
well as by the hydroxyproline analysis 
of the hydrolyzates (7). 

The precipitate obtained by the ad­
dition of 3 mg of tyrosylgelatin to 25 ml 
of homologous rabbit antiserum (9) (the 
washed precipitate contained 1.9 mg of 
antigen and 8 mg of antibody) was 
treated with collagenase (15 units) as 
in the case of the gelatin-antigelatin 
floccules. The suspension became al­
most completely clear during the en-
zymic reaction. The fraction that dia-
lyzed out accounted for 90 percent of 
the hydroxyproline present in the pre­
cipitate. The dialysis bag contained 85 
percent of the antibody in the original 
precipitate (as calculated from the ex­
tinction at 280 m ^ ) , as well as the 
remaining 10 percent of hydroxy-
proline. When subjected to paper elec­
trophoresis, the antibody solution 
showed one spot only, with the mo­
bility of normal rabbit serum y-glob-
ulim On sedimentation (Fig. 1) the 
solution was shown to contain a prin­
cipal component with Sao equal to 7.06 
and small amounts (approximately 6 
percent) of a component with Sm equal 
to 19.2 [a 19 S component has been 
reported to be present in small amounts 
in many 7-globulins (1)]. Upon addi­
tion of new tyrosylgelatin to the anti­
body solution there was almost no 
precipitation, even when care was taken 
to inhibit any collagenase activity still 
present by the addition of Versene (5 ) . 

In the absence of the respective anti­
bodies, collagenase converts both gela­
tin and tyrosylgelatin quantitatively 
into dialyzable fragments. Nevertheless, 
the possibility could be envisaged where 
the digestion of the antigen-antibody 
complex might leave the active site of 
the antigen bound to the antibody. 
With gelatin this does not seem to be 
the case, as the isolated antibody con­
tained no hydroxyproline and could 
be precipitated with gelatin. On the 
other hand, in the case of tyrosylgela­
tin, the purified antibody still contained 
some hydroxyproline (it would corre­
spond to 3 percent gelatin impurity, if 
calculated on the base of the composi­
tion of the whole antigen molecule) 
and could not be precipitated by the 
homologous antigen. This is consistent 
with the assumption that peptides con­
taining the active site of the antigen 
are still bound to the antibody mole­
cules. The above argument is further 
supported by the results of inhibition 
experiments of the specific precipitin 
reaction by means of collagenase digests 
of the antigens. While the collagenase 
digest of gelatin does not inhibit the 
precipitation of antigelatin by gelatin 
(11), it was found that the collagenase 
digest of tyrosylgelatin (the solution 
that dialyzed out from a mixture of 
2 mg of tyrosylgelatin and 6 units of 
collagenase, after 3 hours of incubation 

at 25°C) completely inhibited the pre­
cipitation of antityrosylgelatin from 
0.5 ml of antiserum, by the homolo­
gous antigen. It may be thus concluded 
that the hydroxyproline in the purified 
antibody solution is derived from 
fragments of the antigen bound to the 
active sites of the antibody molecules. 

The method used here for the anti­
body purification is limited to systems 
where an enzyme may digest the antigen 
(protein or polysaccharide) in the 
antigen-antibody complex without dam* 
aging the antibody molecules. The ac­
tive site of the antigen may under these 
circumstances remain, in some cases, 
bound to the antibody. This might per­
mit the isolation of the active fragment 
(12). 
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Electronic Structure and 
Nicotine-like Stimulant Activity 
in Choline Phenyl Ethers 

Abstract. Frontier electron density at 
the ether oxygen position and super­
delocalizability at the ortho position show 
good parallelism with biological activity— 
that is, the stimulant activity of phenyl 
ether choline molecules. The mechanism 
of the biological action is discussed in 
connection with this finding. 

The nicotine-like stimulant activity of 
phenyl ether cholines varies greatly 
with the substituents ( i ) , but the 
mechanism of this activity remains ob­
scure. The idea that the electron den­
sity at some points in the molecule, 
rather than the presence of some par­

ticular group, is important for the 
pharmacological activity, has been 
recognized. However, no quantum-
mechanical approach in understanding 
the mechanism has been made. 

We have established the frontier elec­
tron theory as one of the quantum-
mechanical theories of organic chemi­
cal reaction, and its prediction agrees 
with experimental results better than 
previous theories (2-4). Furthermore, 
the theory has been successfully applied 
to the problem of some biological 
actions of conjugated molecules, such 
as the carcinogenic activity of poly-
condensed aromatic hydrocarbons (5) 
and the plant-growth activity of benzoic 
acid derivatives (6). 

In this report, the frontier electron 
theory is further extended to explain 
the nicotine-like stimulant activity of 
phenyl ethers of choline. The theoreti­
cal indices used in this report are (i) 
frontier electron density (2) and (ii) 
superdelocalizability (3). These were 
derived as the reactivity indices of two 
extreme cases of stabilization at the 
transition state, due to the charge trans­
fer from the substrate molecule to the 
pseudo-7r orbital (that is, a 7r-like orbital 
which, according to the theory, comes 
into being near to the transition state, 
and consists of the orbitals in the re­
agent and the atom to be attacked in 
the substrate molecule), or vice versa. 
Let a be the coulomb integral of a 
carbon atom in benzene, and let h be 
the energy of the pseudo-n- orbital. 
Then the frontier electron density and 
the superdelocalizability correspond to 
the case in which h is equal to the 
frontier orbital energy and to the case 
in which h is equal to a, respectively. 
The larger these indices are, the more 
reactive the position in question is, not 
only in substitution or addition reaction, 
but also in molecular complex forma­
tion. 

Superdelocalizability has the follow­
ing explicit formulas according to the 
type of reaction: 
electrophilic reaction: 

occ 
Sr<

B) = 2 2 (CVOVX, 
7 

radical reaction: 

occ unocc 
sr<*> = s (Cr'y/\j +-s ( c o v e - \ s ) 

/ / 

nucleophilic reaction: 

unocc 
&<*> = 2 S - ( C r O V ( - X j ) 

where CV is the coefficient of the r th 
atomic TT orbital in the /th molecular 
orbital, kj is the coefficient in the equa­
tion ej = a + Xj p, ej is the energy of 
the /th molecular orbital, and a and p 
are the coulomb and resonance in-
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Table 1. Nicotine-like activity and the electronic structure of phenyl ether cholines. 

Frontier Positive Relative activity on blood 
electron charge pressure of cats after 

R - O C H ~ C H Z N ( C H ~ ) ~  Br density at atropine? 
R = at ether s , ( N ) *  

oxygen* 
c f A:$ 

ecner oxygen* Suprarenals Suprarenals 
intact ligated 

Meta-bromophenyl 
Meta-chlorophenyl 
Phenyl 
Meta-tolyl 
Para-chlorophenyl 
3,5-Xylyl 
Para-tolyl 

* The parameters used in the calculation are the following: coulomb integral of ether oxygen. chloro, bromo, and 
methyl group arc a + 13, a + 213, a + 1.813, and m + 313, respectively. The coufonib integral of carbon attached to 
the chloro, bronio, and niethyl groups are a + 0.40, a + 0.413, and a - 0.113, respectively, and the resonance 
integral between carbon and chlorine, carbon and bromine atom, and carbon and methyl groups are 0.813, 0.713, 
and 0, respectively. f Hey's experiment (I). 

tegrals, respectively, in benzene. The 
occ unocc 

signs 2 and 2 denote the summation 
of the occupied and unoccupied orbitals, 
respectively. Frontier electron density 
is the density of the ;i electrons in the 
frontier orbital at a position in the 
molecule. The frontier orbitals are 
defined as (i) the highest molecular 
orbital in the ground state, in the case 
of an electrophilic attack; (ii) the 
lowest vacant orbital of the ground 
state, in the case of a nucleophilic 
attack; and (iii) both of these orbitals, 
in the case of a radical attack. 

We examined the calculated indices 
at all positions in the phenyl ethers and 
found that the frontier electron density 
for electrophilic attack at the ether 
oxygen position (foxs'E') , and the super- 
delocalizability for nucleophilic attack at 
the ortho (0) position (S,'"'), have very 
intimate correlations with the nicotine- 
like activity (Table 1 ) .  This suggests 
that the interaction of active sites of 
these compounds, that is, the ether 
oxygen and ortho positions, with an 
electrophilic and a nucleophilic center 
in the receptor, is of great significance 

in the pharmacological action of these 
compounds. Wilson and Quan (7), 
carrying out the experiment of in- 
hibitory action of phenyltrimethylam- 
monium derivatives with regard to the 
hydrolysis of acetylcholine by cholin- 
esterase, concluded that the steric con- 
dition was a very important factor in 
determining the inhibitory activity. 
3-Hydroxy derivative (Fig. 1 A) ,  and 
3-dimethylcarbamoxy derivative (Fig. 
IB) were reported to have strong in- 
hibitory activity; hence, these com- 
pounds were assumed to have a high 
degree of n~olecular complementariness 
with the enzyme. These two compounds 
are indicated in Fig. 1, together with 
phenyl ether choline (Fig. 1C).  As is 
clearly seen in the figure, these com- 
pounds have sterically analogous con- 
ditions (part of the heavy line). Wilson 
and Quan suggested the hydrogen bond 
for (A)  and covalent bond for (B). 
If these bonds are correct, the reactive 
center in the enzyme might be nucleo- 
philic in nature because the proton of 
(A)  or the carbamate carbon atom of 
(B) could be considered to be electro- 
philic. The ortho position of ( C )  cor- 

Fig. I .  Steric resemblance between the inhibitors ( A  and B) of acetylcholinesterase 
and phenyl ether choline ( C ) .  

responds sterically to the proton of (A)  
or the carbamate carbon of (B),  and 
it is of interest that the value of So(" ' ,  
which is the measure of reactivity of 
the ortho position with a nucleophilic 
center, shows good parallelism with 
biological activity. At the present stage 
of knowledge, it is impossible to decide 
what groups in the nucleophilic center 
might be involved in the interaction 
with the ortho and ether oxygen posi- 
tions. In this connection, the conclusion 
obtained by Wilson and Bergmann (8) 
that nucleophilic groups such as imid- 
azole and tyrosyl might be present in the 
esteratic site is suggestive for the nature 
of the group in the nucleophilic center. 
Perhaps a carbaillate carbon atom will 
interact with an imidazole-like group, 
and ether oxygen will become an ac- 
ceptor of a proton of the tyrosyl group. 
This might relate to the reason the 
value of fox,(') indicates a distinct 
parallelism with biological activity. 

The values of So'" of p-chloro and 
p-tolyl compounds are rather large 
compared with their biological activity. 
The introduction of a group at the 
para position is expected to make the 
compound unfavorable for the occur- 
rence of activity as in the case of plant- 
growth regulating compounds (6).  In 
the fourth column of Table I ,  the posi- 
tive charge at the ether oxygen position 
is listed. The values of 3,s-dibromo, 
nieta-bromo, unsubstituted, meta-methyl 
and 3,5-dimethyl are nearly constant, 
whereas the biological activity varies 
remarkably in this series of compounds. 
Hence the charge at the ether oxygen 
position seems to have no intimate con- 
nection with the biological phenomena. 

It is noteworthy that the existence of 
the heavy line part is favorable for the 
occurrence of activity. That is, in- 
hibitors of acetylcholinesterase and a 
greater part of nicotine-like stimulant 
compounds possess a chain of five 
atoms attached to the nitrogen atom. 
This steric circumstance strongly re- 
sembles the "five-atom chain" rule. pro- 
posed by Ing, associated with muskaline- 
like activity ( 9 ) .  It is true that the 
many molecules having four-atom or 
six-atom chains exhibit nicotine-like 
activity. However, activity of these 
compounds is not so great as one in 
which the "five-atom chain" rule is 
satisfied. Furthermore, the activity of 
the compound having three-atom or 
seven-atom chains has scarcely been 
reported. In this connection, the spatial 
factor is a very important, although 
not the exclusively determining one 
(10). 
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Influence of Currents on 
Form of Sponges 

Abstract. Small reconstituted Microciortn 
prolifera produced central oscular chim- 
neys, perpendic~~lar to the surface of at- 
tachment, in standing water; in a slow, 
steady current, the oscular chimneys were 
eccentrically placed and directed obliquely 
downstream. Gravity and directional illu- 
mination did not affect the orientation of 
the chimney. 

In 1923, Bidder (1) pointed out that 
sponges of the same species difTer in 
shape, apparently in adaptation to the 
water currents in which they grow; 
those exposed to currents of constant 
direction bear most of their oscula on 
the downstream side, while those in 
still water or variable currents bear 
oscula opening upward. Since, so far 
as I am aware, no attempt has ever 
been made to verify this suggestion 
experimentally, I examined the influ- 

ence of certain environnlental factors, 
including water currents, on the growth 
of the oscular chimney in small Micro- 
cionn prolifera obtained by the method 
of H. V. Wilson ( 2 ) ,  that is, by allow- 
ing cells dissociated by squeezing the 
sponge through bolting silk to settle on 
glass slides in dishes of sea water. 

After 36 to 48 hours, before the re- 
associated masses of sponge cells had 
any detectable internal structure fore- 
shadowing a canal system, they were 
well attached to the slides and could be 
transferred to other containers. Half 
the slides, with about 15 sponges, were 
placed in finger bowls of "standing" 
water-actually, kept gently turbulent 
by slo.cvly dripping sea water. The other 
half of the slides were placed in a 
battery jar in which a constant, slow 
current was maintained by a stream of 
bubbles up one side. 

Within a week each small sponge, 
1 to 2 Inn1 in diameter, had formed a 
system of excurrent canals radiating 
from the base of a tall oscular chimney. 
In standing water, every sponge pro- 
duced a central chimney perpendicular 
to the slide on which it grew (Fig. 1, 
top). In flowing water, every sponge 
produced an eccentric chimney, point- 
ing downstream at an angle of about 
45" with the slide (Fig. 2 ,  bottom). 
The same form was assumed whether 
the sponge grew on the upper surface 
of the slide, or on the lower surface, 
or  on the vertical surface of a slide 
standing on edge, and whether illumi- 
nation came from above, or from one 
side, or through the slide from below. 

When a slide bearing such adapted 
sponges was transferred to the other 
kind of container, the sponges gradually 
transformed themselves to the form 
appropriate to the new conditions over 
a period of about 10 days. Except for 
a temporary shortening and constriction 
of the oscular chimney, the canal sys- 
tem seemed to remain functional 
throughout the transition. 

These results agree well with Bid- 

Fig. 1. Reconstituted sponges, Microcioiza 
prolifera, grown in standing water (top) 
and in slowly flowing water (bottom). 

der's hypothesis that a growing sponge 
adopts a form which minimizes the 
quantity of exhaled water re-entering 
its incurrent pores ( 3 ) .  
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Uterine Vascular Clamping: 
New Procedure for the Study of 
Congenital Malformations 

Abstmct. Clamping the uterine blood 
vessels of the rat on the 9th day of gesta- 
tion for '/z to 3 hours resulted in fetal 
death, growth retardation, and severe con- 
genital malformations. This procedure has 
broad applications in the fields of teratol- 
ogy and cancer chemotherapy, and in the 
investigation of fetal-maternal physiology. 

Mechanical or operative techniques 
in teratology have never been widely 
adopted, because, in general, they are 
not potent teratogenic agents, or they 
have only minimal application to the 
general field of congenital malforma- 
tions. The following operative proce- 
dure, developed in our laboratory, is 
a potent teratogenic agent and should 
find wide use in all phases of experi- 
mental teratology, since one animal 
provides both the control and experi- 
tllental fetuses. 

An inbred strain of pathogen-free 
rats with an extremely low rate of ran- 
dom lnalformations was used in the 
study. The rats were subjected to a 12- 
hour mating period, and vaginal smears 
were used to determine pregnancy. The 
first day of a positive smear was used 
as day zero in calculations of gesta- 
tional age. 

On the 9th day of pregnancy laparo- 
tomy was performed with pentobarbital 
anesthesia. The number, location, and 
condition of the implantation sites were 
recorded. One horn of the uterus was 
then clamped at its cervical and ovarian 
ends, the clamps extending across the 
uterus and its mesentery. By this means, 
one horn was completely isolated from 
the maternal circulation. The other 
horn served as a control. There were 
five rats in each of the six time periods 
of %. 1, I % ,  2, 2%,  and 3 hours. 
After the specified clamping interval, 
the hemostats nere removed, and the 
abdomen was closed. The rats were 
killed on the 21st day. 

Complete isolation of the clamped 
uterus from the maternal circulation 
was an essential condition of this experi- 
mental procedure. Intravenous injec- 
tions of trypan blue and fluorescent 
dyes qualitatively confirmed uterine 
hemostasis, since no dye was noted on 
the clan~ped side. A more quantitative 
method was obtained by injecting 12.48 
PC of radioiodinated albumin intra- 
venously, after clamping a (nonpreg- 
nant) uterus. The two horns were then 
excised and divided into three seg- 
ments. The counts per minute per milli- 
gram of tissue showed negligibie radio- 
activity in the clamped segments (Fig. 
In ) .  

Either of two reactions followed 
clamping: (i) a sudden arteriolar spasm 


