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TATE, D. F., L. GALVAN AND G. UNGAR. Isolation and identification of two learning-induced brain peptides. 
PHARMAC. BIOCHEM. BEHAV. 5(4) 441-448 ,  1976. - Goldfish were trained either to avoid the blue compartment of a 
tank and swim into the green compartment or, conversely, to avoid green and prefer blue. Preliminary experiments 
indicated that acquisition of the avoidance behavior was associated with the presence in the brain of two peptides, one 
found in blue avoiding (BA), another in green avoiding (GA) fish. With the help of behavioral bioassays, the peptides were 
isolated and purified, and their structure was determined by ultramicroanalytical techniques. The sequence of the BA 
peptide, pglu-ile-gly-ala-val- phe-pro-leu-lys-tyr-gly-ser-lys-OH was reproduced by synthesis. Sequential analysis of the GA 
peptide gave two alternative structures, NAc-lys-gly-gln-ile-ala-val-phe-pro-leu-lys-tyr-gly-ser-OH or NAc-lys-gly-ala-val-gln- 
ile-phe-pro-lys-tyr-gyl-ser-OH, both of which are being synthetized to be compared with the natural compound. 
Overlapping sequences between the BA and GA peptides suggest the existence of a family of peptides associated with 
behavior based on color discrimination. 

Avoidance Learning Goldfish Peptides Memory Color discrimination Chromodiopsins 

F O R  the last two  decades ,  ev idence  had  been  accumula t i ng  
for a decisive role of  pep t ides  in the  con t ro l  of  behavior .  
H y p o t h a l a m i c  releasing and  re lease- inhib i t ing  h o r m o n e s  
have been  s h o w n  to be involved in i nna t e  b e h a v i o r  
mo t iva t ed  by  organic  drives [ 3 0 ] .  Pep t ide  h o r m o n e s  and 
the i r  der ivat ives  have also been  impl ica ted  in the  storage of  
acqui red  i n f o r m a t i o n  [ 6 ] .  F u r t h e r m o r e ,  f o r m a t i o n  of  
pep t ides  in bra in  has  been  associa ted w i th  the  acquis i t ion  of  
new behav io r  [6,  2 9 - 3 1 ] .  The  s t ruc tu re  of  t w o  of  these  
learn ing- induced  pep t ides  has  been  d e t e r m i n e d  and  re- 
p roduced  by  synthes is  [4, 14, 34 ] .  I so la t ion  of  these  
subs tances  was accompl i shed  u n d e r  the  gu idance  of  the  
cont rovers ia l  behav iora l  b ioassay  m e t h o d  bu t ,  more  
recen t ly ,  t he i r  f o r m a t i o n  in the  b ra in  was c o n f i r m e d  b y  
chemica l  analysis [ 28,33 ]. 

Z ippel  and  Domagk  [38]  showed  t h a t  f ish t ra ined  to 
prefer  green to red (by  be ing  fed in the  green c o m p a r t m e n t  
of a divided t a n k )  develop in the i r  b ra in  a subs tance  t ha t ,  
in jec ted  in to  un t r a ined  fish, induces  p re fe rence  for  the  
green. Ungar  et al. [35]  have modi f i ed  the  e x p e r i m e n t a l  
cond i t ions  and  used electr ic  shock as negat ive  rein- 
f o r c e m e n t  to  t ra in  an imals  to  avoid one  color  and  prefer  
ano the r  color  p resen ted  s imul taneous ly .  The  presen t  paper  
deals wi th  the  pur i f i ca t ion  and  s t ruc tu ra l  analysis  of  two  
pept ides  f o r m e d  in the  b ra in  of  goldf ish  t ra ined  for  
avoidance  behav io r  based on  color  d i sc r imina t ion .  

METHOD 

Animals and Procedures 

Behavioral training. Goldf i sh  (Carassius auratus) 5 to  8 
cm long, ob t a ined  f rom Ozark  Fisheries ,  S tou t l and ,  
Missouri,  were t ra ined  e i ther  to  avoid the  blue com- 
p a r t m e n t  of a t ank  and  swim to the  side l ighted in green or 
to avoid the  green and  take refuge in the  blue [ 3 5 ] .  
S imul t aneous  t ra in ing  of  a large n u m b e r  of  fish was done  in 
16 eight  gal lon plast ic  tanks.  Each  t ank  was provided w i t h  a 
meta l  pa r t i t i on  dividing it in to  two c o m p a r t m e n t s ,  one  
l ighted in b lue  (Eas tman  Kodak  fi l ter  No. 47,  3 7 0 - 5 1 0  
nm) ,  the  o the r  in green (No. 48,  4 8 6 - 6 3 0  nm) .  The  
par t i t ions  left  a c learance of  4.5 cm at the  b o t t o m  of  the  
t ank  to al low the  fish to swim f rom one  side to the  o ther .  
The  c o m p a r t m e n t s  were l ighted f rom the  sides of  the  tanks ,  
the  fi l ters be ing  adjus ted  to provide an o u t p u t  of  equal  
i n t ens i ty  for  the  two colors. The two  ends  of  the  t anks  
were f i t ted  wi th  wire-mesh e lec t rodes  so t h a t  cu r r en t  
f lowed be tween  t h e m  and  the  pa r t i t ion .  F u r t h e r  detai ls  
were given in a previous  pub l i c a t i on  [ 3 5 ] .  

The  t ra in ing  sessions were p r o g r a m m e d  so tha t  blue l ight 
went  on  in one  c o m p a r t m e n t  the  same t ime  as green light 
appeared  on  the  oppos i te  side. The colors  were p resen ted  in 
r a n d o m  order  (Ge l l e rman  sequence) .  Af ter  20 sec of l ight  
p resen ta t ion ,  while the  l ights s t ayed  on,  electr ic  shocks  

~Requests for reprints to be addressed to Dr. G. Ungar, Department of Biochemistry, University of Tennessee Center for the Health 
Sciences, Memphis, TN 38163. 
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(equal polari ty square waves, 2 mA of 50 msec durat ion 
every 2 sec) were turned on for 10 sec on the side of  the 
color to be avoided. Af ter  an intertrial  dark interval of 30 
sec, the cycle started again to reach 15 light and shock 
presentat ions per day. Training was terminated  when 25 
out of the 30 fish contained in one tank made 13 out  of  15 
correct responses, i.e., swam away from the color  to be 
avoided or stayed on the side of  the color to be preferred. 
This criterion was reached in 12 to 14 days. The validity of 
the mass training procedure was ascertained in prel iminary 
experiments  by individual testing of  the animals having 
satisfied the group criterion. The tests showed that  80 to 
90% of the animals gave the correct  responses. Al though 
this may have caused a dilution of  the active material,  mass 
training was the only way to collect  the necessary amount  
of material within ~ realistic period of  time. 

In all, 8,400 fish were trained to avoid the blue and 
prefer the green (BA and 8,300 fish were trained to the 
opposite  behavior (GA). Twenty- four  hours after the 
cri terion was reached, the brains were removed,  placed on 
dry ice and kept  at - 2 0  ° C until  extract ion.  Collect ion of  
the material  took about  18 months.  

Behavioral bioassay. The test used during purif icat ion 
for selecting the fractions containing the active material 
were done under condit ions similar to those of the training. 
There was, however ,  no electric shock applied at any time 
and the fish were tested individually. Each animal received 
five 30 sec presentat ions of blue light and five of  green light 
on the side of  the tank where it happened to be. Avoidance 
response consisted in the fish swimming to the opposi te  
side of the tank during the 30 sec of  light presentat ion.  The 
first test was done before inject ion and, according to its 
results, the fish were divided into groups of  8, each group 
having approximate ly  equal mean avoidances. The brain 
extracts or their  fractions were injected intracranially in 40 
~1 volumes. Control  groups were injected either with 
identically prepared extracts of untrained goldfish brain or, 
in the case of purified fractions,  with the appropriate  
vehicle. All testing was done under  blind condit ions.  

Evaluation of the activity of crude brain extracts was 
done by comparing the mean percent  blue avoidances wi th  
the mean percent  green avoidances and assessing the 
significance of the difference be tween them by means of 
Student 's  t-test. Comparisons be tween recipients of brain 
material from blue-avoiding, green-avoiding and control  
donors were also made by analysis of  variance and Duncan 's  
range test [36] .  During purif icat ion procedures,  the be- 
havioral activity of the various fractions was expressed in 
terms of mean net avoidance (blue avoidance green 
avoidance) over two clays of  testing. Significance of  the 
differences between pre- and post inject ion net avoidances 
was calculated by the method  of  paired comparisons [ 11 ]. 

Chemical procedures. Frozen brains were homogenized 
and part i t ioned by the cold phenol  me thod  [9] .  Since 
previous studies had shown that the active material  was 
complexed with RNA [35] ,  the aqueous  (RNA-containing)  
fraction was dialyzed against 20 volumes of 0.05 M 
ammonium acetate buffer  at pH 3.7 for 48 hours at 4 ° C. 
After  lyophil izat ion,  the dialyzate was passed through a 
refrigerated column (2.4 cm × 88 cm) of  Sephadex G-25 
fine (Pharmacia Fine Chemicals).  Af ter  elution with 
pyridine-acetic acid buffer,  pH 6.5, at a f low rate of 35 
mi/hour ,  the fractions,  redissolved in small volumes of 
distilled water,  were injected into goldfish and tested for 
behavioral activity as described above. 

Fur ther  purif icat ion of  the fractions containing the 
active material  was done by thin-layer chromatography  on 
Polygram cellulose MN-300 plates (Brinkmann Instr.) with 
the fol lowing solvent systems: n-butanol:glacial  acetic 
acid:water;  4: 1:1 (solvent I); amyl a lcohol :pyr id ine :water ;  
35 :35 :30  (solvent II) and n-propanol :30% NH 4 OH; 67:33 
(solvent III). At each separation, the active fract ion was 
determined by bioassays of  the eluates of  the cellulose 
scrapings. A small sample was also sprayed with fluo- 
rescamine (Roche Products).  

The active fractions were then passed through a 
Sephadex G-25 superfine co lumn (0.6 cm × 30 c m ) t o  
remove cellulose and other  contaminants .  The columns 
were eluted with pyridine-acetic acid buffer  at pH 3.9 at a 
flow rate of 3 ml /hour ,  in some cases, the fraction was 
further purified on a Brinkmann FFI  free-flow electro- 
phoresis apparatus,  under the fol lowing condit ions;  se- 
paration buffer,  0.5 N acetic acid, pH 2.4; e lectrode rinse 
buffer,  1.0 N acetic acid; buffer  pump,  6; dosing pump,  24; 
emptying  t ime, 20 min;  port  number ,  4; 2300 V; 5 ° C. The 
procedure yields 48 fractions: glutamic acid elutes in 
fraction 19 and lysine in fract ion 47. Both of the peptides 
under s tudy were found in alkaline fractions. 

Purity of the isolated material  was verified by 
dansylation [10,23] .  A pure peptide,  when fully dan- 
sylated, should have only one dansyl derivative. Further-  
more, if the peptide is hydro lyzed  after dansylation,  it 
should yield only one N-terminal amino acid. Small samples 
of the isolated product  were made to react with 1 ~ la l iquots  
of  a solution of dansyl chloride (d imethylamino-  
naphthalenesulfonyl  chloride (0.1% in acetone)  and 3 ul of 
0.05 M solution of sodium bicarbonate (pH 10) [3, 14, 
21] .  The reaction was run for 3 hours in the dark, after 
which t ime the mixture  was lyophil ized and redissolved, 
usually in 1 ul of  50% pyridine in water. All the steps of  the 
reaction were carried out in 100 mm long and 1.6 mm dia. 
flame sealed capillaries (Kimble).  

The dansyl derivative was submit ted to two dimensional  
thin-layer chromatography on polyamide plates (Gallard- 
Schlesinger) as described by Neuhof f  et al. [21] and 
Burzynski [3,4] .  The following solvent systems were used 
for developing the plates: formic acid:water ,  1.5:100 
(designated as l ° I )  for the first dimension,  and heptane:  
butanol ;  acetic acid, 3:3:1 (2°II)  or benzene:acet ic  acid, 
14:1 (2°III)  for the second dimension. The plates were 
examined and photographed under  short-wave ultraviolet 
light (Mineralight C-81 from Ultra Violet Prod. Inc.). 

Amino  acid analyses were done after acid hydrolysis.  
Samples dissolved in 1 ul of 6.7 N HCI were heated to 105 '~ 
C for 24 hr in sealed capillary tubes. The hydrolyzates  were 
dansylated and chromatographed as described above. 
Amino  acids were identif ied by comparison with maps of  
their dansyl derivatives and conf i rmed by co-chromato-  
graphy with standard dansyl amino acids (Calbiochem). 

To eliminate the possibility of  acid sensitive residues, 
complete  digestion was also done with aminopept idase  M 
(3.4.1.2: referred to below as AM), obtained f rom Henly & 
Co., New York (5000 mU/mg).  The enzyme was dissolved 
in 0.1 M sodium borate and 0.01 MCaC12 at 0.2 ug/ul and 
1 ul of the solution was mixed with amounts  of  peptides 
equivalent  to 5 to 20 g of brain. Comple te  hydrolysis  
required incubat ion for 24 hr at 17 ° C. The amino acids 
were identified by dansylat ion and chromatography as 
described above. 

Quanti tat ive amino acid analysis was carried out by 
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T A B L E  1 

B E H A V I O R A L  ACTION OF BRAIN EXTRACTS FROM B L U E  AVOIDING (BA), G R E E N  AVOIDING (GA) AND UNTRAINED (C) FISH 
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From BA fish GA fish C fish 
BA* G A t  BA* G A t  BA* G A t  

Days % -+ S.D. % -+ S.D. p$ % +_ S.D. % _+ S.D. p~: % + S.D. % -+ S.D. p~ 

0 22.5 25.9 15.0 22.3 NS 26.0 26.2 19.0 22.4 NS 22.5 20.6 18.3 22.8 NS 
1 46.0 34.6 17.5 20.7 <0.01 23.0 22.6 42.0 28.2 <0.02 23.2 21.0 15.8 22.0 NS 
2 57.5 36.0 16.0 20.4 <0.001 25.0 26.7 45.0 27.8 <0.02 18.3 31.6 23.4 21.8 NS 
3 56.0 29.1 14.0 15.3 <0.001 38.0 30.4 47.5 28.1 NS 20.8 17.2 15.0 17.0 NS 
4 52.5 36.0 25.0 28.5 <0.05 34.0 30.7 56.0 33.2 NS 28.8 26.2 22.5 21.8 NS 

Pooled results of three experiments,  each involving 8 fish injected with BA, GA or C (100 mg brain equivalent per  fish). On the fourth day only two groups offish 
were tested. 

*blue avoidances;  tgreen  avoidances;  ~significance of the difference between percent blue and green avoidances,  computed by t-test (one-tailed). 

T A B L E  2 

ANALYSIS OF VARIANCE (REPEATED MEASURES)  OF NET AVOIDANCES IN FISH INJECTED WITH 
BRAIN EXTRACTS FROM BA, GA, AND C DONORS (FROM DATA SUMMARIZED IN T A B L E  1) 

Source of 
variation SS df MS F p 

Donor training 251.45 2 125.73 27.79 <0.001 
Animals within groups 291.21 69 4.22 
Days 7.90 2 3.95 1.51 NS 
Donor training x days 9.43 4 2.36 0.90 NS 
Days x animals within groups 360.67 138 2.61 

Computed with the net avoidance (BA-GA) measurements done on Days 1-3. 

dens i tometry  of  the dansyl derivatives displayed on thin- 
layer plates and photographed  wi th  an overhead Polaroid 
MP-3 camera with type  46L film. Details of  the procedures  
have been described by Burzynski  [3] .  

The fol lowing enzymes  were used in the sequential  
analysis of the peptides: Carboxypept idase  B (3.4.2.2;  
CPB), 135 uni ts /mg,  purchased f rom Sigma. It was dis- 
solved at 0.01 ~g/~l  in 0.2 M N-e thylmorphol ine  buffer  at 
pH 8.5 [2] .  Trypsin (3.4.4.4),  twice recrystall ized, salt free, 
and bovine pancreat ic  ~-chymotryps in  (3.4.4.5) were ob- 
tained f rom Schwarz-Mann. They were dissolved in 0.046 M 
tris and 0 . 0 1 2 M  CaC12 at pH 8.1 [13] at concent ra t ions  
ranging f rom 0.05 to 0.2 ug/~l  and incubat ion  t imes varying 
from 5 to 24 hr. Bovine cathepsin C (3.4.4.9) or dipept idyl-  
aminopept idase  I (13.7 U / m g  f rom Sigma) splits dipeptides 
from free N-terminal  pept ide substrates [5] .  It was dis- 
solved in a pH 5 buffer  composed  of  16 mM HC1, 0.8% 
pyridine,  52 mM aceitc acid, 14 mM 2-mercaptoe thanol  and 
0.5 mM E D T A  [15] .  Concentra t ions  varied f rom 0.1 to 2 
~g/ul  and incubat ion  t ime from 12 to 72 hr. 

The activity of all anzymes used in the sequential  
analysis of  our pept ides  was first checked on synthet ic  
s u b s t r a t e s :  Substance P and luteinizing hormone-  
releasing-factor (LRH)  from Beckman Instr. and angiotensin 
II and lys-bradykinin f rom Schwarz-Mann. 

R E S U L T S  

Purification o f  the BA and GA Peptides 

A total  of  750 g of  brain f rom fish trained for blue 
avoidance and 740 g of  brain f rom green avoidance trained 
fish were extracted by the cold phenol  method .  The yield 

of  crude RNA was 3 to 4 mg per g of  brain. 
Batches of  the material  were tested for behavioral 

activity.  Fish were injected and tested as described above. 
The results summarized in Table 1 show that  fish treated 
with material  extracted from blue-avoiding donors  made 
significantly more  blue avoidances and less green avoidances 
and, conversely,  recipients of  green avoidance extracts  
made significantly more green avoidances and less blue 
avoidances than the controls  injected with brain extracts  
f rom untrained donors.  An analysis of  variance of the 
repeated measures of  net  avoidance (BA-GA) taken during 
Days 1 to 3 in the 3 groups of animals, summarized in 
Table 1, showed that  the only significant source of 
variation was the training given to the donor  animals (Table 
2). Appl icat ion of Duncan 's  range test conf i rmed that  all 3 
groups were significantly different  from the two other  
groups. 

Table 3 outl ines the steps in the purif icat ion of  the 
peptides:  dialysis, gel f i l t rat ion of  the dialyzate and 
thin-layer chromatography  on cellulose plates. At each of  
the steps, the active fraction was located by bioassay but,  
because of  the l imited amount  of  material  available, no 
quant i ta t ive  est imations were made. Separat ion of  the BA 
and GA peptides was made on thin-layer chromatography.  
After  successive separation by three solvent systems, the 
peptides were fur ther  purified by gel f i l t rat ion and the GA 
peptide by free-flow electrophoresis .  Tables 4 and 5 show 
the results of the final test of  the purified products  and the 
adjacent fractions.  The dansyl derivative of  the purified BA 
peptide was chromatographed and showed a single spot of 
Rf 0.41 in solvent system 2°II.  It remained at the origin 
when developed in the two other  systems. Af ter  acid 
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T A B L E  3 

SUMMARY OF PURIFICATION STEPS (FOR DETAILS, SEE TEXT) 

Frozen brains 

~ " " " " " " ~  Aqueou~s phase Phenol phase 
~ , . . . , , . . . . . - ~  ~ Dialysis 

at Non-dialyzable fr. Diatyz e 
! Sephadex G-25 

440-550 ~ml eluate 
BA TLC on cellulose GA 

Rf 0-.21 Solvent I Rf .54-.63 
Rf 0-.23 Solvent II Rf 0-.23 
Rf 0-.38 Solvent III ~ Rf .52-.65 

Sephadex G-25 Free-flow 
superfine electrophoresis 

7-9 ml fraction Tubes 36, 37 

Phenol partition 

T A B L E  4 

BEHAVIORAL EFFECT OF PURIFIED BA PEPTIDE 

Net Avoidance (BA-GA) -+ S.D. 
Fraction* Before Injection After Injection¢ p 

6-7 ml -15.0 _+ 29.7 -8.75 _+ 38.7 NS 
7-8 ml 11.4 ~+ 32.3 54.3 _+ 29.3 <0.025 
8-9 ml 15.0 _+ 33.3 40.0 _+ 16.9 <0.05 

Groups of 8 fish for each fraction. 
*Fractions represent effluents collected from gel filtration on 

Sephadex G-25 superfine, short columns (for details see Method). 
*Mean values of net avoidances 1 and 2 days after injection. 

T A B L E  5 

BEHAVIORAL EFFECT OF PURIFIED GA PEPTIDE 

Net Avoidance (BA-GA) _+ S.D. 
Fraction* Before Injection After Injection+ p 

34-35 23.0 ~ 21.3 8.55 _+ 19.5 NS 
36-37 22.5 _+ 16.6 -11.25 _+ 13.6 <0.001 
38-39 22.52 + 22.5 11.25 _+ 20.3 NS 

Groups of 8 fish for each fraction. 
*Fractions are tube numbers of effluents collected by free flow 

electrophoresis under conditions specified in the text (see Method). 
*Mean values of net avoidance 1 and 2 days after injection. 

hydrolys is  the  spot  d isappeared  and was replaced by  
monodansy l - lys ine ,  suggesting t ha t  the  N- terminal  was 
b locked  and the  pep t ide  con ta ined  one  or more  lysines 
dansy la ted  on  the  side chain.  When the  pep t ide  was t rea ted  
wi th  1 N NaOH for 18 hr  at 4 ° C, g lu tamic  acid appeared ,  
indica t ing  tha t  the  N- te rmina l  group was py rog lu t amic  acid. 

The GA pep t ide  was no t  qui te  pure  af ter  passage on  the  
Sephadex  G-25 superf ine  co lumn.  Af ter  fu r the r  pur i f i ca t ion  
by free-flow e lec t rophores is ,  a single dansyl  spot  appeared  
at Rf 0 .135 in solvent  sys tem 2°II ,  w i th  no migra t ion  in the  
o the r  solvent  systems.  The  spot  d isappeared  af ter  acid 

T A B L E  6 

AMINO ACID ANALYSIS OF BA PEPTIDE 

Amino acid pmoles/g Equivalents 

ala 16.25 1.18 
gl y 26.13 1.90 
ile 13.75 1.00 
leu 12.37 0.90 
lys 30.25 2.20 
phe 13.88 1.01 
pro 12.37 0.90 
ser 14.70 1.07 
tyr I 1.96 0.87 
val 13.10 0.95 

Pyroglutamic acid was not quantitated because only traces of it 
were converted to glu by acid hydrolysis. Equivalents were calcu- 
lated on the assumption that the molecule contained a single ile. 

hydrolys is  and,  as in the case of  the  BA pept ide ,  it was 
replaced by  monodansy l ly s ine .  

Structural Analysis of the BA Peptide 

Acid hydrolys is  showed  the  presence of  the  fol lowing 
amino  acids (besides pglu m e n t i o n e d  above) ;  ala, gly, ile, 
leu, lys, phe,  pro,  ser, tyr,  val. Digest ion wi th  AM did no t  
reveal any acid-sensit ive amino  acid. Absence  of  phe and 
pro f rom the  AM hyd ro lyza t e  suggested the  presence of a 
phe-pro or pro-phe  bond  which  could not  be split by  the  
enzyme.  Theore t ica l ly ,  AM should  no t  have acted on a 
pept ide  wi th  b locked  N- terminal  bu t  it did hydro lyze  b o t h  
the BA pept ide  and LRF which  has pglu for  N- terminus ,  
p r o b a b l y  owing to the  presence of traces of  o the r  enzymes.  

Quan t i t a t i ve  amino  acid analysis,  by  the m e t h o d  
m e n t i o n e d  above,  showed one residue for  each of the  
amino  acids, excep t  for two gly and two lys (Table  6). This 
indica ted  a t r idecapep t ide  wi th  a molecu la r  weight  of  1389. 
Its c o n c e n t r a t i o n  in the brain was es t imated  at 13.75 
pmoles  (19.0 ng) per  g. The 720 g of brain equiva lents  
available for  analysis  represented ,  there fore ,  13.75 ~g of 
pure pept ide.  

Samples  of  BA pep t ide  were digested for varying 
intervals  and  at varying t empe ra tu r e s  wi th  0.01 ug/u l  of 
CPB. Digest ion for  14 min at 28 ° C released lys and at 38 ° 
C lys and ser. Af te r  one  h o u r ' s  digest ion,  gly, ser, tyr  and 2 
lys were released and af ter  10 hr an add i t iona l  leu was split 
off. The lack of  phe indica ted  t ha t  it was N- terminal  to pro. 
The part ial  sequence  at this  po in t  appeared  to be pglu- 
(ala,gly, i le ,val)-phe-proqeu-(gly, lys, tyr)-ser- lys.  

Tryp t ic  digest ion did no t  reveal the  amino  l inked wi th  
lys. Gray [10]  has no t ed  tha t  the dansyl  derivat ive of the  
N- terminal  ty r  is of ten  diff icul t  to de tec t  and we have 
made  similar observa t ions  on syn the t i c  pept ides .  Chymo-  
t ryp t ic  digest ion yielded f ragments  wi th  N- terminal  gly and 
traces of N- terminal  lys. It is k n o w n  tha t  p ro longed  
hydrolys is  wi th  c h y m o t r y p s i n  can split  leu- bonds .  This 
s u g g e s t e d  t h e  f o l l o w i n g  part ia l  sequence:  pglu- 
(ala,gly,i le,val)-phe-pro-leu-lys-tyr-gly-ser-lys.  

A l t h o u g h  cathepsin  C (CC) does not  usually a t t ack  
pept ides  wi th  b locked  N-terminal ,  it was found  tha t  
pro longed digest ion of  LRF (which  has  pglu as N- te rmina l  
group)  wi th  high c o n c e n t r a t i o n  of e n z y m e  (2ug/M for 72 h) 
yielded the  expec ted  dipept ides .  Samples of  BA pept ides  
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T A B L E  7 

S U M M A R Y  O F  T H E  S T E P S  I N  T H E  S E Q U E N T I A L  A N A L Y S I S  O F  BA P E P T I D E  

Procedures Results 

1. N-terminal analysis and AM digestion 
2. Mild digestion with CPB at 28 ° 
3. Mild digestion with CPB at 38 ° 
4. Moderate digestion conditions with CPB 
5. Harsh digestion conditions with CPB 
6. N-terminal analysis of chymotropic fragments 
7. N-terminal analysis of cathepsin C fragments 
8. N-terminal analysis of cathepsin C fragments 

(digested under harsh conditions) 
9. Analysis of dipeptide fragment (italicized) 

in cathepsin C digest 

pglu - -  
pglu - -  
pglu - -  
pglu - -  
pglu 
pglu 
pglu 
pglu 

pro-phe or phe-pro 
pro-phe or phe-pro -~ .lys 
.pro-phe orphe-pro ! ser ~- lys 
.pro-phe or phe-pro -~ (lys tyr gly) + ser ~- lys ~ ' , 

-phe-pro -leu (lys, tyr, gly) ser-lys 
-phe-pro- leu -~ lys-tyr ~- gly- ser-lys 

gly phe-pro-leu- lys-tyr-gly- ser-lys 
gly ~ val-phe-pro- leu- lys-tyr- gly- ser-lys 

pglu- ile-gly-ala-val- phe-pro- leu- lys-tyr- gly- ser-lys 

Arrows indicate peptide bonds broken by the enzyme indicated. Italicized residues are N-terminals of enzyme digestion fragments. 

60 
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FIG.1. Dose-response curves of synthetic BA peptide and dialyzate 
of brain taken from blue avoidance trained fish. Abscissa, synthetic 
peptide in ng, brain equivalent of extract in mg (log scale). Ordinate, 
difference between mean net avoidance on Days 1 and 2 and mean 
net avoidance before injection (in percent). Each point represents 
the mean value for 8 fish, injected intracranially. Regression lines 

calculated by the least squares method. 

were digested under the same condit ions.  The fragments 
released showed N-terminal  gly fol lowed by N-terminal  val. 
Enzyme action was s topped at val because the next  linkage, 

phe-pro, could not  be split by CC. The N-terminal  f ragment  
of the BA pept ide  could therefore  be either pglu-ala-gly-ile 
or pglu-ile-gly-ala. 

To decide be tween  the two alternatives, the dansyl 
derivatives of the dipeptides released by CC were compared 
with those of the commercia l ly  available synthet ic  di- 
peptides gly-ile and gly-ala. It was not  possible to ascertain 
the presence or absence of gly-ala because its dansyl 
derivative is masked by the by-products  of  the dansyl 
reaction. However ,  DNS-gly-ile, which is easily detectable,  
was absent f rom several plates prepared f rom CC hydro-  
lyzates. The fol lowing tentat ive sequence was therefore  
a t t r ibuted to the BA peptide:  pglu-ile-gly-ala-val-phe-pro- 
leu-lys-tyr-gly-ser-lys-OH. Successive steps of  the sequential  
analysis of pept ide BA are summarized in Table 7. 

Analysis and Biological Assay o f  the Synthetic BA Peptide 

The proposed sequence was synthesized by Dr. D. 
Sarantakis of  Wyeth Laboratories.  The synthesis was carried 
out  by the solid phase me thod  and the product  was purified 
on the Sephadex G-25 column. The dansyl derivative of the 
purified synthet ic  pept ide migrated on polyamide  plates 
like the natural  material.  Quant i ta t ive  analysis showed the 
same amino acids in the same propor t ions  and enzymic  
breakdown yielded the same fragments.  In all the respects 
that  were tested, the synthet ic  product  was chemical ly 
identical  with the material  isolated f rom the brain. 

Figure 1 shows the results of  bioassays carried out  wi th  
the synthet ic  pept ide under  the condi t ions  used for  testing 
the crude extracts  and the purif icat ion fractions.  It shows 
that the doses increasing f rom 0.7 to 1.5 ng per fish induce 
dose-related blue avoidance behavior.  Doses above the range 
shown in the figure produced lesser effects,  as had been 
observed with o ther  learning-induced peptides [4] .  Com- 
parison with the dose-response curve of the crude brain 
extract  shows that  1 g of  brain corresponds approximate ly  
to 20 ng of  peptide.  

Structural Analysis o f  the GA Peptide 

Dansylat ion fol lowed by acid hydrolysis  showed that 
this pept ide  also had a blocked N-terminal.  Mild alkaline 
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T A B L E  8 

AMINO ACID ANALYSIS OF GA PEPTIDE 

Amino acid pmoles/g Equivalents* 

ala 7.00 0.92 
gin 5.90 0.77 
gly 16.70 2.18 
ile 7.64 1.00 
leu 9.00 1.18 
lys 13.70 1.79 
phe 6.06 0.79 
pro 6.96 0.91 
set 9.52 1.25 
tyr 9.92 1.30 
val 6.84 0.86 

*Equivalents were calculated on the basis of lie - 1.0. 

hydrolysis revealed didansyl-lysine, suggesting the presence 
of N-methyMysine or N-acetyl-lysine. The latter seemed the 
most probable because of the ease with which alkaline 
t rea tment  removed the blocking group. 

Qualitative and quant i ta t ive analysis after acid hydro- 
lysis showed the same amino acid composi t ion  as that  of  
the BA peptide (Table 8). Enzymic  hydrolysis  with AM 
showed, however,  the presence of gln instead of  glu. 
Assuming that the N-terminal group was NAc-lys, the 
molecular  weight was est imated to be 1448. 

The procedures  used for sequential  analysis of  the GA 
peptide are summarized in Table 9. Digestion with CPB 
(0.01 ~zg/ul for 1 hr) released gly, lys, set and tyr from the 
C-terminal of the molecule.  Trypt ic  digestion for 12 hr 
yielded a fragment with N-terminal  gly, indicating the 
presence of a lys-gly bond. Chymot ryp t i c  hydrolysis  (0.05 
ug/ul  for 12 hr) released a fragment  with N-terminal gly and 
traces of lys. With higher concent ra t ion  of enzyme and 
more prolonged hydrolysis  (0.2 ug/ul  for 24 hr) an 
additional fragment appeared with N-terminal ile (under the 
same condi t ions  chymotryps in  broke the gln-gln bond of  
substance P). This suggested the presence of leu-lys, gln-ile 
and ei ther phe-gly or tyr-gly linkages. Since the second lys 
was known to be in the fragment  C-terminal to pro, one 
could assume the presence of a pro-leu-lys sequence. 

Existence of a phe-gly bond would suggest the fol lowing 
partial sequence: NAc-lys(gln-ile, phe-gly, ala, val) pro-leu- 
lys-gly-ser-tyr. In this case, however,  t rypt ic  digestion 

would have revealed a fragment with N-terminal gln, phe, 
ala or val. Failure to find such fragments and the fact that 
phe-pro is refractory to chymotryps in  and lys-tyr (as seen 
with the BA pept ide)  is undetec table  by dansylat ion makes 
the fol lowing partial sequence more probable:  NAc-lys- 
gly,gln-ile(ala,val) -phe-pro-leu-lys-tyr-gly-ser. 

After  unblocking the N-terminal with 1 N NaOH for 18 
hr at 4°C, we submit ted the pept ide  to CC (0.2 ug/ul  for 24 
hr). Fragments  were released with N-terminal lys, gln, 
ala and traces of phe. The N-terminal f ragment  of  the 
peptide could, therefore,  be either NAc-lys-gly-ala- 
val-gln-ile-phe-pro or NAc-lys-gly-gln-ile-val-phe-pro. 

To test these possibilities, a sample was digested first 
with trypsin (0.05 ug/ul for 12 hr) to release the fragment 
gly(gln-ile,val,ala)phe-pro-leu-lys. A further  incubat ion with 
CC (0.2 ug/ul  for 24 hr) gave dipeptides with the fol lowing 
N-terminals: gly, ile and val. (In the second incubation,  
trypsin was inactive because digestion was carried out  at pH 
5 and CC did not  attack trypsin because it does not  act on 
proteins [19]) .  The sequence of  the t rypt ic  fragment,  
therefore,  was either gly-gln-ile-ala-val-phe-pro-leu-lys or 
gly-ala-val-gln-ile-phe-pro-leu-lys. 

This still leaves two possible sequences for the whole 
p e p t i d e: Nac-lys-gly-gln-ile-ala-val-phe-pro-leu-lys-t yr-gly- 
ser-OH or Nac-lys-gty-ala-val-gln-ile-phe-pro-leu-lys-try-gly- 
ser-OH. Since our techniques  cannot  choose between 
the two alternatives, both  sequences are currently being 
synthesized by Dr. H. Lackner of the University of  
G6tt ingen.  Comparison of the synthet ic  products  with the 
natural material  should help to select the correct sequence. 

DISCUSSION 

The analytical  methods  used in the work reported in this 
paper were dictated by the ex t remely  small amounts  of  
material available for determining the structure of  the 
peptides: less than 15 ug for the BA pept ide and, only 
about 8 ug for the GA peptide.  More convent ional  
sequencing techniques would have required 20 to 50 times 
more material,  involving the training of hundreds of 
thousands of fish for each of the two behaviors. The 
analytical methods  based on the ul t ramicrodansyla t ion,  
thin-layer chromatography and enzymic f ragmentat ion 
initiated by Neuhof f  et  al. [20,21] and fur ther  developed 
in our laboratory  by Burzynski  [3,4] were, therefore,  the 
only means by which the present work could be accom- 
plished. 

T A B L E  9 

STEPS IN THE SEQUENTIAL ANALYSIS OF GA PEPTIDE 

Procedures Results 

1. N-terminal analysis and CPB digestion 
2. N-terminal analyses of chymotryptic 

and tryptic fragments 
3. N-terminal analyses of cathepsin C 

fragments of unblocked peptide 
4. N-terminal analysis of cathepsin C 

digest of a tryptic fragment 
5. Alternative sequences 

N-Ac- lys pro - -~( lys ,  tyr, ser, gly) 
N-Ac- lys ;- gly, gin I ile (ala, val) phe- pro-leu ~- lys ~- tyr 1_ gly- ser 

lys- gly ~-gln- ile l- ala- val-phe-pro-leu- lys- tyr- gly-ser 
lys- gly½ala- val~-gln - i le-phe-pro-leu- lys- tyr- gly-ser or 

gly- gin ~- lie- ala -~ val- phe- pro-leu- lys 
gly- ala ~- val- gin ~- lie- phe- pro-leu- lys or 

N-Ac-lys- gly- gin- lie- ala- val-phe-pro-leu- lys- tyr- gly-ser 
or 

N-Ac-lys- gly- ala- val- gin- ile- phe-pro-leu- lys- tyr- gly-ser 

Arrows indicate the bonds split, italicized residues are N-terminals of fragments of enzymic hydrolysis. 
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The m e t h o d  has its l imitat ions,  as exempli f ied by the 
two equal ly  possible sequences for the GA peptide.  The 
l imitat ions are part ly those of  the dansyl method ,  for  
example,  the diff icul ty in detect ing N-terminal  tyr  and the 
masking of DNS-gly-ala- by the by-products  of the react ion)  
and part ly due to the presence of pept ide bonds that  are 
resistant to enzymic  a t tack (blocked terminals  and pro 
linkages). In the present case, the N-terminal  block could be 
overcome and the presence of  pro in the middle  of the 
molecule  turned into an advantage by s topping the act ion 
of the enzymes  at a convenient  site. It is probable that  
further  developments ,  such as availability of enzymes  with 
highly selective bond specificities and use of  more  varied 
solvents systems for chromatography  will extend the 
usefulness of  the method.  Its sensitivity has already been 
increased by several orders of magni tude  by the use of  
isotope labeled dansyl reagents [3 ,4] .  

The area of research of the present s tudy has been 
controversial  f rom its beginnings, eleven years ago. The 
disputed points  have been analyzed in several publ icat ions 
[7, 18, 28, 29] .  In spite of  the controversy,  reports  of  
successful bioassays, suggesting the format ion  of learning- 
induced substances in the brain, have been published to 
date f rom at least 42 laboratories in over 180 publicat ions 
(see reviews [1, 7, 8, 12, 18, 24, 26, 32, 37] ) .  Perhaps the 
most controversial  aspect of the problem is the specificity 
of the brain material  for the task learned, the so-called "one  
behavior,  one pep t ide"  principle [29] .  Evidence has been 
produced for such specificity [16, 17, 22, 26] but  much  
remains to be done to define its extent .  

The present work  indicates that  the two opposi te  
behaviors,  blue avoidance coupled with  green preference 

and green avoidance coupled with  blue preference,  are 
associated with the format ion  in the brain of  two different  
but related peptides.  They have a c o m m o n  sequence of  8 or 
9 residues (according to which of  the two proposed 
structures of  the GA pept ide is correct).  The difference 
be tween  them consists in the C-terminal  lys of the BA 
peptide becoming  N-terminal  in the GA material  and the 3 
or 4 first amino acids switching sites. This suggests the 
possible existence of  a whole family of  peptides associated 
with color  discrimination;  they were given the collective 
name of chromodiops ins  [33] .  Future  exper iments ,  using 
different  coupled colors, may give fur ther  insight into the 
rules of a possible coding system. 

Hypotheses  proposed for a molecular  coding of neural 
informat ion have been discussed elsewhere [ 2 5 - 2 7 ,  29] .  
Whatever the significance of  the learning-induced peptides 
may be, they have considerable bearing on the future of 
behavioral pharmacology.  Most of the present  drugs act 
upon the affective background of  behavior  by modify ing  
the balance of the synapt ic  t ransmit ters  or modulators .  
Owing to their practically unl imited in format ion  content ,  
peptides could induce much  more specific effects  by 
modify ing  the cognitive conten t  of behavior.  
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