
Pi equivalent to  the added PPi does not 
support the growth of the three species 
of Desulfotomaculum. For  optimal 
growth on PPi, acetate, yeast extract, 
and sulfate are required; acetate and 
yeast extract probably meet the needs of 
Desulfotomaculum for cell carbon (3, 
and sulfate provides this microorganism 
with an electron sink with which to ad- 
just the oxidation level of the supplied 
fixed carbon. The concentration of sul- 
fate was only one-tenth of that in the 
usual lactate-sulfate medium, but the re- 
quirement for acetate was unexpectedly 
high, with little growth occurring below a 
concentration of 0.2 percent. The phys- 
iological basis for this high acetate re- 
quirement has not been investigated, but 
it may involve the bioenergetics of the 
permeation of acetate into the bacteria 
(6) .  The stimulatory effect of PPi on 
growth does not appear to  be due to  the 
facilitation of anaerobic acetate oxida- 
tion (7) by PPi, as  the ratio of the disap- 
pearance of acetate to  the production of 
sulfide was 3 : 14 rather than the expected 
ratio of 1 : 1 .  Similar growth responses to 
PPi, acetate, yeast extract, and sulfate 
were found for the other two species of 
Desulfotomaculum ( D .  ruminis and D. 
orientis), and we conclude that PPi 
serves as  a source of energy for growth 
of these anaerobic sulfate-reducing bac- 
teria. 

The growth response of D ,  ruminis is 
proportional to PPi concentrations up to 
0.04 percent and growth is accompanied 
by the hydrolysis of PPi to Pi (3) .  In the 
absence of growth, there is little hydroly- 
sis of added PPi. Above 0.05 percent PPi, 
there appears to be inhibition of growth 
that may be due to alkaluation of the 
medium (pH 8.5). This aspect of growth 
has not been investigated further; how- 
ever, similar results were obtained with 
D ,  nigriJicans and D. orientis. 

It was of interest to determine whether 
the enzymatic complement of cells 
grown on the PPi medium differed signifi- 
cantly from that of cells grown on the 
lactate-sulfate medium. The specific ac- 
tivities of various enzymes found in PPi 
and in cells of D.  orientis grown on 
lactate-sulfate medium are shown in Ta- 
ble 2. The reductases of respiratory sul- 
fate reduction-APS reductase (8 ) ,  thio- 
sulfate reductase (9 ) ,  bisulfite reductase 
( lo ) ,  and ATP-sulfurylase (1 1)-have 
about the same levels of activity in each 
cell preparation. Fumarate reductase (9 )  
is absent in both preparations, and nitrite 
reductase (12) ,  formate dehydrogenase 
(9 ) ,  PPi: acetate kinase ( 3 ) ,  pyrophospha- 
tase (3 ) ,  and pyruvate dehydrogenase (9) 
are present a t  similar specific activities. 
The reason for the sign-ficantly higher 
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hydrogenase activity in cells grown on 
PPi medium is not known, but it may be 
due to difficulties with the assay proce- 
dure. These observations (also con- 
firmed for D ,  ruminis and D. nigriJicans) 
indicate that the bacteria growing on PPi 
and lactate-sulfate media exhibit no ba- 
sic changes in their enzymatic patterns, 
as has been reported for Desulfovibrio 
vulgaris when grown on different media 
(13). 

There is no a priori reason to believe 
that the utilization of PPi as  a source of 
energy for growth is limited to the genus 
Desulfotomaculum. We have, therefore, 
obtained mud samples from a salt water 
spartina marsh and used them to inocu- 
late the basal medium supplemented 
with 2.5 percent NaC1, with and without 
PPi, under aerobic and anaerobic condi- 
tions. Within 24 hours at  37°C only the 
anaerobic enrichments containing PPi 
showed extensive microbial growth and 
contained an unexpected number of mor- 
phological types of microorganisms that 
persisted through as  many as  five serial 
transfers. Similar results have been ob- 
tained with PPi enrichments from fresh- 
water anaerobic environments (14). The 
observed morphotypes were both Gram- 
negative and Gram-positive and included 
motile and nonmotile rods of different 
sizes, with and without spores, and large 
and small vibrios and cocci. The diversi- 
ty of cell types strongly suggests that PPi 
respiration is not restricted to Desulfoto- 
maculum, which are characterized as  
spore-forming rods. Five new genera of 
sulfate-reducing bacteria have recently 
been described by Widdel (15), and the 
diversity of bacterial types found in 
these enrichment cultures may be due to 
growth of these new microorganisms on 

PPi; however, some initial isolates from 
these enrichments do not appear to be 
sulfate-reducing bacteria. We have been 
unable to find any reports on the exis- 
tence of PPi in marine environments, but 
the formation of polyphosphates is com- 
mon in bacteria (16) and might supply 
PPi for the growth of the sulfate-reducing 
and possibly other bacteria. 
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N-P-Alanyldopamine: Major Role in Insect Cuticle Tanning 

Abstract. N-P-Alanyldopamine is the major tyrosine metabolite in the hemolymph 
and cuticle during pupal tanning in the tobacco hornworm, Manduca sexta L. Its 
concentration in hemolymph increases over 800-fold above larval levels by the start 
of tanning and decreases as the pupal cuticle darkens and hardens. It is a major 
catechol in species representing several insect orders and is the preferred substrate 
for pupal cuticular o-diphenol oxidase. In insects, N-P-alanyldopamine appears to 
be the main precursor for tanning chemicals at certain developmental stages. 

N-Acetyldopamine has been consid- 
ered the principal catecholamine metab- 
olite in sclerotization or tanning of insect 
cuticle (1 ) .  We now report that N-P- 
alanyldopamine ( N B A D )  is the major 
catecholamine metabolite in hemolymph 
and cuticle during tanning of pupal cuti- 
cle in the tobacco hornworm, Manduca 
sexta, and that N-acetyldopamine is a 
relatively minor component. 

Hemolymph was extracted from M. 
sexta, and the catechols were analyzed 
by liquid chromatography with electro- 
chemical detection (LCEC) (2) .  The ma- 
jor oxidizable substance in hemolymph 
extracts from pharate or newly ecdysed 
pupae was an unknown compound with a 
longer retention time than dopa, dopa- 
mine, or N-acetyldopamine (compound 
V in Fig. 1). Labeled compound V was 
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Table I .  Tyrosine metabolite concentrations in hemolymph of Manduca sexta during pupal development. Data are the means of three to four 
insects -t standard error. The percentage conjugated is shown in parentheses. 

-- 

Tyrosine metabolite concentration (pM) 

Stage* 
Dopa Dopamine N-Acetyl- 

dopamine 
N-p-Alanyl- 

dopamine 

Wandering larva 
Ileart exposed 2.8 + 0.4 (43) 

Phiirate pupa 
Ocellar retraction 9.5 * 1.0 (33) 
Tanned patches 31.5 * 12.4 (17) 

Pupa 
Newly ecdysed 25.6 * 8.1 (16) 
1 hour 32.8 * 4.4 (14) 
6 hours 28.7 * 5.6 (20) 
24 hours 34.2 * 9.1 (18) 
48 hours 33.5 * 5.9 (20) 

*See (12) for descript~on o f  developmental events. 

isolated after wandering larvae or phar- 
ate pupae were injected with [u-I4C]ty- 
rosine (50 yCi). The metabolite showed 
an ultraviolet absorption spectrum at  p H  
3 identical to that of dopamine (maxi- 
mum wavelength, 278 nm). Products re- 
sulting from hydrolysis with HC1 were 
dopamine and p-alanine, as  indicated by 
LCEC and by an amino acid analyzer, 
respectively (3). When the hydrolyzate 
was silylated and analyzed by gas-liquid 
chromatography, two peaks with reten- 
tion times identical to those of p-alanine 
and dopamine were observed (4). Syn- 
thetic NBAD, when subjected to  LCEC 
and ultraviolet spectroscopy, exhibited a 
retention time and absorption spectrum 
identical to those of the unknown metab- 
olite (5). This evidence demonstrated 
that the major catechol metabolite of 
tyrosine during pupal tanning of M.  sexta 
was NBAD. 

AT-P-Alanyldopamine was present a t  
low concentrations in hemolymph of 
lasr-stadium larvae of M ,  sexra during 
the feeding and wandering phases. High- 
er levels occurred in early pharate pupae 
and peaked with an increase of about 
800-fold shortly before pupal ecdysis 
(Table 1). During the accumulation of 
NBAD in pharate pupae, much of the 
substance was present as  a conjugate, 
probably as a P-glucoside. Mild acid 
hydrolysis of extracts (1.2N HC1 for 10 
minutes at  100°C) resulted in a large 
increase in NBAD, as did incubation 
with P-glucosidase (Sigma) (acetate buff- 
er, p H  5.6, for 1 hour at 37°C). We have 
also found that tyrosine is conjugated 
with glucose in this species ( 2 ) ,  and this 
modification may protect phenol and di- 
phenol substituents from oxidative en- 
zymes until tanning is initiated (1). Dopa- 
mine was the second most abundant cat- 
echol, while N-acetyldopamine and dopa 
were present at relatively low concentra- 
tions. Throughout the first hour after 
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ecdysis NBAD remained at  high levels in 
hemolymph; then, as  the cuticle tanned 
over the next 24 to 48 hours, NBAD 
levels, and the percentage conjugated, 
declined (Table 1). 

N-P-Alanyldopamine was also the ma- 
jor catechol in cuticle from tanning pu- 
pae. Scraped abdominal tergites from 3- 
hour pupae contained 145 nmolelg, 
whereas wing cuticle had 35 nmolelg. N o  
N-acetyldopamine was detected in either 
extract. These data suggested that at 
least a portion of the large pool of NBAD 

Fig. I .  (A) LCEC chromatogram of catechol 
standards. Internal standard, 30 ng; other 
catechols, 60 ng. I, dopa; 11, 3,4-dihydroxy- 
benzylamine (internal standard); III, dopa- 
mine; IV ,  N-acetyldopamine; V ,  N-p-alanyl- 
dopamine. (B) LCEC chromatogram of an 
unhydrolyzed extract of hemolymph from a 
newly ecdysed pupa of Manduca sexta. Liq- 
uid chromatography buffer was 5 percent 
methanol and 95 percent 0.1 mM potassium 
phosphate monobasic @H 3), 0.2 mM sodium 
octyl sulfate, and 0.1 mM sodium EDTA. 
Flow rate of 1 rnllmin at ambient temperature 
through a reverse phase octadecylsilane 5-pm 
spherical particle 25-cm column [Bioanalyti- 
cal Systems LC 304 and electrochemical de- 
tector LC 4A (10.72 V)]. 

in hemolymph is transported to  cuticle, 
where it probably serves as the primary 
precursor for sclerotizing compounds. 

In contrast, N-acetyldopamine was 
the primary catecholamine in hemo- 
lymph from newly ecdysed fifth-stadium 
larvae (708 FM); dopamine and NBAD 
were less abundant (172 and 140 yM, 
respectively). N-Acetyldopamine was 
also the predominant catechol in hemo- 
lymph of pharate adults close to ecdysis 
(2800 yM), whereas NBAD was a minor 
constituent (20 yM). Larval and adult 
cuticle of M.  sexta may be sclerotized by 
compounds derived from N-acetyldopa- 
mine and pupal cuticle by metabolites of 
NBAD. 

We used LCEC to survey seven other 
insect species from four different orders 
for the occurrence of NBAD (6). In all 
cases, NBAD was either the predomi- 
nant catechol or a major component dur- 
ing tanning of pupal, puparial, or adult 
cuticles that formed brown sclerotins. 

Phenoloxidases are enzymes that cata- 
lyze the formation of cross-linking 
agents for cuticle sclerotization (1). A 
phenol oxidase from blow fly cuticle has 
been reported to  oxidize synthetic 
NBAD faster than it oxidizes N-acetyl- 
dopamine (7). We found a similar en- 
zyme in pharate pupal integument of M.  
sexta (8). The relative turnover numbers 
(the ratio of the maximum velocity to the 
Michaelis constant) for NBAD, N-ace- 
tyldopamine, and dopamine were 0.87, 
0.54, and 0.11 per minute, respectively. 
Thus NBAD was the preferred substrate 
for the hornworm enzyme also. 

Our study demonstrates that NBAD is 
a naturally occurring metabolite in in- 
sects, p-Alanine, which has been isolat- 
ed from the cuticles of many insect spe- 
cies, had previously been associated 
with the formation of brown cuticles (I). 
Its uptake and use during puparial tan- 
ning of Diptera apparently depends on 
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adults. I t s  occurrence as a major cate- 
cholamine metabolite in several insect 
orders suggests that conjugation of dopa- 
mine with 8-alanine may be as  important Size Analysis of Phospholipid Vesicle Preparations 
as acetylation for sclerotization process- 
es in insects. The type of cuticle formed Abstract. Gel exclusion chromatography based on the use of Sephacryl S-1000 
and its coloration, however, may depend provides a quick and convenient method for determining the average diameter of 
on which form of dopamine is produced. phospholipid vesicles and an approximate nzeasure of size heterogeneity. 

THEODORE L. HOPKINS 
THOMAS D. MORGAN Recently, Kirkland et al. (I)  pointed Piscataway, New Jersey) the size analy- 

YOICHI ASO out the inconvenience associated with sis has been extended to a diameter of 
Department of Entomology, Kansas the use of electron microscopy for rou- about 300 nm. Much current research 
State University, Manhattan 66506 tine size analysis of phospholipid vesicle focuses on single-walled vesicles, which 

KARL J. KRAMER dispersions and demonstrated the appli- generally have diameters below this lim- 
U.S .  Grain Marketing Research cability of the technique of sedimenta- it. For many practical projects, such as  
Laboratory, Agricctltural Research tion field flow fractionation to this prob- the use of phospholipid vesicles for drug 
Service, Department of Agriculture, lem. Since this is a separation method, it delivery, it is necessary to have a reason- 
Manhattan 66502, and Department of can be used not only for analytical pur- ably accurate measure of average vesicle 
Biochemistry, Kansas State University poses but also for the preparation of size but only a semiquantitative measure 

nearly homogeneous fractions from ini- of polydispersity (1). Gel chromatogra- 
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