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TEGTMEYER, K AND D RITTSCHOF Synthettc pepnde analogs to barnacle settlement pheromone PEPTIDES 9(6) 
1403-1406, 1988 --Barnacle pheromone enhances the rate of settlement and metamorphosis of larvae ofBalanus amphurtte 
Darwin Analogs to the heterogeneous pheromone pept~des were sought Settlement assays were used to assess both the 
pheromone and the potential analogs The pheromone has a lower threshold of actlvtty at a concentration of 0 2/zg BSA 
protein eqmvalence 1-1 Treatment w~th carboxypeptldase ehmlnates b~olog~cal act~wty Series of dtpept~des were tested to 
determine ff d~peptldes could promote settlement Combinations of acidic, neutral, and basic amino acids m dlpeplades 
were examined Specific small peptides can mimic barnacle pheromone Only peptldes with a basic carboxy-termlnal amino 
acid and e~ther a neutral or a basic amino-terminal amino aod enhance settlement S~x pept~des were shown to mimic 
pheromone actw~ty at concentrations comparable to the native molecule Some pepUdes were more potent than others The 
most effective peptldes were L-leucyl-L-argmme and L-hlstldyi-L-lyslne which had a lower threshold of settlement 
enhancement of 2 0x 10 -1° M and caused a 130% increase m settlement rate at 2 0x 10 -s M Glycyl-glycyl-L-argmme, 
glycyl-L-hlsUdyl-L-lyslne, L-leucyl-glycyl-L-argmme and L-tyrosyl-L-argmme had thresholds between 2.0× 10 -s M and 
2 0x 10 -~ M Pept~de pheromone analogs should be useful in determining the nature and mechanism of barnacle pheromone 
receptor interactions 

Metamorphosis Pheromone Barnacle Crustacean Peptldes Fouhng 

IT has long been recogmzed that the presence of con- 
specifics enhances the recrmtment and settlement of new 
barnacles (5). Kmght-Jones and Crisp (2) hypothesized that 
the reason for the aggregatton of barnacles was due to chem- 
ical commumcat~on between the settled adult barnacles and 
the swimming larvae. More recently, pheromones responsi- 
ble for aggregation have been discovered (9). Glycoprotems 
extracted from adult barnacle tissue (6,7), enhance the set- 
tlement of cypnds Compounds extracted from barnacles 
were found to be effective m terms of increasing cypnd set- 
tlement on a mg/l level. Barnacle settlement pheromone is a 
3000 to 5000 dalton peptlde that is released from living 
Balanus and Is effectwe at/zg/l concentrations (9) 

Short-chained peptldes have been shown to ehclt re- 
sponses in numerous different biological systems (3, 14, 16). 
Biological activity has specific compositional reqmrements 
Two b~olog~cal systems m particular have shown absolute 
requirements for basic amino acids at the carboxy terminal 
The C3a human anaphalaxln response has been shown to 
have an absolute reqmrement for L-arglmne at the carboxy 
termmus (3), whde the crab pumping system has been found 
to reqmre either L-lysme or L-argmlne at the carboxy ter- 
minus (3) In the latter system, L-argmme carboxy-termlnal 
peptldes are at least 1,000-fold more potent than L-lysme 
carboxy-ternunal peptldes Fragmentary information on the 
chemical nature of barnacle settlement pheromone (the 
pheromone also attracts predatory snmls) suggests that ~t 
may also have a requurement for a basle carboxy ternunus (11). 

~Requests for repnnts should be addressed to Dan Rittschof 

This study was performed to determine ff small synthetic 
peptldes could mimic the native barnacle settlement 
pheromone We report that pept~des w~th composlttonal re- 
strictions s~mllar to those of the C3a system pepUde and crab 
pumping pheromone pept~des mimic the actlvtty of the bar- 
nacle settlement pheromone. 

METHOD 

Adult Balanus amphttrtte (Darwin) barnacles were col- 
lected from pdmgs on Radio Island, NC Brooded nauplN 
were released by crushing the adults in sea water Naupln 
were cultured to the settlement stage m 4 days (I0). Upon 
transformation to the settlement stage, cypnd larvae were 
separated from untransformed naupln and used Immediately 
m biological assays. 

Test solutions were made m 30--35 ppt sea water (identical 
m sahmty to culture water) filtered to remove all particles 
greater than 100,000 daltons. The solutions were made ~m- 
mediately before use Carboxypeptldase A (10 BAEE units 
Sigma-C0261, 1000 units per ml) was added to 10/~1 concen- 
trated barnacle pheromone and dduted to 200/zl total volume 
with boiled 100,000 dalton f'dtered sea water. Controls in- 
cluded pheromone alone and carboxypeptldase alone Sam- 
ples were incubated at 37°C for 2 hours. After mcubaUon, 10 
/zl allquots were removed and dduted with 100,000 dalton 
filtered sea water to a final concentration of 20 /~g 
pheromone BSA eqmvalence per 1, and run m the settlement 
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TABLE 1 

RESPONSE THRESHOLDS AND TEST RANGES FOR DIPEPTIDES OF 
VARYING COMPOSITIONS TESTED IN SETTLEMENT ASSAY FOR 

ABILITY TO ENHANCE SETTLEMENT OF DAY 0 CYPRIDS 

Range of 
Peptlde Range Tested Response 

Neutral-Basic 2 0x 10 -8 to 2 0× 10 -5 to 
L-leucyl-L-argmme 2 0× 10 -12 M 2 0× 10 -~° M 

Bamc-Baslc 2 0× 10 -8 to 2 0× 10 -~ to 
L-hlstidyl-L-lysme 2 0x 10 -.2 M 2 0× 10 -1° M 

Acid-Basic 2 0x 10 -s to No Response 
L-glutamyl-L-lysme 2 0× 10 -12 M 

Basic-Neutral 2 0× 10 -5 to No Response 
L-lysyl-glycme 2 0× 10 -12 M 

Acid-Neutral 2 0× 10 -8 to No Response 
L-glutamyl-glycme 2 0× 10 -~2 M 

Neutral-Neutral 2 0× 10 -a to No Response 
glycyl-L-senne 2 O× 10 -~2 M 

Basic-Acid 2.0x 10 -~ to No Response 
L-argmyl-L-glutamlc acid 20x 10 -~ M 

Neutral-Acid 20x 10 -~ to No Response 
glycyl-L-aspartlc acid 20× 10 -.2 M 

Acid-Acid 20× 10 -~ to No Response 
L-glutamyl-L-glutamlc acid 20× 10 -~2 M 

assay Test peptides were obtained from Sigma Chemical 
Company or were gifts from a collaborative effort on crab 
pheromones revolving R. B. Forward and B Enckson.  Pep- 
tides represented all combinations of neutral, basic and 
acidic amino acids at the amino and carboxy termini, both 
dl-and tripeptides were used. Purity of peptades were mom- 
tored by TLC and HPLC (3) A partially purified pheromone 
solution was isolated from the sea water surrounding adult 
barnacles and was a gift of Robert G. Shepherd 

Settlement assays (9) measured the relative percent set- 
tlement of cypnds Assay solutions were made up m duph- 
cate in 5 cm polystyrene petri dishes, from 10 -s to 10 -t~ M 
concentratmn range. Thirty to 150 cyprids were added to 
each dish. The dishes were incubated for 22 hours at 28°C on 
a 15:9 LD cycle After incubation several drops of 10% for- 
malin was added to kill the barnacles in the dish. Each dish 
was counted, keeping separate tally of settled and not-settled 
cypnds.  Frequency analysis (13) and proportions test (15) 
were used to compare responses. 

RESULTS 

Partaally purified barnacle pheromone ehctts a significant 
response in the settlement assay. The dose-response curve is 
biphasic over a range of 3 orders of magmtude The lower 
threshold of response occurred at 0.2 /~g BSA 
protein equivalence 1 -~. Peak responses were at 10/zg.1-1. 
Concentrations above 100/~g.l -~ showed no enhancement of 
settlement activity. Assuming a molecular weight of 3-4 kD 
the lower threshold and peak response were 10 -t° M and 10 -e 
M respectively. Significant responses, by frequency analysis 

TABLE 2 
TEST AND RESPONSE RANGES FOR PEPTIDES THAT 

SHOWED SIGNIFICANT SETTLEMENT ENHANCEMENT IN 
SETTLEMENT ASSAY WITH DAY 0 CYPRIDS 

Range of 
Peptlde Range Tested Response 

L-leucyl--glycyl-L-argmlne 

L-tyrosyl-L-arglnme 

glycyl-glycyl-L-argonme 

glycyl-L-hlsndyl-L-lysme 

L-Mstldyl-L-lysme 

2 0×10-~ to 20×10-s to 
2 0x10-12 M 2 0×10-10 M 

20x10 Sto 2 0xl0-~ M 
2 0x i0 -I2 M 

2 0×10-s to 2 0xl0-5 to 
2 0×10-J2 M 2 0×19-a M 

l 6 × 1 0  -~ to  1 6 × 1 0  -" to 
1 6 × 1 0  -12 M 1 6 × 1 0  -u M 

20×10 -M to 20xlO s to 
20xlO 12 M 20×10-"1M 

(G>3.84, p<0.05), were at least 20% greater than control 
responses. 

The ~mportance of the carboxy terminus of native 
pheromone was determined by incubating pheromone w~th 
carboxy peptidase. Treatments containing carboxypeptadase 
A incubated pheromone settled at negative control levels 
(3% settlement g<0.3, p>0.05) and were significantly less 
than the positive pheromone control (23% settlement) 
G(I)= 10 584, p < 0  01, just  two hours 

Settlement assays were also used to determine If dipep- 
tide analogs could mimic the activity of barnacle settlement 
pheromone. A series ofdipeptides was tested in the settlement 
at assay concentrations from 2.0× 10 -8 M to 2 0x I0 -lz M 
These concentrations bracket the lower range of active na- 
twe pheromone concentrations The dipeptide series in- 
cludes all possible combinations of acidic, neutral, and basic 
carboxy and ammo terminal amino acids. Peptides with a 
basic carboxy-terminal amano acid and either a neutral or a 
basic amino-terminal amino acid elicited a significant re- 
sponse from 10 -s M to 10 -1° M. L-leucyl-L-arginme, a 
neutral-basra dipeptide, and L-hlst~dyl-L-lysme, a basic- 
basic dipeptade, both had threshold concentrations of 
2 0x 10 -20 M (Table 1). Additional peptides were tested in the 
settlement assay, including: two more neutral-basic dipep- 
tides, one more basic-basic dipeptlde, two neutral-neutral- 
basic tripepUde, and one neutral-basic-basic tripeptide. 

All neutral-basic and basic-basic pepttdes tested have 
been found to elicit a significant response in the settlement 
assay. They are all effective at a concentration of 2.0x 10 -s 
M Two of the peptldes, glycyl-glycyl-arginine and glycyl- 
L-lusladyl-L-lysme, have lower thresholds of 2 0x 10 ̀-9 M. 
L-hystidyl-L-lysine and L-leucyl-glycyl-L-argmme have 
thresholds of 2.0x 10 -1° M (Table 2). Settlement seems to he 
linearly related to concentration for approximately 4 orders 
of magnitude of concentrations (Fig. 1). However, peptides 
including L-tyrosyl-L-artjinine which have been tested at 
concentrations as high as 10 -6 M show a biphasic dose- 
response curve with inhibition of settlement at high concen- 
trations. The effective range of individual dipeptides is ap- 
proximately 3 orders of magnitude of concentration. 
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(log (M)) Concenfrat~on of Pept~de 
DduUon series data of the induction of metamorphosis in 

larval barnacles of L-hlsUdyl-L-lyslne Plotted is the percent m- 
crease over control (y axis) versus the log molar concentration of the 
settlement pheromone mimetic peptlde in solution Concentrations 
of peptlde greater than or equal to 10 -1° M showed significant re- 
sponse at the p<0 01 level 

Among the peptldes tested L-leucyl-glycyl-L-arglnlne and 
L-histidyl-L-lyslne showed the strongest response m the 
settlement assay Peak response in the range tested was at 
2.0x 10 -8 M, with a response 140% greater than control. 
L-histidyi-L-lysine was significantly active g>6 6, p<0.01 
between 2 0x 10 -9 M and 2.0× 10 -l° M (Fig 1) 

DISCUSSION 

A number of factors including cypnd age, flow, texture, 
and pheromones influence the rate of settlement and 
metamorphosis of cyprlds (2). Barnacle settlement 
pheromone is released by juvenile and adult barnacles (9) 
The pheromone enhances the rate of settlement and meta- 
morphosis of young cyprlds As the cyprlds age in the lab- 
oratory their settlement rates approach levels at which the 
pheromone causes little change in settlement (11). 

Specific di- and trlpeptldes can mimic the effect of barna- 
cle settlement pheromone. Peptides with basic carboxy- 
terminal amino acids and either a neutral or a basic amino- 
terminal amino acid promote barnacle settlement and 
metamorphosis. Peptides with histidine, lyslne and arglnine 
carboxy termini increased settlement rates. Other combina- 
tions of neutral, acidic, and basic carboxy- and amino- 
terminal amino acids failed to enhance settlement. Native 
barnacle pheromones are thought to be a heterogeneous 

group of 3000 to 5000 dalton peptldes (9). Similarly, 
heterogeneity is observed with native leukocyte attractants 
of bacterial origin (12). However, it is possible that the 
molecule or molecules m the pheromone preparation that are 
ultimately responsible for the native pheromone activity are 
short peptides camed along with the larger peptides. There 
is precedence for such an occurrence with molecules that 
induce metamorphosis o f H a h o t t s  r u f e s c e n s  larva (8). Thus, 
the 3000 to 5000 dalton molecule could be 1) a carrier 
molecule, 2) native molecule whose information content IS 
sequestered in the carboxy terminal residues. In nature, the 
rest of the molecule may have additional functions such as 
adhesion to surfaces or may also contain the information that 
alters larval behavior (9) 

The C3a anaphylaxm response of the human complement 
system can be mimicked by pentapeptides with an absolute 
requirement for arglnine at the carboxy terminal (14). Crab 
larval release behavior is stimulated by dl- and tnpeptides 
and has an absolute requirement for a basic amino acid at the 
carboxy terminal (arginme > lyslne) and a neutral amino 
acids in the other positions of active peptide. Potency can be 
altered 12000-fold by choice of amino acid constituents (7). 
Carboxypeptldase studies were performed to assess the Im- 
portance of the carboxy terminal in the activity of the bar- 
nacle pheromone Carboxypeptidase A, which cleaves at the 
amino end of lysme and arglnine carboxy terminal residues, 
was chosen because of the dependence of the aforemen- 
tioned studies on basic carboxy termini Carboxypeptidase 
was shown to eliminate pheromone activity Barnacle set- 
tlement pheromone analogs have less stringent requirements 
than the anaphlaxin or carb larval release system Analogs to 
barnacle settlement pheromone have the same requirement 
for a basic carboxy-terminal amino acid, but the amino ter- 
minus can be either a neutral or a basic amino acid 

The presence of conspeclfiCS is known to enhance settle- 
ment and metamorphosis in many benthic invertebrates 
Several of these phenomena have been shown to be caused 
by chemical cues. For their sheer diversity and specificity 
proteins and polypeptides are thought to comprise a large 
number of communication molecules Polypeptldes are 
identified as pheromones in sand dollars (1) and as settle- 
ment cues for abalone (8) and oyster larvae (4) Evolution of 
peptide cues may have been facilitated by the preexistence 
of specific high information hydrolysis products due to the 
action of site specLfiC proteases such as senne proteases 
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