
lent than others. The smallest transition distinguishable 
above background noise was about 0.002 absorbance 
units. Specifications for the ultraviolet spectrophotom- 
eter used in this study indicate photometric repeatabil. 
ity of +0.001 A in the range 0 to 0.5 A, hence, transi- 
tions involving changes in absorbance less than this 
could not be determined. At least five transitions occur 
in the region 0.0025 :t: 0.0005 AU. Six transitions occur 
with a magnitude of 0.0050 :t: 0.0005 AU. Other transi- 
tion plateaus are apparent at 0.0124-0.001 AU (sL: 
transitions), 0.027 + 0.03 AU (six transitions), and 0.043 
:t: 0,004 AU (five transitions). 

We wondered whether these numbers were meaning- 
ful in terms of how molecules transport in a catastrophic 
manner. Without additional detailed "knowledge, it is 
difficult to say how these molecules may be packaged 
into three-dimensional transportable arrays. However, 
we can determine tile number of molecules transported 
per transition and speculate from there. F~om the molar 
absorptivity of 5 (c = 12 900) and the volume of aque- 
ous phase 3 (3.0 ml), the number of molecules per 
0.0001 AU can be calculated to be (0.003 1) x (1/12 900 
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Fig. 6. Magnitudes of absorbanee incre:tses in aqueous phase 3 during 
transport of 5. All transitions of magnitude greater than 13.0020 
absorbance units (AU) from the ten adenosine 5'-phosphor(adaman- 
tyl)amidate experiments shown in Fig. 4 have been compiled and are 

depicted in order of inerea.sir:~, magnitude. 

M -I) x (0.001 AU) X (6.02-1023 molecules, tool -I) = 
1.4.10 t3 molecules/0.0001 AU. From this data, we can 
determine how many molecules are transported in any 
given transition. For example, the transitions with A = 
0.012 5:0.001 result from transport of 1.7.10 ~ mole- 
cules. Since we believe that interface absorption may be 
a prerequisite to catastrophic transport, it is of interest 
to compare this number to the number of molecules 
potentially absorbable on the interface between aqueous 
phase 1 and the chloroform. Measurements of CPK 
modds suggests a minimum surface area of about 70 
/~,2/molecule (0.7 rim2). The number of molecules capa- 
ble of packing into a monolayer at interface 1 (12.8 
end) would theoretically be about (12.8.1014 nm2)/0.7 
nm 2-- 1.8,1015. This number is strikingly similar to 
that calculated above for the 0.012 AU transition. 

Heretofore, there has been no indication that one 
could build into a single molecule the structural de- 
ments necessary for catastrophic transport to occur at 
an interface. All previous systems known to undergo 
oscillatory transport have involved inorganic ions in 
conjunction with interfaces. The model membranes may 
be cell-membrane material or be constituted from posi- 
tivdy charged amphiphilic substances capable of for- 
ruing liposomes, micelles or reverse micelles, or even 
simply a water immiscible organic phase such as chloro- 
form. In these systems, the key role is not played by the 
inorganic ion which yields the oscillatory voltage re- 
sponse, but by the lipid bilayer that undergoes phase 
transitions [24], or by an organic amphiphile that under- 
goes the organization process necessary to entrap, trans- 

port, and release the ion. Our system aiso appears to be 
quite different from the chemically driven oscillator), 
system responsible for a Marangoni effect described by 
Duprerat and Nakache, since we are not generating 
different chenfical species at the interface [25]. 

How does adneosine 5'-phosphor(adamantyi)amidate 
(5) organize in order to cross the interface? Studies on 
structural requirements for molecular association would 
suggest that 5 is not a good candidates for miceile, 
reverse micelle or liposome formation [26]. The lipo- 
philic portion of the molecule can not obtain the critical 
length (cf. three dimensional representation ,:,f 5 in Fig. 
1) necessary for packinging into any of these forms. 
Also osmotic coefficient data [27] on ad~osine suggests 
that very little association between purine rings would 
occur in aqueous solution (K--4.5 M- ' )  at the con- 
centrations employed in our e.~p:~ents. Association 
between molecules could be enhanced at an interface, 
since orientation of the molecules at the interface might 
place the adenine moieties in appropriale positions for 
base stacking to occur. 

in order to determine whether the 5'-phosphor(ada- 
mantyl)amidate (5) was transporting in an associated 
structural form that included aqueous solution, we car- 
ded out two experiments in which pyrenetetrasulfonic 
acid, tetrasodium salt was added to aqueous phase 1 at 
a concentration of 1.24.10 -4 M. The first experiment 
included only buffer and the pyrenetetrasulfonate. After 
2 h, the change in absorbance at 375 nm in phase 3 was 
0.007 AU. 

In the second experiment, 5.10 -4 M 5, 1.24-10 -4 
M pyrenetetrasulfonic acid, tetrasodium ~ t  were com- 
bined in aqueous phase 1. In this cas~, the change in 
absorbance at 375 nm was 0.038 AU. Nudeotide 5 
showed two catastrophic transitions, centered at 35 rain 
and 65 min. The pyrenetetrasulfonate transport was 
nearly linear and did not parallel the catastrophic events 
observed for 5 in the same solution. 

This experiment suggests that 5 may have slightly 
erdaanced the rate of transport of pyrenetetrasulfonate, 
but that the effect is general rather than specific. That 
is, during the period of catastrophic transport structures 
that occlude aqueous solution are probably not formed. 

We speculate that the following ocenrs: (1) In a slow 
step $ is randomly absorbed at the interface between 
aqueous phase 1 and the chloroform with the adamantyl 
moiety projecting into the chloroform layer and the 
ionic phosphoramidate group projecting into the aque- 
ous phase. This arguably may be the thermodynamically 
most stable location for these molecules. (2) At some 
point an interface packing limit is obtained ~ad the 
systems becomes unstable. The shape ef the molecules 
implks that packing interactions between them could 
lead to stress in the form of surface curvature..Eventu- 
ally, crowding of additional molecules into the mono- 
layer may lead to either collapse of the monolayer 
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discharging 5 into the chloroform phase in an unknown 
aggregated form or to higher dimensional structures 
(e.g., layers folding back on themselves) which remain 
at the interface. (3) Driven by the osmotic pressure 
difference between the aqueous phases. 5 (or some 
unknown aggregates of 5) migrate through the chloro- 
form layer to interface 2. (4) The molecules are ab- 
sorbed at interface 2. (5) Molecules diffuse from the 
interface into aqueous phase 2. Transport across the 
second interface may or may not occur as aggregates. 
The low concentration of 5 in aqueous phase 3 and its 
high solubility in water may favor rapid diffusion into 
the aqueous phase 3. The effects of the unstirred 
boundaries at the interfaces [33] on our simpIified model 
are unknown. Concentration gradients at these bounda- 
ries are possible and this could certainly play a role in 
the way in which molecules become organized at the 
interface. We have also neglected effects due to specific 
chloroform interactions with phosphoramidate 5, a 
problem which should be addressed in future studies. 

It is noteworthy that among the AMP phos- 
phoramidates included in this study, the only molecule 
that routinely showed catastrophic transport was a con- 
jugate of amantadine (1-adamantanamine), a drug which 
prevents influenza A2 and is known to enter cell mem- 
branes [29]. The influences of amantadine (induction of 
phase separation, transition temperature lowering and 
increased brayer fluidity) and related derivatives on 
bilayer membranes have been extensively studied [30]. 
The absorption of amantadine at fipid bilayers has been 
measured and a surface density of one molecule per 300 
A 2 with g = 1.3.104 M -~ determined [31]. 

With this information and our experimental result, 
we can speculate further about how and why these 
molecules achieve catastrophic transport. Neutral (un- 
charged molecules) with some lipophllicity can migrate 
into the chloroform layer unimpeded by a large energy 
barrier. Hence, one sees a continuous leakage of indi- 
vidual molecules across the interface into the second 
aqueous phase. Charged hydrophilic molecules (e.g., 
AMP) with little affinity for the organic layer do not 
readily bind at the interface. 5'-Phosphor(n-decyl) 
amidate (3) which showed apparent pseudo-first-order 
transport kinetics is significantly more soluble in chlo- 
roform than any of the other derivatives examined in 
this study (Table II), yet it migrated at a significantly 
lower rate than the other phosphoramidates between the 
two aqueous phases. This effect may reflect a rate 
controlling organization into aggregates (such as reverse 
micelles) in order to achieve transport. Adenosine 5'- 
phosphor(adamantyl)amidate (5), with its compact 
globular lipophilic attachment is unlikely to aggregate 
very well becauseof the small hydrocarbon surface area. 
In addition, because ionic molecules greatly favor the 
aqueous phase, the transport of individual molecules 
into the chloroform layer must have a high energy 

barrier. However, we speculate the certain types of 
amphiphilic molecules like 5, can be absorbed at the 
interface, and when the interface surface is filled, they 
now act as a collective organization in which perturba- 
tions at one point on the surface are rapidly transmitted 
to distant points on the surface. As a collective whole, 
they can garner the energy necessary to traverse the 
barrier and transport into the chloroform layer. This 
effect requires a closed system with distinct boundaries 
in order to contain the molecules and allow assembly 
into a collective whole. 

Given the complexity and specificity of surface inter- 
action phenomena [32], the picture of transport that we 
have constructed at this poir' is con;to.rural. At this 
point no attempts to mathematically model the peri- 
odic-catastrophic transport have been attempted. Fu- 
ture studies to include measurements of interface ad- 
sorption isotherms, changes in electric potential and the 
influence of molecular structure on the phenomenon 
will be necessary in order to develop a dearer picture of 
what may actually be occurring at the molecular level. 
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