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SUMMARY 

T h e  v e r a t r u m  a l k a l o i d s - - v e r a c e v i n e ,  ve ra t r i d ine ,  cevad ine ,  and  v e r a t r a m i n e - - h a v e  

s imi la r  chemica l  s t r uc tu r e s  ye t  are  qu i t e  d i s t inc t  in the i r  p h a r m a c o l o g i c a l  act ions .  

V e r a c e v i n e  is inac t ive ,  v e r a t r i d i n e  a n d  c e v a d i n e  are  " l ab i l i z e r s "  or  " u n s t a b i l i z e r s " ,  

and  v e r a t r a m i n e  is an  a n t a g o n i s t  for c e v a d i n e  and  ve ra t r i d ine .  The  p rope r t i e s  of these  
c o m p o u n d s  a t  t he  a i r / w a t e r  in te r face  also revea l  m a r k e d  differences.  Sur face  t ens ion  

m e a s u r e m e n t s  in w a t e r  show surface  a c t i v i t y  decreases  in the  o rde r  v e r a t r a m i n e  > 

v e r a t r i d i n e  > cevad ine  ~ ve racev ine .  A L a n g m u i r - t y p e  film ba l ance  was used  to  

measu re  the i r  F - A  curves .  F i l m s  of the  a lkalo ids  were  uns t ab l e  because  of the i r  s l ight  
so lub i l i ty  in t he  subs t r a t e ,  and  a t e c h n i q u e  was  dev i sed  which  pe rmi t s  r ep roduc ib le  

F - A  m e a s u r e m e n t s .  Desp i t e  these  p recau t ions ,  v e r a c e v i n e  did no t  fo rm a n y  films. 
T h e  F - A  curves  for v e r a t r i d i n e  and  c e v a d i n e  show (a) an inf lec t ion  which  cor responds  
to the i r  areas  w h e n  o r i en ted  h o r i z o n t a l l y  a t  the  a /w  in te r face ,  and  (b) an  area  in 

which  the  molecu les  are  t i g h t - p a c k e d  co r r e spond ing  to m o l e c u l a r  areas  for the  ve r t i c a l  
o r i e n t a t i o n  of t he  molecules .  V e r a t r a m i n e  shows no inf lect ion in the  F - A  curve ,  b u t  
the  t i g h t - p a c k e d  fi lm occurs  a t  an  a rea  in which  this  molecu le  is o r i en ted  a lmos t  
ho r i zon t a l  to  t he  a /w in te r face .  I n t e r p r e t a t i o n  of these  resul ts  is in t e r m s  of t he  
d i s t r i bu t ion  of h y d r o p h o b i e  and  h y d r o p h i l i c  g roups  on the  molecu les ;  the i r  impl i -  
ca t ion  for p h a r m a c o l o g i c a l  ac t ion  is discussed.  
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ORIENTATION OF ALKALOIDS AT THE AIR/WATER INTERFACE 2S 3 

INTRODUCTION 

Molecular orientation at the air/water interface consists of the adsorption in the 
surface of one end or side of a molecule in preference to the other. For polar-nonpolar 
compounds, e.g., organic paraffin derivatives containing polar groups composed of 
N, S, O or unsaturated carbon-carbon bonds, the polar groups will be positively 
adsorbed in the surface, while the nonpolar paraffin region is raised into the ener- 
getically more favorable vapor phase above the surface. The adsorption of the polar 
region of the molecule depends largely on the group's ability to form H-bonds with 
water; if the formation of these bonds is prevented or decreased, the molecular 
orientation may be altered 1. 

Prediction of molecular orientation at the air/water interface is relatively simple 
for compounds like the fatty acids and alcohols, where the distribution of polar and 
nonpolar moieties is distinct 2. For the structurally more complicated compounds 
which do not have clearly defined polar and non-polar regions, but are nevertheless 
surface active, the prediction of their orientation at the air/water interface is neces- 
sarily more difficult. This is generally true for the pharmacologically important com- 
pounds like the plant alkaloids where subtle changes in molecular structure have 
profound effects on the pharmacological activity 3, as well as their orientation at the 
air/water interface. 

In this study, a representative group of compounds from the veratrum alkaloids 4 
were examined with regard to the effect molecular structure has on the orientation 
these compounds assume at the air/water interface; the particular compounds were 
chosen because the broad variety of pharmacological activity which they exhibit ~ 
would permit us to examine whether a relationship exists between their pharma- 
cological action and molecular orientation at the air/water interface. 

EXPERIMENTAL 

Surface tension 

The drop-weight method 2 was used to measure surface tensions, and the em- 
pirical corrections of HARKINS AND BROWN 6 were applied. A stainless steel rod was 
cut in a lathe to 5 cm in length and 0.5 cm in diameter; a I mm diameter hole was 
bored coaxially through it. One end surface of the tube was ground plane in the 
lathe so that under IO × magnification no imperfections were observed in either the 
rim or the surface. This tube was connected by a short piece of heavy walled rubber 
tubing to a syringe driven by a micrometer screw, and the entire apparatus was 
mounted vertically. A tared 2 ml pycnometer with a neck 0. 9 cm inside diameter 
was used to collect the drops. Approx. 9 ° % of each drop was rapidly preformed, 
then allowed to reach full size under the force of gravity. Each drop was collected 
and weighed; a total of ten drops was used to obtain the average surface tension, 
the deviation from the mean always being less than 0.5 %. All measurements were 
made at 25 ° i 0.5 °. The value measured for water by this method was 71.95 dynes/cm 
compared to the reported value of 71.97 dynes/cm (see ref. 7). 

Surface pressures 
A Langmuir-type film balance (the Cenco hydrophil balance) was used to measure 

the surface pressures of the monolayer s. The tray was heavily coated with paraffin 
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and the float assembly  modified b y  using po lye thy lene  end-loops (0.002 inch thick) 
and  an a luminum float coa ted  with  a thin layer  of teflon. A luminum bars  coa ted  
wi th  paraffin were used as barriers .  

Since the  alkaloids  s tudied  do not  form stable  films on wate r  even at  p H ' s  
grea ter  t han  7, the  following technique was devised, which pe rmi t t ed  reproducible  
F - A  (surface pressure-area)  measurements .  At  each area  a new monolayer  was spread  
on water  a t  p H  12.2 and  the surface pressure exer ted  b y  the film 3 ° sec after  de- 
posi t ion recorded.  This t ime was sufficient for evapora t ion  of the spreading solvent  
(benzene), bu t  was too short  for much film solution to occur. The I-  and  2-min values 
were also recorded at  each area, and  from these values ti le re la t ive  change of surface 
pressure wi th  t ime was found to be independen t  of the ini t ial  pressure. Ex t r apo l a t i ng  
these values to zero t ime raises b y  about  2o % the values  of Fs  (the surface pressure 
after  3o sec) repor ted  here. I t  will be seen shor t ly  t ha t  the significant d a t a  are the 
areas at  which t rans i t ions  in the Fs-A curves occur;  these will not  be s ignif icant ly 
a l te red  by  the re la t ive ly  cons tan t  and  small  decline in F in 3o sec in the neighborhood 
of the  t rans i t ion  points.  After  F s  had been recorded the surface was swept clean 
by  the barriers ,  and  a new monolayer  a t  a different area  was p repared  and measured.  
Af ter  a comple ted  run the subs t ra te  was removed  and the run repeated.  Since con- 
t amina t ion  of the  surface t)v the Gibbs '  laver  formed by  a lkaloid  molecules dissolved 
in the  subs t ra te  is a real problem,  an adequa te  check on the cleanliness of the surface 
was to measure  the surface pressure between the spreading of each new fihn. If a 
surface pressure greater  than  o.I  dyne/era  was developed when the barr iers  decreased 
the length  of the surface from 5 ° cm to 5 cnr, the subs t ra te  was replaced.  Wi th  these 
precaut ions ,  the results  ob ta ined  were reproducible  to within o.I  dyne/era.  This 
technique,  ut i l ized exclusively in the  present  s tudy,  will be referred to as " s t a t i c" .  

Verat r id ine ,  cevadine and veracevine were ob ta ined  from Professor KRAX'ER of 
the  D e p a r t m e n t  of Pharmacology ,  H a r v a r d  Medical School; {he ve ra t ramine  sample 
from Dr. O. WIN'TERSTEINEI~ of the  Squibb  Ins t i t u t e  for Medical Research.  All the 
a lkaloids  were purified, white p repara t ions  and were employed  wi thout  fur ther  puri-  
fication. The drugs dissolved readi ly  in benzene, except  veracevine which was dis- 
solved in ethanol .  

Benzene (Mall inkrodt ,  th iophene  free) was p repared  free of surface act ive con- 
t aminan t s  by  fi l tering through a colunm of silica gel and  florisil. 

All  aqueous solutions were p repared  from water  ob ta ined  from a quar tz  still. 
p H  12.2 wate r  was p repa red  by  adding  the appropr i a t e  amoun t  of NaOH,  p H  7.2 
wate r  by  adding  an all sodium Sorensen phospha te  buffer (I mM).  

Molecular areas 

These were es t ima ted  by  first construct ing,  wi th  Catal in models  of the a toms  
(scaled i cm = I A), three dimensional  models  of the compounds,  and  then t racing 
the plane projec t ion  of the model  in i ts var ious  favored or ienta t ions  onto paper ,  The 
to ta l  area  of this plane pro jec t ion  was ob ta ined  with  a p lanimeter ,  and  represented  
the app rox ima te  surface area occupied by  the drug  in a par t icu la r  or ientat ion.  

R E S U L T S  

Structure 

The s t ruc tures  of vera t r id ine ,  cevadine 9, veracevinO ° and ve ra t r amine  n are 
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shown in Fig. I. They  are bases with p K  values* of about  9-IO (see ref. 12). The 
relation between the first three compounds  m a y  be further visualized by  the following 
esterifications : 

veracevine + veratric acid = veratridine 
veracevine -F tiglie acid --  cevadine 

S~trface tensio~z 
The surface activities of these compounds  are shown in Fig. 2, where the surface 

(a )  H; VERACEVINE 

(b) CH 3-CH - C/'CH3 

\C.= 0; 

CEVADINE 

CH30 

VERATRIDINE 

CH 3 / ~ H  

o. i ,0~c.3 
' OIOH 

/ r . .  CH3~. /L!.' .. 

oH 

CH 3 CH 3 

Fig. I. St ructural  relat ionships among  the ve r a t rum  alkaloids. If  R is replaced by  (a), (b), or (c) 
one obtains  veracevine, cevadine, or veratridine, respectively. 

1.0 2.0 3.0 4.0 5.0 60  7.0 8.0 9.0 I0.0 

[ ~ / - [ - - -  I L 1 I I 
Surfoce Activity 

Verotrum clkoloids in H20 
pH7.2 , T=25°C 

I. Veracevine 3. Veratridine 

72.0 

70.0 

68.0 

66.0 

)'~ 64.0 

62 .0  

60.0 
1.0 

_ 1  I . . . . .  I I [ ~ I I I . . . .  

O. I 0.2 0 .3  0 ,4  0 .5  0 .6  0 .7  0.8 0 ,9  

CONCENTRATION, mM 

Fig. 2. The effect of lowering the  surface tension, y, of water  by  the ve ra t rum alkaloids. Curve I, 
concentra t ion scale on top ;  curves 2, 3, and 4, concentrat ions  listed on bo t tom.  

* The p K  value for veratr idine is presented here and since veracevine and cevadine also have 
the identical t e r t i a ry  ni trogen groups we m a y  assume their  p K  values are similar to veratridine.  
The p K  value for vera t ramine  is es t imated f rom the value for piperidine. 
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tensions of solutions of the alkaloids in water at pH 7.2 are compared at  various 
concentrat ions of the alkaloids. While veracevine is not  very surface active, esteri- 
fication of the - O H  group in position 3, with either veratric acid or tiglic acid yields 
the highly surface active veratr idine and  cevadine, respectively. Veratramine is the 
most surface active of this group, bu t  its l imited solubili ty prevented measurement  
of surface tensions beyond the indicated concentrat ions.  If we assume that  the initial 
slopes of these curves are linear, then - - A T / / I C  will be a measure of their surface 
activities; these values are listed in Table I, and indicate the following order for 
surface act ivi ty:  vera t ramine  >- veratr idine > cevadine ~ veracevinc. 

TABLE I 

PHYSICAL CHEMICAL PROPERTIES OF THE VERATRUM ALKALOIDS 

A teas estimated 
from molecular models (A ~) * Observed areas at: Probable orientations 

Compcund at the A / W interface (~c) 
Horizontal Vertical "Shoulder" F i l m  "collapse" H- -hor i zon ta l ;V- -ver t i ca l  

Veracevine o.o194' IO 4 85 :\2 45 :k2 --- No stable film 
Cevadine i .82. io 4 ioo :\~ 45 -k2 85 ~'k" 42 -'k 2 H, V 
Veratridine 2.12. io 4 13o :\'0 45 A2 i io A 2 42 ~,~ H, V 
Veratramine 2.74' io~ 76 A ~ 35 X" - 60 A '~ H 

This value represents the mean of the slope of the first two points of each curve. 

_,F-A c~tyv&~ 

Previous a t tempts  to measure F-A (surface pressure-molecular area) curves for 
these vera t rum alkaloids were unsuecessfuP 3. Much of the difficulty arises from the 
solubili ty of these compounds in water which, al though slight, leads to film in- 
s tabi l i ty  14. This is t rue even at  elevated pH's  which presumably  reduce the solubil i ty 
of these salts by  conversion to the free base. Some of the difficulties are obviated 
with the static method (see EXPERIMENTAL), for F-A curves are obtained whose 
reproducibi l i ty  under  these circumstances compares favorably with s tandard  tech- 
niques a. The results obtained by  the static method are shown in Fig. 3, where Fs, 
the surface pressure 3 ° sec after spreading, is plotted against  molecular areas, A, 
in A ~ for alkaloid films spread from benzene on water at pH I2.2. Even  though the 
values of surface pressure so obtained are not  equil ibr ium values, they are still useful 
for relative comparison because the rate of fall of surface pressure is very nearly 
the same for veratr idine,  cevadine and veratramine.  

Veracevine forms no films that  were measurable by these techniques. This is in 
keeping with the low surface act ivi ty  of this compound in water. 

The curve for vera t ramine  (Fig. 3) shows a gradual  increase in surface pressure 
to an area of 6o X,2; beyond this point  Fs, remains constant  at about  6 dynes/era. 
The la t ter  effect is analogous to film collapse for a stable film. We can bet ter  under-  
s tand  this phenomenon by  considering the actual  processes involved. Each point  in 
the isotherm is obtained by l imit ing the area for spreading of a constant  number  of 
film molecules; when the water  surface is completely covered, excess fihn molecules 
nmst  be either forced above tile adsorbed monolayer,  or squeezed into the aqueous 
sub-phase. In  either case no further increase in surface pressure would be expected. 
This area, 6o A ", represents the molecular area of vera t ramine  in a state of close- 
packing in an orientat ion which is favorable for adsorption at the air/water interface. 

Biochim. 13iophys. A~ta, 42 (190o) 282 289 
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The  observed  value  is close to the  molecular  a rea  of 76 A S for ve ra t r amine  in a 
hor izonta l  o r ien ta t ion  e s t ima ted  from molecular  models  (see Table  I). The - O H  group 
in the  3-posi t ion and  the p iper id ine  nucleus are s t rong hydrophi l ic  centers,  each 
capable  of forming H-bonds  wi th  water .  Since these groups are at  e i ther  end of the  
m a j o r  axis of ve ra t ramine ,  thei r  s t rong adsorp t ion  in wa te r  would necessi ta te  a 
hor izonta l  molecular  or ien ta t ion  a t  the  a i r /wa te r  interface.  

The  curves for cevadine  and  vera t r id ine  a t  the larger  areas  para l le l  the  curve 
for ve r a t r amine  in Fig.  3. Bu t  a t  abou t  6 dynes /cm where F s  remains  cons tan t  for 
ve ra t ramine ,  "shoulders"  appea r  in the  cevadine and ve ra t r ad ine  curves at  85 A 2, 

8 

7 

Z 

~5 

4 

3 

2 

I 

0 
20 

II I ~ I - - - - T - -  - T  l 

I0 VEIRATRUM ALKALOIDS 

VER&TRIDINE 

VERACEVINE 

40 60 80 tO0 120 140 160 

AREA,  SQ. ~ 

Fig. 3- F s - A  (static surface pressure-area) curves of the veratrum alkaloids on pH 12.2 water. 
For explanation of F,s, see text. 

and  I iO A s, respect ive ly ;  beyond  the "shoulders"  the  curves rise to a l imi ted  area  
of 42 A 2 and  values  of 9 and lO.5 dynes /cm,  respect ively,  where F s  then remains  
constant .  

F r o m  Table  I, we see t ha t  the areas  at  which the "shoulders"  occur app rox ima te  
the  areas  of cevadine  and  vera t r id ine  e s t ima ted  from models  hor izonta l ly  or iented 
in the interface,  i.e., IOO A 2 and 13o A ~ respect ively;  and  the areas  at  which F,~ 
remains  cons tan t  ( 4 2 ) t  2) are in good agreement  wi th  the  es t ima ted  value  of 45 -~'~ 
for the  ver t ica l  o r ien ta t ion  of these compounds  with  the  r ing N embedded  in the  
aqueous sub-phase.  

These results  are consis tent  wi th  a reorganiza t ion  of the  film molecules from a 
hor izonta l  to a ver t ica l  or ienta t ion .  At  areas  grea ter  than  the "shoulder"  the  molecules 
are hor izon ta l ly  oriented,  much like in the  ve ra t r amine  film. But  unl ike ve ra t r amine  
at  areas smal ler  t han  the "shoulder"  a moie ty  of the  vera t r id ine  and  cevadine 
molecules can be raised into the  vapor  phase to pe rmi t  an accommoda t ion  of more 
film molecules per  uni t  surface area;  as the areas  become smaller  increased numbers  

Biocl~im. Biophys. Hera, 42 (196o) 282-289 
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become ver t i ca l ly  oriented.  The ver t ica l  or ien ta t ion  also enhances the  ex ten t  of 
Van der W a a l ' s  in terac t ions  be tween the film molecules, and  this is reflected in the  
rise in Fx .  When  the ver t ica l ly  or ien ted  molecules are close-packed,  the  area  observed 
will be for t ha t  molecular  cross-section which presents  the  most  hydrophi l ic  surface 
to  the  interface.  Tha t  bo th  molecules give the same cross-sectional  area  for their  
ver t ica l  or ien ta t ion  indicates  the r ing N as the most  hydrophi l ic  group in the  molecule, 
since this  group is the  only one which is common to bo th  and  has the  proper  di- 
mensions.  

12,ISCUSSION 

An i m p o r t a n t  quest ion arises regarding the role of - O H  groups in the or ien ta t ion  of 
the  molecules. Thus,  if the  - O H  group in the 3 posi t ion in ve ra t r amine  is so hydrophi l ic  
t ha t  i t  p revents  the  ver t ica l  or ienta t ion  of this  molecule, ought  the  several  - O H  
groups d i s t r ibu ted  on vera t r id ine  and cevadine also p reven t  their  t rans i t ion  from 
hor izonta l  to ver t ica l  or ienta t ion?  Since the  - O H  groups depend  largely  on their  
ab i l i ty  to form H-bonds  with  wate r  for their  hydrophi l ic  proper t ies ,  any  decrease 
in this  capac i ty  would  decrease the  in te rac t ion  of the molecule wi th  water .  This m a y  
arise from ei ther  a compet i t ive  in t ramolecula r  H-bonding* or b y  the steric blocking 
of the approach  of wate r  b y  a bu lky  group ad jacen t  to the hydrophi l ic  center.  The 
- O H  groups in posi t ions I2, 14, 16, 17 and 2o are s i tua ted  ve ry  f avorab ly  for in t ra-  
molecular  H-bonding  and the vera t r ic  or tiglic ester group on posi t ion 3 m a y  very  
well e i ther  shield or form H-bonds  with  the  - O H  group on posi t ion 4. The ester 
l inkage itself and  the lac tone br idge be tween posi t ion 4 and 9 are much less hydro-  
phil ic than  - O H  1~. The net  effect is to decrease the hydrophi l ic  proper t ies  of these 
groups to the ex ten t  t ha t  when the films become close-packed,  add i t iona l  molecules 
m a y  be accomnmda ted  in the  film only b y  a reorganiza t ion  of the  film where the  
less hydrophi l ic  por t ions  of the  molecules m a y  be raised into the  vapor  phase b y  
p ivo t ing  a round  the N atom. When  all the molecules are c lose-packed in the ver t ical  
o r ien ta t ion  no fur ther  reorganizat ion in the  film is possible and excess molecules are 
forced into the  sub-phase  or on the surface of the  film. The pressure remains  cons tan t  
in this  case. 

Whi le  m a n y  a t t e m p t s  have  been made  to re la te  the  surface ac t iv i ty  of a com- 
pound  wi th  its pharmacologica l  act ion 16-19, t hey  have  for the most  pa r t  deal t  wi th  
the  d is t r ibu t ion  of the  chemical  agent  be tween the "b iophase"  and  the ba th ing  
solutions. W h a t  has been largely over looked is the  poss ib i l i ty  t ha t  molecular  orien- 
t a t ion  of the  chemical  agent  a t  the cel l /p lasma interface m a y  also cont r ibu te  to i ts 
u l t ima te  ac t ion as a drug. 

The results  of the  present  exper iments  indicate  tha t  the  v e r a t r u m  alkaloids,  
though they  are s t ruc tu ra l ly  similar,  exhibi t  cont ras t ing  behavior  a t  the a i r /water  
interface.  Veracevine is only  s l ight ly  surface act ive in water ;  vera t r id ine ,  cevadine,  
and  ve ra t r amine  are very  surface act ive,  wi th  the first two capable  of or ient ing  

* A striking example of this effect is found i)y comparing the solubilities of the o- and m- 
hydroxybenzoic acids in water, the former being o.TS and the latter o.c)2 g/ioo nil at 2o °. (Hand- 
book of Chemistry and Physics, 38th Edition, Chemical Rubber Publishing Co.) Intramolecular 
H-bonding between the C()OII and -OII groups reduces the solubility of the ortho compound 
while intermolecular H-bonds between -()H and .COOH and water enhances the solubility of 
the recta compom~d. 
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horizontally as well as vertically, while veratramine shows only a horizontal orien- 
tation at the air/water interface. 

Pharmacologically, we find they also exhibit diverse behavior 5. Veracevine is 
inactive*, veratridine and cevadine are "labilizers" or "unstabilizers ''2°, and vera- 
tramine is an antagonist of veratridine and cevadine 2~. Little is known of the actual 
mechanism for action of these drugs, but their seemingly parallel physical and 
pharmacological properties suggest that  the orientation of these compounds at the 
cell surface may  at least be partially responsible for their pharmacological activity. 
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