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SUMMARY

The interaction of the bacterial dihydrofolate reductase inhibitor
trimethoprim with small unilamellar 1,2-dimyristoyl-sn-glycero-3-
phosphoryicholine vesicles was studied using '*C and *'P NMR
spectroscopy. In an effort to determine whether trimethoprim
passively permeates the vesicle membrane, an impermeant,
anionic complex of the paramagnetic ion Dy** was added to the
extravesicular compartment. Based on the downfield shift that
the Dy** complex induces in the [2-'3C] resonance of trimetho-
prim in free solution, membrane permeation and movement of
the drug into the intravesicular space can in principle be estab-
lished from observation of the C2 chemical shift alone. In contrast
to what is predicted by a two-compartment model separated by
a semipermeable barrier, the presence of vesicles virtually re-
verses the effect of the shift reagent on the [2-'°C] carbon
resonance. These results suggest that the majority of the tri-
methoprim might be sequestered within the vesicle membrane.
A saturable decrease in the spin-lattice relaxation time and a
saturable increase in the line width at half-height of the [2-'°C]
resonance as a function of vesicle concentration indicated that
trimethoprim does in fact bind to the phospholipid matrix of the
membrane bilayer. The K, for the interaction calculated from the
relaxation data was 9.7 + 0.3 x 10™* m at a pH of 7.01 and an
ionic strength of 0.015 M. The chemical shift of the [2-'3C]

resonance is unaffected by interaction with the electroneutral
membrane, and the pK, increases by only 0.16 upon binding.
These results point to an interfacial location for the pyrimidine
moiety. Using the paramagnetic shift reagent Pr** and the *'P
NMR signal from the phosphodiester groups of the membrane
lipids, trimethoprim was shown to displace Pr* ions from binding
sites on the outer membrane surface as would be expected if
the polar pyrimidine ring were located at or near the membrane
surface. The extent to which trimethoprim and trimethoprim
derivatives modified in the 3’- and 4’-positions interact with the
exo face of the membrane is strongly dependent on the type of
substituent and whether it is in the 3’- or 4’-position. Van der
Waals interactions between the 5-benzyl sidechain and the hy-
drophobic fatty acid region of the membrane interior appear to
be necessary for the polar portion of trimethoprim to compete
favorably for the membrane-binding site with the polyvalent Pr**
ion. Attempts to displace Pr** bound to the endo face of the
vesicle membrane with trimethoprim or more lipophilic derivatives
of trimethoprim were unsuccessful, indicating that the drug will
not passively diffuse across the vesicle membrane. This inability
to permeate the membrane is attributed to the high energy
required to break hydrogen bonds between the hydrogen bond
donors and acceptors on the 2,4-diaminopyrimidine ring and
extravesicular water at the membrane interface.

The cytoplasmic enzyme DHFR (EC 1.5.1.3) is the target for
folate antagonists such as the antineoplastic 2,4-diaminopteri-
dine, methotrexate (1), and the antimicrobial 2,4-diaminopyr-
imidine, TMP (2) (Fig. 1). The mechanism of delivery to the
active site figures significantly in the observed cytotoxicity of
both classes of drugs. Methotrexate enters a number of different
cell types, with varying degrees of efficiency, by a facilitated
process in which endogenous folate and tetrahydrofolate trans-
port proteins are utilized as carriers (3). In L1210 murine
leukemia cells, for example, methotrexate uptake exhibits Mi-
chaelis-Menten kinetics with competitive inhibition by folate

analogs and a high degree of structural specificity (4). The
inhibition of 5,6-disubstituted 2,4-diaminopyrimidine uptake
in L5178Y lymphoblasts by folinic acid (5) and the apparent
competitive inhibition of methotrexate uptake in W1-L2 hu-
man lymphoblastoid cells by TMP (6) indicate that the pyrim-
idine class of DHFR inhibitors can also utilize the folate carrier
protein. However, the mechanism(s) of 2,4-diaminopteridine
and 2,4-diaminopyrimidine transport in systems lacking appro-
priate carrier proteins (such as Gram-negative bacteria and
transport-deficient mammalian cell lines) is (are) equivocal.
Studies of the cellular uptake of the 5,6-disubstituted 2,4-

ABBREVIATIONS: DHFR, dihydrofolate reductase; TMP, trimethoprim; DDMP, 2,4-diamino-53’,4’-dichlorophenyl)-6-methylpyrimidine; DDEP, 2,4-
diamino-5+3’ 4’ -dichlorophenyl)-6-ethylpyrimidine; DAMP, 2,4-diamino-5-adamantyl-6-methylpyrimidine; EDTA, ethylenediaminetetraacetate; DTPA,
diethylenetriaminepentaacetate; NTA, nitrilotriacetate; TTHA, triethylenetetramine hexaacetate; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphoryl
choline; OMe, 3’-O-methy!; HEPES, N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid; SUV, small unilamellar vesicle; LIS, lanthanide-induced

shift; TAP, 2,4,6-triaminopyrimidine; cp, centipoise.
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Fig. 1. Structure of TMP [2,4-diamino-5(3',4',5'-trimethoxyben-
zyl)pyrimidine].

diaminopyrimidines DDMP, DDEP, and DAMP in methotrex-
ate-resistant Hep-2 and KB human cell lines have found trans-
port of the drugs to be unaffected by temperature, metabolic
inhibitors, or the presence of folate analogs (7). At equilibrium
the intracellular concentration of each drug is 2-3 orders of
magnitude greater than the extracellular concentration, pre-
sumably due to extensive nonspecific binding to intracellular
protein. Saturation kinetics observed in the transport experi-
ments were explained by saturation of the intracellular binding
sites rather than saturation of a transmembrane carrier. A
positive correlation was found between the lipophilicity of the
three compounds and the extent of uptake and growth inhibi-
tion.

In contrast, increasing the lipophilicity of TMP by derivati-
zation of the 5-(3’,4’,5’-trimethoxybenzyl) moiety consistently
results in a decrease in overall in vitro activity in gram negative
bacteria even though the I, of the derivatives measured against
isolated Escherichia coli DHFR is comparable to or less than
that of the parent TMP (8). Cellular fractionation studies done
on E. coli indicate that, unlike the more lipophilic 5,6-disubsti-
tuted diaminopyrimidines, TMP tends to concentrate in the
membrane fraction and does not show the same propensity to
partition into the intracellular compartment.’

Lack of understanding of the mechanism by which TMP
interacts with and crosses biological membranes has severely
hampered efforts to design rationally a TMP analog with
increased in vitro activity. As a first step in determining the
physicochemical factors regulating the interactions of 5-benzyl
2,4-diaminopyrimidines with biomembranes, **C and *P NMR
techniques were used to investigate the interactions of TMP
and TMP derivatives with DMPC vesicle membranes. The
vesicle membrane is generally accepted as an adequate model
of the phospholipid matrix of the biological membrane through
which the drug must pass if it reaches DHFR in the intracellular
space by passive diffusion (9). NMR spectroscopy has proven
extremely useful for the study of weak, reversible interactions
between small molecules and macromolecules or large molecu-
lar aggregates (10). The information on the manner of binding
and dynamic features of the drug in the membrane bilayer
obtainable with NMR is of primary importance in developing
an understanding of the influence of the structural features of
the drug on membrane permeability and, ultimately, in deter-
mining what modifications can be made to the drug to ensure
a higher degree of chemical activity in the intracellular space.

Materials and Methods

Reagents. TMP was manufactured by The Burroughs Wellcome
Co. [2-C]TMP was synthesized by condensation of ['*C]guanidine

! Personal communication from Dr. Paul Ray, Department of Microbiology,
Burroughs Wellcome Co., Research Triangle Park, NC.

(90% enrichment; U.S. Services Inc.) with 8-anilino-a-(3,4,5-trime-
thoxybenzyl)acrylonitrile (11). The 3’- and 4’-substituted derivatives
of TMP were synthesized by previously published procedures (8).
Praseodymium, europium, dysprosium, lanthanum, and thulium (Ald-
rich, 99%) were purchased as chloride salts and used without further
purification. EDTA, DTPA, NTA, and TTHA (Aldrich, 98-99%) were
used as the free acids without further purification. Shift reagent com-
plexes were prepared by dissolving the appropriate lanthanide and
chelator in aqueous HEPES buffer and adjusting the pH to neutrality
with tetraethylammonium hydroxide (Alfa, 40% aqueous). DMPC was
obtained from Avanti Polar Lipids and used without further purifica-
tion.

Preparation of phospholipid vesicles. Aliquots of a 20 mg/ml
chloroform solution of DMPC were dried on a rotary evaporator and
vacuum desiccated for 12 h. The lipids (100-150 mg) were resuspended
in 2-3 ml of an aqueous solution containing 1 mM EDTA and 10 mM
HEPES at a pH of 7.0 and sonicated in a Heat Systems W-375 sonicator
with a cuphorn attachment to form SUVs. The sonicated lipids were
centrifuged at 100,000 X g for 30 min to pellet any large multilamellar
vesicles. EDTA was eliminated from experiments in which lanthanides
were added to the vesicle preparation. Praseodymium-loaded vesicles
were prepared by sonication in the presence of 2 mM PrCl; followed by
dialysis for 2 hr in a buffer solution containing 2 mM LaCl;. All
experiments were carried out above the gel-to-liquid crystal phase
transition temperature of DMPC at 25.7°. The concentration of DMPC
in each sample was determined as inorganic phosphate by a modifica-
tion of the method of Ames and Dubin (12).

NMR spectroscopy. All NMR spectra were run on a Varian XL-
300 NMR spectrometer operating in the pulsed Fourier transform mode
in a 10-mm broadband tunable probe at 25.7°. Observation frequencies
were 75.43 MHz for '*C and 121.42 MHz for *'P. Standard *C and *'P
spectra were accumulated with WALTZ decoupling (13). **C chemical
shifts are reported relative to external dioxane and *'P chemical shifts
are reported relative to external 85% phosphoric acid. The spin-lattice
relaxation times (7, values) for the [2-'°C] carbon of TMP were
measured as a function of DMPC concentration from partially relaxed
spectra obtained using a (x-t-x/2T), pulse sequence (14). The repetition
rate, T, was set to 5 times the estimated T,. Each determination
included a minimum of 10 incremental relaxation delay times, ¢, ranging
from 0.4 to 1.5 T,. Results were analyzed using a two-parameter fit
procedure that included a B, inhomogeneity factor (15). The magnitude
of the *C-['H] nuclear Overhauser effect was determined from the
difference in integrated intensity observed for the **C resonances in 'H
noise decoupling and 'H gated decoupling experiments.

Viscosity determination. The viscosity of a series of DMPC
vesicle solutions (0.5 mM TMP, 10 mM tetraethylammonium HEPES,
1 mM EDTA, pH 7.0, 25.7°) was determined over a 0-130 mM DMPC
concentration range using the procedure described by Cory et al. (16).
Measurements were made on a Cannon-Ubbelhode semi-microdilution
viscometer (series 75, Cannon Instrument Co.) maintained at 25.7° by
a Cannon constant temperature bath. Flow times, ¢, were measured in
triplicate using a hand-held stopwatch and were found to have an
average error of less than 1%. Viscosity in centipoise was calculated
from measured ¢ values using the expression

n=Adt

where d is the measured density of the solution at 25.7° and A is the
empirically determined viscometer constant (0.009266 centistokes sec™*
for the apparatus used in this study).

Results and Discussion

The ability of TMP to distribute across the lipid bilayer of
SUVs made from DMPC was investigated as a simple model of
TMP permeation in biological membranes. Addition of imper-
meant complexes of paramagnetic ions to the medium in which
the DMPC SUVs are suspended renders the intra- and extra-
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vesicular compartments anisochronous, and under appropriate
conditions allows the distribution of a compound across the
membrane barrier to be determined by examination of NMR
chemical shifts (17). If the permeant compound were in slow
transmembrane exchange, two sets of NMR signals would be
observed corresponding to the populations inside and outside
the vesicle. The population proximal to the lanthanide shift
reagent (in the extravesicular space) would be shifted relative
to the signal from the fraction sequestered in the vesicle inte-
rior. The magnitude and direction of the LIS depends upon the
particular lanthanide complex used and the strength and ge-
ometry of its interaction with the molecule under investigation.
If transmembrane movement of the permeant molecule is fast
on the NMR time scale, then a single set of NMR resonances
should be observed whose chemical shifts are the population
weighted averages of the chemical shifts of the compound in
the presence and absence of the shift reagent. The LIS tech-
nique has been used to differentiate between metal ions in the
inner and outer compartments of phospholipid vesicles (18)
and, provided a suitable shift reagent can be identified, can in
principle be used to differentiate between TMP in the inner
and outer compartments of DMPC vesicles.

In general, an LIS results from a combination of contact,
pseudocontact, and complex formation terms (19). In the case
of trimethoprim, a pseudocontact interaction might be expected
between the lanthanide shift reagent and the N1 and/or N3
pyrimidy! nitrogens and the C2 and C4 amino groups. Such an
interaction would be expected to produce substantial chemical
shifts in the *C resonances of the carbon atoms in the pyrim-
idine ring. Water-soluble TAP was used as a model of the
pyrimidine ring of TMP in an effort to identify a shift reagent
that produces suitable LISs. TAP has a pK, close to that of
TMP.

The effects of the hexaquo complexes of the paramagnetic
ions Dy**, Tm**, Eu®*, and Pr** on the '*C chemical shifts of
TAP were examined first. These complexes proved to be poor
shift reagents for TAP, presumably due to the inability of the
pyrimidine nitrogen atoms to compete with water molecules as
first coordination sphere ligands. Lanthanides show a distinct
preference for hard Lewis bases, such as oxygen, as first coor-
dination sphere ligands (20). In addition, TAP is partially
protonated at the N1 position at pH 7.0. Therefore, charge-
charge repulsion might contribute to the lack of interaction.
Anionic complexes of the paramagnetic ions proved to be more
effective shift reagents for TAP. The Dy**, Tm**, Eu**, and
Pr3* ions were examined as their TTHA, (NTA),, DTPA, and
EDTA complexes. The magnitude of the LIS induced by the
complexes followed the trend Dy’* = Tm®** > Eu®** = Pr**
for any one chelate. For any lanthanide the magnitude of
the LIS followed the trend LnTTHA>Ln(NTA),>Ln-
DPTA>LnEDTA. Fig. 2A shows the effects of DyTTHA,
DyEDTA, and DyDTPA on the chemical shifts of the carbon
atoms of TAP. DyTTHA is the most efficacious shift reagent.
The largest effect is observed at the C2 position, with the effect
decreasing in the order C2 > C4 = C6 > C5. The DyTTHA
complex was also extremely effective in shifting the C2 reso-
nance of TMP (Fig. 2B). In addition, the observed shift of the
C2 resonance of TMP increases as the pH is decreased from
8.0 to 6.0, as would be expected if ion pairing between the
anionic shift reagent and the N1 protonated pyrimidine ring
(pK,6.54 + 0.01) is important in the intermolecular interaction.

Binding of Trimethoprim to Small Unilamellar Vesicles 553

Such an interaction has been observed between the positively
charged center of nicotine N-methiodide and anionic lanthan-
ide shift reagents (22). There is no effect observed at the 3’-
position of TMP, suggesting that the interaction is confined to
the pyrimidine ring (Fig. 2B).

The [2-'*C] resonance of 1 mM TMP in aqueous buffer
undergoes a 180-Hz downfield LIS from 160.09 ppm to 162.49
ppm in the presence of 8 mM DyTTHA. The use of TMP 90%
labeled in the C2 position allows rapid accumulation of shift
data in aqueous media and, in experiments involving vesicles,
permits drug levels to be kept well below concentrations at
which significant disruption of vesicle membrane organization
might occur. In a 50 mM solution of DMPC SUVs, the downfield
chemical shift induced by 8 mm DyTTHA is reduced to 30 Hz.
The presence of SUVs virtually reverses the effect of the
lanthanide shift reagent. Assuming an average vesicular diam-
eter of 300 A, a bilayer thickness of 40 A, and an aggregation
number of 2500, the intravesicular volume of a 50 mmM DMPC
solution is approximately 10% of the total available volume
(23). Consequently, if TMP had equilibrated across the vesic-
ular membrane, approximately 10% of the drug would be within
the intravesicular space at any given time. Under the condition
of slow exchange between the inner and outer compartments,
a peak corresponding to TMP in the intravesicular space would
be expected to appear 180 Hz downfield from and integrable
for 10% of the area of the peak corresponding to the TMP
remaining in the large extravesicular compartment. If the TMP
was in fast exchange between the two compartments, a single
resonance would be observed 162 Hz downfield of the position
observed in the absence of the shift reagent. The extreme
diminution of the LIS upon addition of SUVs is not consistent
with a simple model consisting of two aqueous compartments
separated by a semipermeable barrier. Binding of the shift
reagent to the surface of the vesicle where it becomes inacces-
sible to the TMP can be ruled out since the '>C resonances of
the choline head groups of the bilayer lipids are not shifted in
the presence of DyT'THA. One possible explanation for the loss
of effect of DyT'THA on the TMP signal is that the majority
of the TMP binds to the vesicular membrane and is conse-
quently isolated from the shift reagent.

The binding of small molecules to a macromolecule (10) or
to a large molecular aggregate (24) often results in decreased
T, values and enhanced NMR linewidths (Av,,,) of one or more
resonances of the ligand. These changes are primarily the result
of a decrease in the Brownian motion of the small molecule in
the bound state and/or an increase in the number of magnetic
neighbors (25). Fig. 3 shows the effect of increasing concentra-
tions of DMPC on the observed T, of the [2-'°C] resonance of
a 0.5 mM solution of TMP. The T, decreases with increasing
DMPC up to a lipid-to-drug ratio of 64:1. Changes in Av,,, as
a function of increasing DMPC concentration parallel the
observed changes in T, (Table 1). Lipid-to-drug ratios greater
than 64:1 produce no further change in either parameter.

To ensure that the observed changes are not simply the result
of nonspecific motional attenuation arising from increases in
solution viscosity, the viscosity of each DMPC solution was
measured and the expected effect of viscosity on the T, values
calculated. Because, in a given solution, at constant tempera-
ture, T, will vary inversely with 7, where 7 is the measured
viscosity, the T, change expected from a change in 5 can be
calculated using the ratio
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A) ) Fig. 2. A. Anionic Dy** complex-induced shifts in
0 asob the 2C (@), 4 and 6C (A), and 5c (M) '°C resonances
of a 65 mm aqueous solution of TAP at 25°. The
= _ relative chemical shifts (AHz) are calculated as the
5 g wof differences in chemical shifts observed in the pres-
£ 4 21 T™p ence of the Dy** complex and the s La**
L k 250} complex. tert-Butyl alcohol (0.15%), which has been
7] ; shown to exhibit no contact or pseudocontact shifts
3‘ 20} with the complexes used (21), was utilized as an
3 3 internal standard. Solutions were made in DO and
e S adjusted to pH' 6.6 with tetraethylammonium hy-
S Wosop droxide. Tetraethylammonium was used as a coun-
w o terion since it was demonstrated to have no appre-
= 100} ciable interaction with the shift reagents. B. Dy-
a TTHA-induced shifts in the [2-'°C] and [3'-O Methyl]
4 [T resonances of a 1 mM aqueous solution of TMP.
O Both the [2-°C] and [OMe] positions were 90% '°C
P aTw . enriched. The relative chemical shift was calculated
P E—— L S SR BT as in A for 0-10 mm DyTTHA. The D.O solutions
were buffered with 20 mm tetraethylammonium-

MOLE RATIO SR/TAP MOLE RATIO DyTTHA/TMP HEPES and adjusted to pH’ 6.6.
anism of the atom is greater than 90% as evidenced by 91%
8 nOe in the absence of vesicles and 94% in the presence of
7 3 vesicles. Measured viscosities and T, values calculated using
Eq. 1, Tcalc, over the range of DMPC concentrations used in
8 the study are shown in Table 1. The increase in viscosity was
T 5 linear over the range of 0-100 mM DMPC (n = 0.003899 cp/
ﬁ mM [DMPC] + 0.8705 cp, r* = 0.9934) and, as a result, T'calc
05’ 4 decreases linearly from the value of 9.21 sec observed in buffer
3 to 6.58 sec at 100 mM DMPC. Over the range of 0-32 mMm
DMPC, where the maximal change in T, is observed, the
2 expected decrease due to viscosity alone would be from 9.21 sec
to the T\calc value of 8.13 sec. The change in T, as a function
1 of [DMPC] is in great excess of the effect predicted from
% , viscosity and is saturable, showing no further increase above
100

[DMPC] (mM)

Fig. 3. A plot of the change in spin-lattice relaxation time (AT,) of the [2-
3CJresonance of TMP in buffer at a pH of 7.0, an ionic strength of 0.015
M, and 25.7° as a function of DMPC concentration. The resonance
appears at 93.5 ppm. Each point represents the average of from three
to five independent determinations + standard error. Typical **C acqui-
sition parameters for the inversion-recovery experiment are: spectral
window, 4.3 kHz: 90° pulse width, 18.6 usec; delay between pulses,
10.8 to 46 sec T,: 600 accumulations.

TABLE 1

Observed T, and A»,, values for 0.5 mm TMP in DMPC vesicle
dispersions, and calculated 7, values, T, calc, expected from
changes in solution viscosity n

DMPC T, Avy, n T, caic
mm sec Hz cp sec
0 9.21 2.16 0.8705 9.21
0.69 6.34 5.52 0.8732 9.18
1.64 5.09 7.98 0.8769 9.14

11.42 3.53 10.59 0.9150 8.76

28.48 2.42 11.46 0.9815 8.17

44 .61 2.51 11.62 1.0483 7.68

68.47 2.37 11.38 1.1370 7.09

99.89 217 11.81 1.2261 6.58

(Tl)l/(Tl)2 = 7)2/"11 (1)

Application of Eq. 1 is straightforward when the observed
carbon atom relaxes via a dipole-dipole relaxation mechanism
(26). In both the presence and absence of DMPC, the contri-
bution of dipole-dipole relaxation to the total relaxation mech-

32 mM DMPC, suggesting that the binding of a fraction of the
TMP molecules is responsible for the relaxation effects.

At a fixed concentration of DMPC, increasing the TMP-to-
DMPC ratio results in decreased linewidths and increased T
values, in accord with the system being in fast exchange be-
tween the free and bound form of the drug, i.e., a reversible
binding obeying the law of mass action (10). Under these
conditions, the relaxation data can be used to obtain the
apparent K, value for the interaction between TMP and
DMPC. The K, calculated from an unweighted nonlinear
regression analysis of the saturation isotherm in Fig. 2 is 9.8 +
0.3 X 107* M. The linearity of the double reciprocal plot of these
data (see Inset, Fig. 3) suggests that the binding of the drug to
the vesicle membrane can be adequately described by the fol-
lowing equilibrium:

(TMP)¢ree + (DMPC) = (TMP)ound

The K, can only be considered an apparent dissociation con-
stant in that it does not take into account the stoichiometry of
the phospholipid/TMP interaction.

The '*C chemical shift at the 2-position is a sensitive indi-
cator of the protonation state of the 2,4-diaminopyrimidine
ring of TMP (27). An increase or decrease in the mole fraction
of N1 protonated TMP produces a proportional upfield or
downfield shift of the [2-°C] resonance. An upfield shift ob-
served for this resonance in the presence of DHFR has been
interpreted as indicating that TMP binds preferentially to the
enzyme in the N1 protonated form (27). If the association of
TMP with phospholipid membranes involves an electrostatic
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interaction analogous to that observed with DHFR, then the
N1 protonated TMP could form a hydrogen-bonded ion pair
with the phosphodiester linkage of the DMPC. Indeed guanidyl
moieties show a strong propensity to interact electrostatically
with negatively charged phosphate groups (28). However, in
contrast to TMP binding to DHFR, the chemical shift of the
[2-3C] resonance is invariant during the DMPC titration,
indicating that (i) the magnetic environments in solution and
at the membrane-binding site are similar, and (ii) there is no
significant shift in the protonation equilibrium of TMP asso-
ciated with membrane binding.

The pK., of membrane-bound TMP was calculated from the
pH dependence of the chemical shift of the [2-'°C] resonance
and found to be 6.71 + 0.05, slightly less than the value of 6.54
+ 0.01 measured in free solution (29). Given the usual polarity
dependence of apparent pK, values, the 2,4-diaminopyrimidine
ring cannot be buried deep in the apolar membrane interior but
must be located in a high polarity microenvironment near the
membrane surface.

The interfacial location of a molecule can often be deter-
mined from changes in the P NMR spectrum of the membrane
due to perturbation of lipid headgroup conformation or, in the
case of polar molecules, by the displacement of ions bound to
the membrane surface (30). The reversal of paramagnetic lan-
thanide ion-induced separation of the endo and exo face *'P
signals of vesicle membranes has been used to evaluate quan-
titatively the interaction of various drugs with the exo face of
the vesicle (31). Since the ions bind strongly to, but do not
permeate, the membrane, addition of Pr** to a vesicle suspen-
sion results in the magnetic properties of the *'P atoms on the
exo face being selectively modified. As a result, the *'P signal
from the outward-facing lipids is shifted downfield relative to
that of the inward-facing lipids (Fig. 4A). The interaction of
the ammonium group of the anesthetic tetracaine with the
polar regions of the exo face of the membrane bilayer, for
example, has been detected by a cancelling out of the Pr**-
induced differentiation shifts in choline 'H resonances. The
ammonium group moves into and displaces Pr** ions from the
ion-binding site on the membrane surface (32).

Localization of the hydrophilic 2,4-diaminopyrimidine
moiety of TMP in the polar regions near the membrane surface
might also be expected to result in the displacement of mem-
brane-bound Pr’*. We found that TMP effectively reverses
Pr**-induced splitting of the membrane *'P signal, producing
half-maximal ion displacement at 1.26 + 0.09 X 10~ M under
experimental conditions described in Fig. 4B. Fig. 4B illustrates
a titration of Pr’'-treated membranes with the 4’-
O(CH,);SCH.CsHj derivative of TMP (see below). As the con-
centration of the drug in the lipid dispersion is increased, the
lowfield exo *'P resonance shifts upfield toward the resonance
position observed in the absence of paramagnetic ions.

The displacement of Pr** at the membrane surface by organic
molecules requires a hydrophobic interaction in addition to the
positioning of a polar functionality at the interface (33). The
molecule must possess a group that can penetrate into the
bilayer interior and anchor the molecule into the membrane
via van der Waals forces. This interaction enables the polar
portion of the molecule to compete favorably with the polyva-
lent cation for the binding site formed by the lipid phosphates.
The geometry of the molecule must be such that both the
hydrophilic and hydrophobic moieties can simultaneously in-
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A (8)

PrCl, (mM) Av (Hz) Drug (mM)

0 0

o
8

Ty yryryrrrryrrrrrrrey

1000 500 0 -500 Hz 1000 500 0 -500 Hz

Fig. 4. A. The chemical shift separation (Hz) of the 3'P signals of inward-
and outward-facing phosphodiester groups of a sonicated aqueous
dispersions of DMPC as a function of PrCl; concentration. The titrations
were conducted at 25.7°. Aliquots of a 50 mm solution of PrCl, were
added to 2 mi of an 18 mm solution of sonicated DMPC. The pH was
maintained at 7.0 throughout the titration. B. The reversal of Pr**-induced
splitting of the DMPC 3'P signal by the 4’{O(CH.);SCH,C¢Hs) derivative
of TMP. The drug, 300 mm in dimethyl sulfoxide, was added to a solution
of DMPC containing 0.45 mm Pr®*. Typical *'P acquisition parameters
are: spectral window, 5 kHz; 90° pulse width, 12 usec; delay between
pulses, 2 sec; 100-300 accumulations.

teract in a favorable fashion with the appropriate regions of
the membrane bilayer. The effectiveness of various lipophilic
derivatives of TMP in displacing membrane-bound Pr** is
shown in Table 2. It is apparent that simple models of the polar
pyrimidine ring of TMP, such as guanidine and TAP, are
relatively ineffective at displacing Pr** when compared to
TMP. The lipophilic 5-benzyl substituent is necessary for a
high degree of activity. Increasing the lipophilicity of the 5-
benzyl group by substitution of more elaborate functionality in
the 3’- or 4’-position increases the efficacy of Pr’** displace-
ment. Displacement ability is not, however, a strict function of
lipophilicity as indicated by the lack of correlation between
relative displacement efficacy and calculated log P (C log P).
The 4’-allyloxy derivative, for example, has the lowest C log P
value but the highest relative displacement capacity. Based on
lipophilic properties alone, this is unexpected, since the other
derivatives potentially possess larger hydrophobic surface areas
for van der Waals interactions with the membrane lipids.

In all cases, the 4’-substituted compounds interact more
favorably with the membrane than do their corresponding 3’-
isomers. The origin of this effect may be steric. Location of the
pyrimidine ring near the phosphodiester site of Pr’* binding
places the benzyl group just below the glycerol backbone region
of the membrane bilayer (see Fig. 5). Tight intermolecular
packing occurs in this region; therefore, molecules having a
lower volume requirement for insertion into the phospholipid
matrix would be expected to interact more favorably. The

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

556 Painteret al.

TABLE 2

Relative etficiency of Pr’* displacement from the exo face of DMPC
vesicles, calculated lipophilicity (C log P), and number of
conformational options (W) of TMP and TMP derivatives

Relative of Pr*

Compound . M| " ClogP® W
Guanidine 0.19 -1.701
2,4,6-Triaminopyrimidine 0.62 -0.058
TMP 1.00 0.961 66
TMP-3’{-O(CH.):Cl) 1.22 1.731 702
TMP-4'{(O(CH,),Cl) 2.10 1.731 720
TMP-3{-O(CH,);SCH;CeHs) 1.08 3.405 2494
TMP-4’ {(-O(CH_)sSCH,C¢Hs) 1.99 3.405 2640
TMP-3'{OCH,CH=CH,) 419 1.474 450
TMP-4'{OCH,CH=CH,) 9.23 1474 354

* The relative displacement efficacy of each compound was calculated as the
initial slope of the PrCl, titration curve normalized to the initial slope of the TMP
displacement curve. The initial slopes were calculated as the ratio Avmex/Kw, where
Avmax is the maximal change in the *'P resonance splitting and K., is the concentra-
tion of drug required to induce half-maximal change. Both Avme and K,, were
derived from a nonlinear regression analysis of the titration data using a single
component hyperbolic (saturable) binding model.

°C Log P values were calculated using MedChem software available from the
Medicinal Chemistry Project, Pomona College, Clairmont, CA.

© The number of conformational options available to each TMP derivative was
calculated using the internal coordinate conformer generator MVLTIC as a submode
of the iterative molecular modeling program MACROMODEL.2 A cutoff distance of
3 A was used to eliminate conformers having severe nonbonded interactions.

2The molecular model was created using the program MACROMODEL,
developed by W. Guida and N. Richards, Department of Chemistry, Columbia
University, New York, NY.

benzylic ring of TMP rotates on an axis extending from C7 to
C4’ (27). Substitution at the 4’-position places the substituent
on this axis, thereby inducing a minimal increase in the volume
swept out by the rotating benzylic side chain. However, substi-
tution at the 3’-position places the substituent approximately
60° off the rotational axis and results in a substantially larger
molecular volume being swept in space by the rotating ring.
Thus, we would expect a higher energy cost for intercalation of
the 3’-isomers.

The transbilayer diffusion of TMP can be gauged by the
extent of its interaction with the internal surface of the vesicle.
Movement of the drug across the membrane bilayer of vesicles

A

loaded with Pr** and equilibration with a binding site on the
endo face, analogous to the ionic binding site on the exo face,
would result in the displacement of Pr** from the endo face.
The transbilayer permeation of chlorpromazine in lecithin ves-
icles has been detected by the reversal of Pr**-induced shifts of
the '"H NMR signal of the endo choline methyls (34). Encap-
sulation of 2 mM Pr** induces a 180.6-Hz downfield shift of the
%P resonance of the endo phosphodiester group. The Pr*-
loaded vesicles were titrated with TMP to a final concentration
of 5 mM, twice the concentration required to totally displace
Pr** from the exo face. Spectra were taken within 10 min after
each addition of the drug. The addition of TMP caused a slight
broadening of the upfield *'P signal but did not result in the
upfield movement of the endo *'P resonance expected if Pr**
were being displaced. Equilibration of the sample for 24 hr did
not result in any further changes in the spectrum. These results
indicate TMP does not passively permeate the membrane bi-
layer. Examination of each of the derivatives in Table 2 re-
vealed that increasing the lipophilicity of TMP does not result
in the ability to displace Pr** from the endo face of the mem-
brane bilayer. Thus, although derivatization results in an in-
crease in membrane binding, it does not promote membrane
permeation.

Conclusions

TMP can be divided at the benzylic methylene into a hydro-
philic (2,4-diaminopyrimidine) and a hydrophobic (3’,4’,5’-
trimethoxybenzyl) residue. The molecule thus possesses a mo-
lecular amphiphilic moment (35) that runs along an axis ex-
tending from 2- to the 4’-carbon. When TMP moves into a
polarity gradient such as that at the membrane interface, the
amphiphilic moment should experience a torque that would
tend to orient the molecule perpendicular to the membrane
surface and parallel to zones of equal hydrophobicity. The
proposed mechanism of binding via penetration of the hydro-
phobic 3’,4’,5’-trimethoxybenzyl moiety into the nonpolar
fatty acid region of the membrane and placement of the polar
2,4-diaminopyrimidine ring in the lipid headgroup region is in

Fig. 5. A ball-and-stick model of one pos-
sible orientation of TMP relative to two
adjacent DMPC molecules of a membrane
bilayer viewed from the side (A) and above
(B). The atoms of the TMP molecule are
numbered and selected atom types on the
DMPC molecule are labeled. The rotational
axis of the 3’4’5’ -trimethoxybenzyl
group can be positioned parallel to the
2 axes of the fatty acid chains of the mem-
brane lipids, while the 2,4-diaminopyrimi-
N dine moiety can be placed simultaneously
in the polar headgroup region near the
phosphate-binding site of Pr**. The TMP
is in a minimum energy conformation for
the isolated molecule in the gas phase.
Crystallographically determined coordi-
nates (36) were used to construct the
three-dimensional computer model of a
DMPC bilayer. Space in the phospholipid
matrix for intercalation of TMP was created
by removing a single DMPC molecule from

the bilayer model.
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accord with the alignment of the molecular amphiphilic mo-
ment. The pyrimidine ring can interact with residual water in
this interfacial location, retaining its aqueous solvation sphere.
As illustrated in the hypothetical arrangement in Fig. 5, the
conformation of TMP is well suited for this type of amphiphilic
binding. The molecule can be inserted into a hole in the
membrane lattice so that the accessible surface area available
for van der Waals interaction between the benzyl moiety and
the lipid fatty acid chains is maximized. Substitution of lipo-
philic chains at the 4 -position can increase contact between
the drug and the lipid fatty acid chain, since in the antiperi-
planar conformation the axis of the 4’-substituent can lie
parallel to the axis of the fatty acid chain. Substitution at the
3'-position does not have the potential for such a favorable
interaction geometry.

The insufficiency of C log P as a predictor of the membrane
binding efficiency of TMP derivatives (see Table 2) may be
explained in terms of both the enthalpic and entropic compo-
nents of the total membrane binding energy. The lipophilicity
of TMP (as indicated by C log P) is increased by increasing
the size and complexity of the 3’- or 4’substituent (see Table
1). As the molecular volume of the substituted 5-benzyl moiety
is increased by placing a substituent in either the 3’- or 4’-
position, a greater free volume is required in the membrane
phospholipid matrix for intercalation. The enthalpic cost of
forming a larger space in the bilayer may partially offset any
potential gains in complex stability due to increased van der
Waals contact area. In addition, the entropic cost of the mole-
cule assuming a conformation(s) in which the surface contact
area for interaction with lipid fatty acids is maximized goes up
as the number of free rotors in the 3’- or 4’-substituent in-
creases. The gauche+, gauche—, trans approximation was used
to calculate the number of conformational options, W, available
to each of the TMP derivatives (37) (Table 2). Conformations
exhibiting severe nonbonded interactions were eliminated. As
the length of the chain is increased, the number of conforma-
tional options increases geometrically and the subset of the
geometric space that allows favorable van der Waals interaction
with the membrane bilayer becomes a smaller portion of the
total conformational space. Thus, entropic considerations may
partially explain why the order of membrane binding is the
inverse of that predicted on lipophilic considerations alone.

We attribute the lack of permeability observed for TMP to
the high energy required for breaking hydrogen bonds between
the hydrogen bond donors (2-amino, 4-amino) and acceptors
(N1, N3) on the pyrimidine ring and extravesicular water. A
theory of the diffusion of nonelectrolytes across thin lipid
membranes has been proposed in which the bilayer leaflet is
envisioned to be a series of energy barriers, one at each interface
between the membrane and the media and a number of them
inside (38). To overcome the interfacial energy barrier and
enter the membrane, each hydrogen-bonding interaction an-
choring the permeant molecule in the aqueous phase must be
broken, a step which increases the value of AH} for formation
of the first transition state by an average of 5 kcal/mol (39).
This translates to a reduction in the transfer rate to the first
transition state of 6- to 10-fold per hydrogen bonding interac-
tion. TMP has six hydrogen bonding interactions with water
that result in a substantial barrier for movement of the 2,4-
diaminopyrimidine across the membrane interface.

The mechanism of interaction between TMP and the model
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DMPC bilayer proposed here should be general for any phos-
pholipid bilayer. Thus, it is unlikely that TMP can cross the
cytoplasmic membrane by passive diffusion. The binding of the
drug to the phospholipid matrix of the vesicle is consistent with
the observed concentration of TMP in membranes during
fractionation experiments. In biomembranes this interaction is
undoubtedly augmented by binding to integral membrane pro-
teins (40). Having ruled out passive diffusion as a mechanism
by which TMP can enter cells, we are investigating alternative
transport mechanisms. The availability of TMP to cytoplasmic
DHFR may be mediated by a process similar to but much less
efficient than that proposed for the 5,6-disubstituted 2,4-dia-
minopyrimidines in which the drug first binds to the membrane
and is then extracted into the cytoplasm by binding to intra-
cellular protein. Alternatively, a specific endogenous protein
may function as a low efficiency carrier.
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