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Several hypotheses link the molecular mechanism of action of the antiarrhythmic drugs 
(AAD) that belong to class I to non-specific interactions with phospholipids sited in the 
neighborhood of sodium channels in the membrane of the myocardium. Procainamide 
(PROC), one of the least lipophilic drugs of this group, was induced to interact with bilayers 
of dimyristoylphosphatidylcholine (DMPC) and dimirystoylphosphatidylethanolamine 
(DMPE), liposomes of DMPC and human erythrocytes. The perturbing effects of PROC 
upon these systems were respectively determined by X-ray diffraction, fluorescence spec­
troscopy and scanning electron microscopy. It was found that PROC exerted very little effect 
upon DMPC and DMPE even at such a high concentration as 10 m M . However, at thera­
peutical plasma concentrations, PROC induced shape changes in vitro to red cells.

Introduction

Procainamide (PROC), whose structural for­

mula is shown in Fig. 1, is an antiarrhythmic drug 

(AAD) that belongs to class I. These AAD exert 

their action in the myocard cell membrane by 

blocking the sodium channels (Morgan and Mathi- 

son, 1976; Bigger and Hoffman, 1990). Although 

the molecular mechanism is still unclear, five types 

of molecular interactions by which AAD might 

modify the channel functions have been proposed 

(Katz et al., 1982). It is of interest to note that 

three of the suggested mechanisms involve non­

specific interactions of AAD with the membrane 

phospholipids. On the other hand, it has also been 

reported that structural perturbations induced to 

phospholipids in the neighborhood of ion channels 

affect their functions (Mouritsen and Jorgensen, 

1992; Madsen et al., 1992; Martinac et al., 1992). 

For these reasons it was thought of interest to 

study the interaction of PROC with phospholipid

Fig. 1. Structural formula of PROC.
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bilayers. These interactions were studied by three 

different methods. In the first, PROC was made 

to interact with multilayers built-up of dimyristoyl­

phosphatidylcholine (DMPC) and of dimyristoyl- 

phosphatidylethanolamine (DMPE). These are 

the types of phospholipids that are respectively 

found in high proportions in the outer and inner 

monolayers of the erythrocyte membrane (Roe- 

lofsen, 1991). The interactions of PROC with 

DMPC multilayers were performed in a hydro- 

phobic and hydrophilic medium given their amphi- 

philic nature. The structural perturbation induced 

by PROC to both phospholipids was determined 

by X-ray diffraction techniques. This method had 

previously been used in this laboratory to study 

how other therapeutical drugs affect the bilayer 

structures of DMPC and DMPE (Suwalsky et al., 

1988; Suwalsky et al., 1991; Suwalsky and Frias,

1993).

Fluorescence steady-state anisotropy of DPH 

(l,6-diphenyl-l,3,5-hexatriene) and Laurdan (6 - 

dodecanoyl-2 -dimethylaminonaphtalene) general 

polarization were determined on DMPC large uni­

lamellar vesicles. DPH, an all-trans polyene with a 

rod-like shape, is one of the most commonly used 

probe for the hydrophobic regions of phospholipid 

bilayers. DPH fluorescence steady-state aniso­

tropy is useful to investigate structural and dy­

namic properties of lipid bilayers; it provides a 

measure of the rotational diffusion of the fluoro- 

phor restricted within a certain region due to the
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phospholipid acyl chains packing order. Laurdan, 

an amphipathic probe has a high sensitivity of ex­

citation and emission spectra to the physical state 

of membranes. With the fluorescent moiety within 

a shallow position in the bilayer, Laurdan provides 

information of dynamic properties in this zone of 

the bilayer. The quantitation of Laurdan fluo­

rescence intensity data at different wavelengths is 

done using the general polarization concept (Para- 

sassi et al., 1990).

Finally, PROC was made to interact in vitro with 

human erythrocytes. They were later observed by 

scanning electron microscopy (SEM) in order to 

detect whether PROC was able to induce changes 

in the shape of these cells.

Materials and Methods

X-ray diffraction analysis of phospholipid 

multilayers

Synthetic DMPC from Sigma (lots 57F-8365 

and 80H-8371, A grade, MW 677.9), DMPE 

from Sigma (lot 67-8350, A grade, MW 653.9) and 

procainamide. HC1 of the highest purity, MW 

271.8 (a gift from Drs. R. Mannhold and W. Voigt, 

University of Düsseldorf, Germany) were used 

without further purification. Powder mixtures of 

DMPC:PROC and of DMPE:PROC were pre­

pared in the molar ratios of 10:1, 5:1 and 1:1. 

Each mixture was dissolved in chloroform: meth­

anol 3:1 (v/v) and left to dry. The resulting 

samples, in the form of crystalline powders, were 

introduced in special glass capillaries of 0.7 mm 

diameter. They were X-ray-diffracted in Debye - 

Scherrer cameras of 114.6 mm diameter and in 

flat-plate cameras with 0.25 mm diameter glass 

collimators (Suwalsky, 1988) provided with rotat­

ing and cooling devices. The same procedure was 

followed with pure samples of each phospholipid 

and PROC.

The interactions in a hydrophilic medium were 

obtained in 1.5 mm diameter glass capillaries, each 

containing 2-3 mg of DMPC or DMPE. To each 

capillary was added about 1 0 0  [il of: a) distilled 

water; b) 0.01 m M  PROC; c) 0.1 m M  PROC; d) 1 m M  

PROC, and e) 10 mM PROC. The samples thus pre­

pared were X-ray-diffracted 2 and 14 h after prep­

aration in flat-plate cameras. Specimen-to-film dis­

tances were either 8  or 14 cm, standardized by 

sprinkling calcite powder on the capillaries sur­

face. Ni-filtered CuKa radiation from a Philips 

PW 1140 X-ray generator was used. The relative 

intensities of the reflections were measured from 

films by peak integration in a Joyce-Loebl MK III 

CS microdensitometer interfaced to an Acer 915 

computer. No correction factors were applied. All 

experiments with aqueous solutions were carried 

out at 17 ± 2 °C, which is below the main tran­

sition temperature of each phospholipid under 

study.

Fluorescence studies on vesicles

Large DMPC unilamellar vesicles suspended 

in water were prepared by extrusion of frozen 

and thawed multilamellar liposome suspension 

through two stacked polycarbonate filters of 

400 nm pore size (Nucleopore, Costar Corp.) em­

ploying nitrogen pressure at 10 °C over the tran­

sition temperature, to a final lipid concentration 

of 500 [im. Fluorescent probes (DPH and Laurdan, 

from Molecular Probe) were incorporated into the 

vesicle preparation by injecting small aliquots of a 

concentrated solution of the probe in ethanol and 

gently shaked for ca. 30 min. The probe to phos­

pholipid ratio was in all cases 1:1000. Fluores­

cence spectra and anisotropy measurements were 

performed on a Spex Fluorolog (Spex Ind.) and 

on a phase shift and modulation Gregg-200 steady- 

state and time-resolved spectrofluorometer (I.S.S.) 
respectively, both interfaced to computers. Soft­

ware from I.S.S. were used for data collection and 

analysis. All measurements were made at 18 °C 

using 1 cm path-length square quartz cuvettes. The 

sample temperature was controlled using an exter­

nal bath circulator (Cole-Parmer). The actual tem­

perature was measured at the sample cell prior 

and after each measurement using a digital ther­

mometer (Omega Eng.). A Xenon arc lamp was 

used as light source, and the wavelength of exci­

tation was set at 360 nm. Anisotropy measure­

ments were done in the “L” configuration using 

Gian Thompson prism polarizer in both exciting 

and emitting beams. The emission was measured 

using a WG-420 Schott high-pass filter which 

showed negligible fluorescence. General polariza­

tion (GP) was evaluated by GP = IB - IR/IB + 

IR, where IB and IR  are the emission intensities 

at the blue and red edges of the emission spectrum 

respectively. These intensities have been measured
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at the emission wavelength of 440 and 500 nm, 

which correspond to the emission maxima of 

Laurdan in the gel and liquid crystalline phases 

respectively (Parasassi et al., 1991). Blank sub- 

straction was incorporated to DMPC vesicle sus­

pensions by addition of small aliquots of a concen­

trated solution of PROC in ethanol and incubated 

at 40 °C for ca. 15 min.

Morphological observation of PROC-treated 

erythrocytes

Blood samples were obtained by puncture of the 

ear lobule from clinically healthy individuals not 

being treated with any pharmacological agent. 

One drop was received in a siliconized tube con­

taining 5 ml of phosphate-buffered saline (PBS) 

(150 mM NaCl/10 mM phosphate, pH 7.4) at 5 °C. 

This blood stock solution was used to prepare in 

siliconized tubes the following solutions: a) 1  ml of 

blood stock solution plus 9 ml of PBS (control), 

and b) blood stock solution plus PBS-containing 

PROC in form to obtain final concentrations of 

0.01 m M , 0.1 m M  and 1 m M . These samples were in­

cubated at 37 °C for 1 h in an oven and then fixed 

with glutaraldehyde. One drop of each sample was 

added to a tube containing 1 ml of 2.5% glutar­

aldehyde in PBS and allowed to rest overnight at

5 °C. Drops of the fixed samples were placed di­

rectly on aluminium stubs, air-dried in an oven at 

37 °C for 1 h and gold coated in a S 150 Edwards 

sputter coater device for 3 min at 10" 1 Torr, with 

a final film width of 35-40 nm. The observation 

and photographic records were made in an Etec 

Autoscan scanning electron microscope.

Results

X-ray studies on lipid multilayers

The molecular interaction of PROC with multi­

layers of DMPC and DMPE were studied in both 

a hydrophobic and a hydrophilic medium. 

Towards this end. X-ray diffraction patterns were 

taken of the following specimens: a) dry samples 

of DMPC:PROC and of DMPE:PROC in the 

molar ratios of 10:1, 5:1 and 1:1 recrystallized 

from chloroform:methanol 3:1, v/v, and b) mix­

tures of each phospholipid in their crystalline 

phases with 0.01 m M , 0.1 m M . 1 m M  and 10 mM  

aqueous solutions of PROC. All these patterns

were compared with those of PROC and the cor­

responding phospholipid obtained under the same 

physicochemical conditions. Thus, Table I shows 

the interplanar spacings and relative intensities of 

the reflections produced by the recrystallized 

specimens of DMPC and of its mixtures with 

PROC, while their diffractograms are compared in 

Fig. 2. As it can be observed, the X-ray pattern of 

DMPC increasingly changed with higher ratios of 

PROC in their mixtures. In the low-angle region 

there was a consisting decrease in the reflection 

intensities and, at the same time, an increase in 

their spacings. In fact, the first order reflection of 

DMPC, corresponding to the bilayer width, in­

creased from 54.5 A up to 57.4 A in its 1:1 mix­

ture. On the other hand, practically all the reflec­

tions from DMPC were absent in the wide-angle 

region of the 1:1 pattern. However, a new and 

relatively strong reflection of about 4.2 A showed 

up. The appearance of this reflection was indica-

28.1 13.6 6.25 4.18

Observed Spacing (A)

Fig. 2. Microdensitograms from X-ray diagrams of dry 
specimens recrystallized from chloroform:methanol 3:1 
(v/v). Flat-plate cameras. D = 8 cm.<a) Not recrystallized.
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Table I. Comparison of observed interplanar spacings (dQ) and relative intensities (/0 rel) of DMPC, PROC and of 
their 10:1, 5:1 and 1:1 molar mixturesa b,c.

DMPC DMPC: PROC PROCd

d 0 [A]
10:1 5:: 1 1 :: 1

d 0 [A]70 rel da [A] 70 rel d 0 [A] I0 rel do [A] I a rel Io rel

54.5* 612* 54.5* 380* 55.9* 380* 57.4* 355* _ _

28.1* 14* 28.3* 14* 28.5* 37* 28.7* 12* - -

18.4 5 18.3 5 19.3 11 19.0 6 - -

13.6 19 13.6 19 14.0 31 14.3 11 - -

8.93 7 9.12 5 9.29 4 - - - -

8.38 3 8.30 6 8.44 2 - - 8.30 13
8.19 1 8.19 1 - - - - - -

7.43 1 7.43 2 7.43 1 - - 7.51 8
6.25 19 6.28 14 6.30 7 - - - -

5.61 1 5.64 1 - - - - 5.77 2
5.27 1 5.25 1 5.27 1 - - 5.27 39
- - - - - - - - 4.84 6
4.68 7 4.67 7 4.68 3 - - - -

- - - - - - - - 4.53 17
4.29 82 4.28 61 4.28 41 - - 4.31 11
4.11 100 4.11 69 4.16 90 4.18 32 4.11 6
4.05 25 4.07 25 4.08 21 - - 4.01 4
3.85 17 3.83 18 3.85 8 - - 3.91 20
3.70 1 - - - - - - 3.74 17
3.48 1 - - - - - - 3.48 21
- - - - - - - 3.33 7
3.16 1 3.17 1 3.17 1 - - 3.14 10
3.03 1 3.03 1 3.04 1 - - - -

a All the specimens were recrystallized from CHCl3:CH3OH 3:1 (v/v).
b The interplanar spacings and intensities of the reflections were measured in X-ray diagrams obtained from Debye- 

Scherrer and flat-plate cameras with D = 8 andl4* cm. 
c Additional reflections with spacings below 3.0 A were also observed.
d Recrystallized PROC gave an amorphous pattern (see Fig. 2). This data corresponds to unrecrystallized PROC.

tive of the fluid state reached by the lipid. In fact, 

this reflection corresponds to the average sepa­

ration of the fully extended hydrocarbon chains 

organized with rotational disorder in an hexagonal 

lattice (Tardieu et al., 1973; Janiak et al., 1976). It 

was also noticed that no reflections from PROC 

were present in any of its dry mixtures with 

DMPC neither with those of DMPE. This was due 

to the fact that recrystallized PROC gave amorph­

ous patterns (see Fig. 2 and 3). Fig. 3 shows the 

X-ray patterns of the recrystallized specimens of 

DMPE, PROC and of their 1:1 mixture while the 

spacings and intensities of their reflections are in­

cluded in Table II. The comparison of the data 

from DMPE and of its 1:1 mixture with PROC 

did not show any significant difference. It can 

therefore be concluded that PROC did not induce 

structural perturbations to DMPE in a hydro- 

phobic medium.

Table III and Fig. 4 present the results obtained 

after DMPC was mixed and allowed to interact

with water and PROC aqueous solutions. It was 

observed that DMPC, as expected, expanded its 

bilayer width from about 55 A when dry to nearly 

65 A when immersed in water. The observed re­

flections were reduced to only the first three or­

ders of the bilayer repeat in the low-angle region 

and one of about 4.2 A in the wide-angle region. 

Practically the same patterns were obtained when 

DMPC was mixed with PROC solutions, even if 

they were as concentrate as 10 m M . These results 

indicated that PROC did not interact with DMPC 

in an aqueous medium. Finally, Table IV and Fig. 5 

show the results obtained when DMPE and PROC 

aqueous solutions were made to interact in con­

ditions analogous to the above reported for 

DMPC. In the first place, it could be noticed that 

the X-ray pattern of DMPE remained very similar 

to that obtained in the dry state except by the ab­

sence of its weakest reflections. This difference 

with respect to DMPC is due to the fact that 
DMPE molecules pack tighter than those of
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Observed Spacing (A)

Fig. 3. Microdensitograms from X-ray diagrams of dry 
specimens recrystallized from chloroform: methanol 3:1 
(v/v). Flat-plate cameras. D = 8 cm. (a) Not recrys­
tallized.

DMPC, resulting in a very stable bilayer structure 

which is not significatively affected by water (Su­

walsky, 1988) neither by several amphiphilic drugs 

(Suwalsky et al., 1988, 1991, 1993). It is not surpris­

ing, therefore, that PROC did not affect the X- 

ray pattern of DMPE even at the highest assayed 

concentration (10 m M ).

Fluorescence measurements

DPH emission steady-state anisotropy and 

Laurdan general polarization was determined in 

DMPC large unilamellar vesicles. As it can be ob­

served in Table V, the presence of increasing con­

centrations of PROC up to 10 mM did not produce 

any change in the fluorescence anisotropy of DPH 

(0.31) nor in the general polarization of Laurdan 

(0.57). These results indicated that PROC had no 

influence on the rotational mobility of DPH, dis­

tributed in the hydrophobic zone of the lamella, 

nor in Laurdan environment at the lamella hydro-

Table II. Comparison of observed interplanar spacings 
(d0) and relative intensities (70 rel) of DMPE, DMPE: 
PROC 1:1 and PROC obtained from dry powder 
samplesabc.

DMPE 
d0 [Ä] /0 rel

DMPE: 
do [A]

: PROC 1:1 
/0 rel

PROCd 
d0 [A] IQ rel

51.4* 505* 51.4* 414* _ _

25.2 2 25.4 4 - -

17.1 5 17.0 7 - -

14.7 2 14.7 7 - -

12.7 7 12.7 1 - -

11.3 2 - - - -

- - - - 8.34 12
7.89 1 7.93 2 7.87 1
- - - - 7.55 9
7.25 7 7.30 3 - -

6.80 1 - - - -

- - - - 6.53 1
6.37 1 - - - -

5.94 15 5.98 15 - -

- - - - 5.79 1
5.69 10 5.71 10 - -

- - - - 5.30 31
5.21 7 5.24 5 - -

5.07 9 5.07 6 5.03 1
- - - - 4.85 6
4.77 16 4.79 20 - -

4.66 5 4.63 8 4.69 1
- - - - 4.55 16
4.50 4 4.48 1 - -

- - 4.35 1 4.32 10
4.25 4 4.24 4 - -

- - - - 4.14 8
4.05 100 4.06 95 - -

- - 3.93 44 3.92 21
3.80 52 3.80 7 - -

- - - 3.75 16
3.64 4 3.65 2 - -

3.52 1 3.51 1 3.49 19
3.40 3 3.40 6 - -

3.10 1 - - - -

a DMPE and DMPE:PROC 1:1 were recrystallized 
from CHC13:CH3OH 3:1 (v/v). 

b The interplanar spacings and intensities of the reflec­
tions were measured in X-ray diagrams obtained from 
Debye-Scherrer and flat-plate cameras with D = 8 and 
14* cm.

c Additional reflections with spacings below 3.0 A were 
also observed. 

d Recrystallized PROC gave an amorphous pattern (see 
Fig. 3). This data corresponds to unrecrystallized 
PROC.

phobic-hydrophilic interface. These results agreed 

with those observed by X-ray diffraction.

SEM studies on red cells

The plasma concentration of PROC needed to 

produce antiarrhythmic effects is about 0 . 0 1  mM
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Table III. Comparison of observed interplanar spacings 
(da) and relative intensities (/0 rel) of DMPC specimens 
with water and PROC solutions3-13.

DMPC + X 0 DMPC + DMPC +
IO“3 m  PROC IO"2 m  PROC

d0 [A] IQ rel d0 [A] Ia rel dQ [Ä] I0 rel

64.9* 100* 64.9* 100* 64.9* 80*
32.5 100 32.5 70 32.5 80
21.4 10 21.3 8 21.4 9
4.19 40 4.19 30 4.20 30

a The interplanar spacings and intensities of the reflec­
tions were measured in X-ray diagrams obtained from 
flat-plate cameras. D = 8 and 14* cm. 

b The samples were X-ray-diffracted 2 and 14 days after 
preparation. No differences were observed.

O b s e r v e d  S p a c i n g  (A)

Fig. 4. Microdensitograms from X-ray diffraction dia­
grams of aqueous mixtures of DMPC. Flat-plate 
cameras. D = 8 cm.

(Bigger and Hoffman, 1990; Mannhold et al., 

1990). However, the probability of toxicity be­

comes greater as its plasma concentration rises 

above 0.1 mM (Bigger and Hoffman, 1990). For 

these reasons, most of the reported experiments, 

particularly those performed on red cells, included 

0.01 mM and higher concentrations of PROC.

Table IV. Comparison of observed interplanar spacings 
(da) and relative intensities (/0 rel) of DMPE specimens 
with water and PROC aqueous solutionsab.

DMPE + H->0 DMPE + DMPE +
10- 3 o m  PROC 10- 2 o m  PROC 

d0 [A] I0 rel da [A] I0 rel d0 [Ä] /0 rel

50.8* 607* 50.8* 624* 50.8* 619*
25.2 2 25.2 3 25.2 3
17.1 5 16.9 10 16.9 10
12.8 12 13.0 8 12.9 7
11.3 3 11.3 2 11.3 3
7.34 2 7.32 2 7.30 2
5.99 12 5.97 12 5.99 10
5.09 2 5.09 2 5.10 7
4.82 8 4.78 5 4.80 10
4.66 7 4.64 10 4.62 7
4.52 8 - - -

4.23 2 4.24 2 4.26 2
4.06 97 4.05 78 4.04 100
3.93 3 - - -

3.81 54 3.79 41 3.81 63
3.65 5 3.63 3 3.65 3
3.57 5 - - - -

3.41 5 3.39 2 3.39 5
3.18 3 3.18 2 3.19 3

a The interplanar spacings and intensities of the reflec-
tions were measured in X-ray diagrams obtained from 
flat-plate cameras. D = 8 and 14* cm.

b The samples were X-ray-diffracted 2 and 14 days after 
preparation. No differences were observed.

O b s e r v e d  S p a c i n g  (A)

Fig. 5. Microdensitograms from X-ray diffraction dia­
grams of aqueous mixtures of DMPE. Flat-plate 
cameras. D = 8 cm.
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Table V. Effect of PROC on the anisotropy (r) of DPH 
and the general polarization (GP) of Laurdan embedded 
in large unilamellar DMPC vesicles.

PROC [mM] r (DPH) GP (Laurdan)

0 0.31 0.56
0.02 0.31 0.57
0.1 0.31 0.56
1.0 0.31 0.57

10.0 0.31 0.57

Human erythrocytes were made to interact 

in vitro with 0.01, 0.1 and 1 m M  PROC, whose re­

sulting SEM images are shown in Fig. 6 , together 

with that of PROC-free cells (control). As it can 

be observed, in the case of PROC-incubated cells 

the erythrocytes underwent changes in their

shapes. At 0.01 mM not all the cells were affected 

and the alteration consisted mainly in the presence 

of only 4 to 8  rounded blebs over their surfaces, 

which is indicative of a comparatively minor 

crenation phenomena. Higher PROC concentra­

tions induced crenation in the form of echinocytes 

and spheroechinocytes, a configuration charac­

terized by a great number of blebs or protuber­

ances over their surface. Several studies have 

shown that amphiphilic drugs induce a transfor­

mation from the discoid shape of the erythrocyte 

to the echinocyte form (Isomaa et al., 1987; Fugii 

et al., 1979). Sheetz and Singer (1974, 1977) for­

mulated the bilayer couple hypothesis to explain 

these shape alterations. Accordingly to it they 

arise from a differential expansion of the two 

monolayers of the membrane lipid bilayer. Echi-

Fig. 6. SEM images of human erythrocytes; 3800x; a) PROC-free cells; b) after incubation with 0.01 mM PROC; 
c) after incubation with 0.1 m M  PROC, and d) after incubation with 1 m M  PROC.
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nocytogenic amphiphiles would insert mainly in 

the outer monolayer, thereby expanding it relative 

to the inner one. The observed results imply, 

therefore, that PROC indeed interacted with 

phospholipids located in the outer monolayer of 

the erythrocytes.

Discussion

The purpose of this research was to determine 

whether PROC was able to interact with phospho­

lipid bilayers as it has been proposed as a possible 

molecular mechanism of action of class I AAD. 

PROC, therefore, was made to interact with phos­

pholipids under the form of DMPC and DMPE 

multilayers, DMPC liposomes and the membrane 

of human erythrocytes. The experimental results 

showed that PROC, in a hydrophilic medium, was 

able to interact only with the erythrocyte mem­

brane. Given the echinocytic shape adopted by the 

red cells it is most likely that PROC interacted 

with phospholipids sited in the membrane external 

monolayer. The explanation for PROC aqueous 

solutions not to interact with DMPC multilayers 

and liposomes might lie in its low lipophilicity; in

fact, it is the lowest of class I AAD (Voigt et al.,

1988), being 0.82 its octanol/water partition coef­

ficient expressed as log P (Mannhold et al., 1990). 

Another class I AAD, asocainol, whose lipophilic­

ity is about six times higher than that of PROC, 

indeed interacted with DMPC multilayers (Suwal­

sky et al., 1993) and DMPC liposomes (Sotomayor 

and Bagnara, 1994). On the other hand, PROC 

interaction with the erythrocyte membrane was fa­

cilitated by the incubation at 37 °C. At this tem­

perature the membrane is in a much more fluid 

state than the multilayers and liposomes, whose 

interactions with PROC were assayed at about

18 °C.
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