
suit. Thus the molecular or ion clusters 
or pseudo-embryos that agglomerate to 
produce active condensation nuclei 
seem to be always present in pollution- 
free air. Since turpentine and iodine 
are used commercially to polymerize 
resins, it is likely that their vapors 
serve in a similar manner to produce 
condensation nuclei. 

I first encountered this phenomenon 
while studying the reaction of iodine 
(3) with lead particles in the exhaust 
of internal combustion engines, such as 
the automobile, when powered with 
leaded gasoline. After catching a sam- 
ple of air at our field station in Arizona 
and checking it for lead content in a 
supercooled cloud at -20?C by react- 
ing it with iodine vapor, I found that it 
had only about one ice nucleus per 
cubic centimeter (which was one to 
two orders of magnitude lower than 
usual); I then noticed that a dense 
supercooled cloud had formed. This 
was very unusual since, when the con- 
centration of lead particles is even as 
high as 100 per cubic centimeter, such 
as is commonly found in eastern New 
York, the concentration of cloud-form- 
ing nuclei is rarely more than 1000 or 
2000 per cubic centimeter. With the ef- 
fect observed in Arizona I found the 
cloud nucleus concentration to be in 
excess of 30,000. 

Since this discovery, I have checked 
this effect hundreds of times and find it 
to be an extremely common reaction. 
In fact, only in heavily polluted air or 
in extremely pure air is it absent. It is 
likely that in polluted air the clusters 
or pseudo-embryos that cause this re- 
action have become adsorbed on the 
Aitken nuclei, which in polluted air 
generally have concentrations of 50,000 
per cubic cen,timeter or more. 

I have attempted to duplicate the 
effect observed by injecting various 
types of pure gases into filtered air. 
Such gases as CO2, H2S, NO, N20, 
NH3, SO2, CO and C12 have been tried 
without success. The only gas that 
seems to have an effect is NO2. Be- 
cause of the current interest in gas-to- 
particle conversion reactions and ion 
reactions, I believe that this interesting 
phenomenon should be brought to the 
.attention of the scientific community 
without further delay (4). It might be 
directly related to a basic and world- 
wide source of Aitken nuclei. 
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Thus far, I have not had adequate 
opportunity to determine if this phe- 
nomenon can have an important effect 
in the free atmosphere. Experiments to 
date indicate the necessity of exposing 
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the air sample for a few seconds to sat- 
urated vapor of iodine or turpentine 
with a temperature of +10? to +20?C. 

There is a good chance that this re- 
action may be a useful way to measure 
the degree of cleanliness of the air (as 
many as 90,000 cloud nuclei per cubic 
centimeter have been found in very 
clean air on a mountaintop). Con- 
versely, absence of the effect may de- 
note a particularly potent type of air 
pollution. A better understanding of this 
phenomenon may help to elucidate 
some of the puzzling features of gas-to-, 
particle conversion reactions recently 
summarized by Mohnen and Lodge (5). 
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It has been suggested that many of 
the physiological properties of serotonin 
(1) might be related to the exceptional 
electron donor capabilities of the hy- 
droxyindole moiety and the resultant 
propensity to form donor-acceptor 
(charge-transfer) complexes with bio- 
logical electron acceptors (2). In sup- 
port of this possibility, it has been 
found that, in vitro, serotonin forms 
donor-acceptor complexes with various 
electron acceptors, including flavin and 
nicotinamide derivatives (3). We re- 
port here the crystal structure of sero- 
tonin picrate monohydrate (Fig. 1), 
which provides structural information 
about the specific molecular interactions 
that lead to the formation of a sero- 
tonin donor-acceptor complex. 

Red crystals of serotonin picrate 
monohydrate were obtained by slowly 
cooling a hot aqueous solution contain- 
ing approximately equimolar amounts 
of picric acid and serotonin creatinine 
sulfate. The crystal structure of the 
complex was determined by single crys- 
tal x-ray diffraction methods (4). 

An outstanding feature of the crystal 
structure is the vertical stacking associ- 
ation of the approximately parallel pic- 
rate and hydroxyindole planes. These 
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planes are stacked in an alternating pat- 
tern, forming continuous columns run- 
ning parallel to the b crystallographic 
axis. Within these columns adjacent pic- 
rate and hydroxyindole planes form a 
dihedral angle of about 6? and are 
separated by an average interplanar 
spacing of 3.3 to 3.4 A. As verified by 
the determination of hydrogen atom 
positions, serotonin picrate consists of 
picrate anions and serotonin cations, 
with the formal positive charge con- 
fined to the ethylamino group of sero- 
tonin; thus the stacking interactions in- 
volve association of negatively charged 
picrate ions and uncharged hydroxy- 
indole moieties. Figure 2 shows the two 
types of stacking patterns in the crystal 
structure, along with the shortest inter- 
atomic distances between adjacent 
planes. Although no distances are sig- 
nificantly shorter than the sums of the 
van der Waals radii of the atoms in- 
volved, it is noteworthy that several 
intimate contacts are formed. 

In addition to the hydroxyindole- 
picrate stacking interactions, the crystal 
structure is stabilized by a hydrogen- 
bonding scheme which utilizes all of 
the hydrogen atoms covalently bonded 
to nitrogen or oxygen atoms. One hy- 
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Crystal Structure of Serotonin Picrate, 
a Donor-Acceptor Complex 

Abstract. The crystal structure of the red picric acid salt of serotonin was deter- 
mined by x-ray diffraction methods. The structure consists of parallel hydroxy- 
indole and picrate planes which are intimately stacked with an interplanar separa- 
tion of 3.3 to 3.4 angstroms. The stacking interaction appears to be of the 
donor-acceptor (charge-transfer) type, involving specific contacts between picrate 
nitro groups and atoms of the hydroxyindole moieties. Similar interactions might 
mediate biological processes involving serotonin. 
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drogen bond (from the protonated 
ethylamino group of sero,tonin to a 
nitro oxygen atom of the picrate ion) 
occurs between adjacent serotonin and 
picrate ions within the stacked columns. 
The remaining hydrogen bonds con- 
nect the columns and join the water 
molecules to the picrate and serotonin 
ions. 

The hydroxyindole-picrate stacking 
interactions (Fig. 2) appear to be of 
the donor-acceptor type (5-7). A 
donor-acceptor complex receives con- 
tributions from a resonance structure 
arising from the transfer of an electron 
from the donor group (the hydroxy- 
indole moiety) to the acceptor group 
(the picrate anion) (6). Since sero- 
tonin is a good electron donor (3) and 
picric acid a good electron acceptor 
(8), it is not surprising that these com- 
pounds would combine to form a 
donor-acceptor complex. The red color 
of the serotonin picrate crystals is char- 
acteristic of donor-acceptor complexes 
which picric acid forms with various 
aromatic electron donors (8), and ap- 
pears to be attributable to charge-trans- 
fer absorption bands. The arrangement 
of picrate and hydroxyindole planes in 
stacked arrays is similar to the pattern 
of interaction between donor and ac- 
ceptor molecules found in the crystal 
structures of other aromatic donor- 
acceptor complexes (7, 9). 

There are no accurate determinations 
of serotonin structures with which to 
compare our results, but the bond 
lengths and angles within the picrate 
ion agree with those found in the crystal 
structures of the ammonium and potas- 
sium salts of picric acid (10). There- 
fore, since charge-transfer is expected 
to affect the bond lengths and angles 
within the picrate anion [chapter 5 in 
(6)], it is possible that the charge-transfer 
resonance form makes only minor con- 
tributions to the ground state structure. 
This possibility is supported by several 
studies which indicate that the ground 
state stabilities of aromatic donor-ac- 
ceptor complexes may be due largely to' 
factors other than the contributions of 
the charge-transfer state (6, p. 301; 7, 
9, 11). However, regardless of the fac- 
tors governing the hydroxyindole-pic- 
rate stacking interactions, it is significant 
that the observed geometry is such that 
charge-transfer electronic transitions 
apparently can occur and impart color 
to the crystals. 

Similar to the ring-ring interactions 
found in other crystalline donor-ac- 
ceptor complexes (9), the stacking of 
hydroxyindole and picrate moieties is 
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Fig. 1. Structural formula of serotonin picrate monohydrate. 

accompanied by short, vertical contacts 
between specific pairs of atoms. The 
stacking pattern does not involve exten- 
sive ring overlap, but does permit in- 
teractions of the picrate ions with sev- 
eral sites of the hydroxyindole moieties 
(Fig. 2). In particular, the picrate nitro 
groups participate in the majority of 
the close contacts shown in Fig. 2. The 
crystal structure of serotonin picrate is 
thus consistent with the hypothesis that 
aromatic donor-acceptor complexes of 
picric acid are stabilized by specific as- 
sociation of the polar nitro groups with 
the polarizable pi electron systems of 
the donor molecules (7, 8). 

Several experimental studies have in- 
dicated that donor-acceptor complexes 
of indoles involve interactions of the ac- 
ceptor molecules with specific sites in 
the indole ring, rather than with the pi 
electron system as a whole (12); theo- 
retical considerations have implicated 

atoms C-2 and C-3 of the indole ring as 
the sites which are most likely to be in- 
volved in the formation of donor-ac- 
ceptor complexes (13). A nitro group 
of the picrate ion does interact with this 
region of the indole ring; as seen in 
Fig. 2, a nitro group is sandwiched 
between two indole rings with the nitro 
oxygen atoms forming close contacts 
with atoms C-2 and C-4 of one ring 
(Fig. 2a), and the nitrogen atom form- 
ing a close contact with atom C-3 of 
the other ring (Fig. 2b). A similar sit- 
uation occurs in the crystal structures 
of skatole and indole donor-acceptor 
complexes with trinitrobenzene, where 
a nitro group is sandwiched between 
two indole rings with close contacts 
between the nitrogen atom of the nitro 
group and the C-3 carbon atom of the 
indole rings (14). 

The crystal structure of serotonin 
picrate provides additional evidence 

a b 
Fig. 2. The two types of stacking interactions as viewed perpendicular to the hydroxy- 
indole plane (the numbers represent interatomic distances, in angstroms, between 
stacked planes). (a) Picrate anion above hydroxyindole moiety; (b) hydroxyindole 
moiety above picrate anion. 
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that the hydroxyindole moiety of sero- 
tonin can ,associate strongly with aro- 
matic systems, and that such associa- 
tion is accompanied by specific inter- 
actions of the donor-acceptor type. 
Considering the evidence that serotonin 
also forms donor-acceptor complexes 
with aromatic compounds in solution 
(3), it would not be surprising if inter- 
actions similar to those found here oc- 
cur in biological systems. Associations 
of this type could conceivably mediate 
a number of biological processes. Of 
potential importance are the contribu- 
tions that such interactions might make 
to processes involving charge move- 
ment. It is also likely that related inter- 
actions between serotonin and biologi- 
cal aromatic compounds might lead to 
the formation of stable complexes, like 
those which serotonin apparently forms 
with adenosine triphosphate (15) and 
with certain aromatic coenzymes (3). 

CHARLES E. BUGG 
Institute of Dental Research and 
Laboratory of Molecular Biology, 
University of Alabama, Birmingham 
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Mineralogisches Institut, 
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in vitro (5) and that when macro- 
phages that have been infected with a 
nonreplicating virus in vitro have been 
transferred to mice circulating inter- 
feron can be detected in the recipients 
(6). One interpretation of these data is 
that macrophages have, the capacity to 
produce interferon in vivo and are a 
source of circulating interferon found 
in many viral infections. 

Interferon has not yet fulfilled its 
promise as a practical antiviral sub- 
stance; and in almost all experiments 
reported up to now, interferon treat- 
ment has required the initiation of 
therapy prior to, simultaneously with, 
or immediately after inoculation of the 
virus. I now report my experiments on 
the transfer of interferon-producing 
cells as an approach to therapy of two 
viral infections (Fig. 1). 

Macrophages were harvested from 
donor C3H mice 5 to 7 days after 
inoculation with thioglycolate broth, 
exposed to Chikungunya virus (CV) in 
vitro for 1 hour, washed to remove 
unadsorbed virus, divided into equal 
portions, and inoculated into recipient 
animals. The control groups for these 
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Transfer of Interferon-Producing Macrophages: 
New Approach to Viral Chemotherapy 

Abstract. Mice were protected from infection with Semliki Forest virus and 
encephalomyocarditis virus by the transfer of peritoneal macrophages that were 
stimulated to produce interferon in vitro by exposure to a nonreplicating virus. 
This method of therapy was also utilized in animals infected with encephalomy- 
ocarditis virus after onset of clinical signs. Of these animals 40 percent recovered, 
but only 9 percent of the control group recovered. 
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