
Synapsins: Mosaics of Shared and Individual 
Domains in a Family of Synaptic Vesicle 

Phosphoproteins 

Synapsins are neuronal phosphoproteins that coat synap- 
tic vesicles, bind to the cytoskeleton, and are believed to 
function in the regulation of neurotransmitter release. 
Molecular cloning reveals that the synapsins comprise a 
family of four homologous proteins whose messenger 
RNA's are generated by differential splicing of transcripts 
from two genes. Each synapsin is a mosaic composed of 
homologous amino-terminal domains common to all syn- 
apsins and different combinations of distinct carboxyl- 
terminal domains. Immunocytochemical studies demon- 
strate that all four synapsins are widely distributed in 
nerve terminals, but that their relative amounts vary 
among different kinds of synapses. The structural diversi- 
ty and differential distribution of the four synapsins 
suggest common and different roles of each in the integra- 
tion of distinct signal transduction pathways that modu- 
late neurotransmitter release in various types of neurons. 

T HE RELEASE OF NEUROTRANSMIlTERS IS THE FINAL COM- 

mon pathway in all neuronal function. This release involves 
the Ca2+-dependent exocytosis of synaptic vesicles at the 

nerve terminal (1). Under various physiological conditions, mem- 
brane depolarization and neurotransmitter release at the nerve 
terminal are correlated with the phosphorylation of the synapsins 
(2). Synapsins are a group of four synaptic vesicle membrane 
proteins: synapsins Ia and Ib (collectively referred to as synapsin I) 
and synapsins IIa and IIb [originally named proteins IIIa and IIIb 
(2)  and together referred to as synapsin 111. 

It has been suggested that synapsin I links synaptic vesicles to 
cytoskeletal elements in the presynaptic nerve terminal (3, 4) and 
regulates neurotransmitter release (5). Less is known about the 
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properties and functional role of synapsin 11. All four synapsins are 
localized to the presynaptic nerve ending, where they constitute a 
significant portion of the total synaptic vesicle protein (2, 3, 6). 
Synapsin I binds to synaptic vesicles in vitro with high affinity (Kd = 

10 nM), and phosphorylation decreases this binding affinity by a 
factor of five (7). AU four synapsins are phosphorylated upon 
excitation of the nerve terminal (2, 8). In vivo and in vitro synapsin I 
serves as a substrate for two different ca2+,calmodulin-dependent 
protein kinases and for cyclic adenosine monophosphate (cyclic 

- - 

hp)-dependent  protein kinase (9 ) ,  and the sequences surround- 
ing these phospho&lation sites have been determined (10). Synapsin 
I1 is also a substrate for cyclic AMP-dependent protein kinase and 
for Ca2+,calmodulin-dependent protein kinase I (9). In PC12 cells, 
nerve growth factor (NGF) s&ulates the phosphorylation of 
synapsin I at another, distinct site (11). Through these multiple 
phosphorylations, synapsin I may constitute a point of convergence 
for several different signal transduction pathways. 

Synapsin I contains at least two distinct actin-binding sites that 
allow synapsin I to bundle actin in vitro (12, 13). This formation of 
actin bundles is regulated by phosphorylation. In addition, synapsin 
I binds to tubulin, spectrin, and calmodulin in vitro (14). Electron 
microscopy data suggest that synapsin I forms the fibrillar connec- 
tions that link synaptic vesicles to each other and to the cytoskeleton 
in the presynaptic nerve terminal in vivo (4). Finally, microinjection 
of purified dephospho-synapsin I into the presynaptic terminal of 
the squid giant synapse dramatically decreased the efficiency of 
neurotransmitter release at that svnapse. whereas the iniection of 

, L ,  

denatured or phos horylated synapsin I had no effect (5). Converse- P+ ly, injection of Ca ,calmodulin-dependent protein kinase 11, which 
phosphorylates synapsin I and decreases its affinity for synaptic 
vesicles in vitro, enhanced neurotransmitter release (5). 

Little is known of the structural relations and relative distribu- 
tions of synapsins Ia, Ib, IIa, and IIb. Immunoreactivity to specific 
antibodies has indicated that synapsin I1 is related to synapsin I; 
however, the two types of synapsins differ in several biochemical 
properties (2). In order to insight into the potential roles of the 
synapsins in the regulation of neurotransmitter release, we deter- 
mined their primary sequences from cloned DNA. We have found 
that the four synapsins form a distinct family of homologous 
proteins whose structures suggest common and divergent functions. 
Immunocytochemical experiments with antibodies directed against 
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peptides specific for each of the four synapsins show that they are 
differentially distributed in the central nervous system. 

Primary structures of the synapsins. Synapsins I and II were 
purified from rat and bovine brain, and internal amino acid se
quences were obtained after peptide cleavage (15). Oligonucleotide 
probes synthesized on the basis of these sequences or antibodies to 
synapsin I were used as probes to isolate full-length cDNA's 
encoding bovine synapsin lb and rat synapsins Ha and l ib (16, 17). 
In addition, partial cDNA's for bovine synapsin la and rat synapsins 
la and lb were obtained. To determine the complete structure of the 
5' end of the rat synapsin la and lb mRNA's, we utilized the 
polymerase chain reaction (PCR) with oligonucleotides derived 
from the bovine cDNA to amplify the first exon on the rat synapsin I 
gene (18). The sequences of the amplified genomic and cloned 
cDNA's were determined by enzymatic methods on both strands, 
and the complete amino acid sequences for rat and bovine synapsins 
la and lb and for rat synapsins Ha and l ib were deduced from the 
nucleotide sequences (Fig. 1). All amino acid sequences determined 
directly from purified rat and bovine synapsin I and from rat 
synapsin II were present in the deduced sequences (underlined in 
Fig. 1). 

Synapsins la and lb are encoded by mRNA's that are identical in 
nucleotide sequence except for a small stretch of sequence in the 3 ' 
end of the coding region. Here the synapsin la mRNA contains a 
38-nucleotide (nt) insertion that is not present in the synapsin lb 
mRNA. This insertion leads to a frameshift in the remaining 
common nucleotide sequence encoding synapsins la and lb and 
results in different carboxyl-terminal amino acid sequences for the 
two proteins. The mRNA's for synapsins la and lb encode proteins 
of 704 and 668 amino acids in the rat, and of 706 and 670 amino 
acids in the cow, respectively (Fig. 1). In-frame termination codons 
in the 5' untranslated regions of the mRNA's provided further 
evidence that the structures presented are full length. 

With the exception of the 38-nt insertion, the two synapsin I 
mRNA's are identical, suggesting that they are generated by alterna
tive splicing of the same primary transcript. Blotting experiments 
with rat genomic DNA (19) indicated that synapsins la and lb are 
encoded by a single-copy gene and thus provided confirmatory 
evidence for differential splicing of the synapsin I transcript. The 
mRNA sizes for rat and bovine synapsin la and lb were determined 
by RNA blotting (20). A common mechanism for an alternative 
splicing event resulting in the presence or absence of part of an 
internal sequence is the inclusion or exclusion of an individual exon 
(21). However, the sequence at the 3 ' end of the insertion in the 
synapsin la mRNA resembles a consensus intron acceptor site and 
suggests that the differential splicing may involve the alternative use 
of two different splice acceptor sites. To investigate this hypothesis, 
we used PCR to amplify the region of the rat synapsin I gene that 
encodes the 3 ' end of the mRNA (22). A single amplification 
product was observed. DNA sequencing revealed that the last intron 

Fig. 1. The primary structures of the synapsins. The deduced amino acid 
sequences of rat (R) and bovine (B) synapsins la and lb are shown on top 
and of rat synapsins Ha and lib on the bottom. The alternatively spliced 
carboxyl termini of the sequences are shown at the end of each sequence 
preceded by the synapsin subtype symbol la, lb, Ha, or lib. Amino acid 
sequences determined by peptide sequencing of the purified proteins are 
underlined (15). Phosphorylation sites are indicated by arrowheads above 
the respective serine residues. Asterisks indicate stop codons. In the synapsin 
la and lb sequences, residues in the bovine sequences that are identical with 
those in the rat sequences are indicated by periods, and only substituted 
residues are shown. Abbreviations for the amino acid residues are: A, Ala; C. 
Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, He; K, Lys; L, Leu; M, Met; 
N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
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Synapsins la and lb 

V 
R MNYLRRRLSDSNFMANLPNGYMTDLQRPQPPPPPPSAASPGATPGSAAASA 51 
B A«P T«P«T«T« 51 

R ^ASTAAPVASPAAPSPGSSGGGGFFSSLSNAVKQTTAAAAATFSEQVGGG 102 
B S 102 

|R SGGAGRGGAAARVLLVIDEPHTDWAKYFKGKKIHGEIDIKVEQAEFSDLNL 153 
B 153 

R VAHANGGFSVDMEVLRNGVKWRSLKPDFVLIRQHAFSMARNGDYRSLVIG 204 
B 204 

R LQYAGIPSVNSLHSVYNFCDKPWVFAQMVRLHKKLGTEEFPLIDQTFYPNH 255 
B I N 255 

R KEMLSSTTYPV\AO(MGHAHSGMGKVKVDNQHDFQDIASVVALTKTYATAEP 306 
B T« • 306 

R FIDAKYDVRVQKIGQNYKAYMRTSVSGNWKTNTGSAMLEQIAMSDRYKLWV 357 
B " I 357 

R DTCSEIFGGLDICAVEALHGKDGRDHIIEWGSSMPLIGDHQDEDKQLIVE 408 
B 408 

R LWNKMTQALPRQ—RDASPGRGSHSQTPSPGALPLGRQTSQQPAGPPAQQ 457 
B A RQ 1 459 

R RPPPQGGPPQPGPGPQRQGPPLQQRPPPQGQQHLSGLGPPAGSPLPQRLPS 508 
B T 510 

R PTAAPQQSASQATPMTQGQGRQSRPVAGGPGAPPAARPPASPSPQRQAGPP 559 
B • -SV-»-P T • 561 

y y 
R QATRQASISGPAPPKVSGASPGGQQRQGPPQKPPGPAGPIRQASQAGPGPR 610 
B T-V- -Q A- *VP • • • T M- • 612 
R TGPPTTQQPRPSGPGPAGRPTKPQLAQKPSQDVPPPIIAAAGGPPHPQL 659 
B AT 661 

R la NKSQSLTNAFNLPEPAPPRPSLSQDEVKAETIRSLRKSFASLFSD* 704 
B * 706 

R lb KASPAQAQP* 
B * 

668 
670 

Synapsins Ha and lib 

y 
R MMNFLRRRLSDSSFIANLPNGYMTDLQRPEPQQPPPAPGPGTATASAATSA 51 

R ASPGPERRPPPAQAPAPQPAPQPAPTPSVGSSFFSSLSQAVKQTAASAGLV 102 

R DAPAPSMSRKMVLLVVDEPHTDWAKCFRGKKILGDYDIKVEQAEFSELN 153 

R LVAHADGTYAVDMQVLRNGTKWRSFRPDFVLIRQHAFGMAENEDFRHLVI 204 

R ©1QYAGLPSINSLESIYNFCDKPWVFAQMVAIFKTLGGEKFPLIEQTYYPN 255 

R HREMLTLPTFPVWKIGHAHSGMGKVKVENHYDFQDIASWALTQTYATAE 306 

R PFIDAKYDIRVQKIGNNYKAYMRTSISGNWKTNTGSAMLEQIAMSDRYKLW 357 

R VDACSEMFGGLDICAVKAVHGKDGKDYIFEVMDCSMPLIGEHQVEDRQLIT 408 

R DLVISKMNQLLSRTPALSPQRPLTTQQPQSGTLKEPDSSKTPPQRPAPQG 458 

R H a GPGQPQGMQPPGKVLPPRRLPSGPSLPPSSSSSSSSSSSSSAPQ 502 

R RPGGPTSTQVNASSSSNSLAEPQAPQAAPPQKPQPHPQLNKSQSLTNAFSF 5 5 3 

R SESSFFRSSANEDEAKAETIRSLRKSFASLFSD* 586 

R l i b CLQYILDCNGIAVGPKQVQAS* 479 
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Synapsins la aod Ib Synapsin Ia 
splice donor splice acceptor 

Synapsin Ib 
sp1ics acceptor 

Fig. 2. The structure of the exon junctions of the last intron of the rat 
synapsin I gene. The last intron is followed by two splice acceptor sites that 
either include or exclude the 38-nt sequence specific for synapsin Ia. Splice 
donor and acceptor sites are underlined. Sequences were obtained from 
genomic DNA amplified by the PCR (22). 

of the synapsin I gene has two splice acceptor sites (Fig. 2). The use 
of one or the other of these acceptor sites results in the inclusion or 
exclusion of the 38-nt insertion. Although the use of alternative 
splice acceptor sites is a common mechanism in generating multiple 
mRNA's, the translational reading frame is usually maintained (21). 
Splicing to generate different reading frames that results in protein 
diversity is a mechanism not often used. 

The primary structures of both rat and bovine synapsins Ia and Ib 
were determined (Fig. 1). An extraordinary degree of conservation 
(96 percent identity) between the two species was observed. The 
small number of amino acid substitutions that occur are often 
clustered as, for example, in residues 36 to 56, which contain seven 
substitutions. The differentially spliced carboxyl termini and most of 
the amino-terminal regions are identical in the two species, with a 
stretch of 358 amino acids (residues 57 to 414) showing 99 percent 
identity. Conservative substitutions account for almost all of the 
differences between the amino acid sequences of rat and bovine 
synapsin I (23). 

Synapsins IIa and IIb are encoded by mRNA's that also contain 
identical 5' regional sequences and diverge in their 3' coding 
regions (Fig. 1). In contrast to the similarities in the nucleotide 
sequences of synapsins Ia and Ib in their 3' untranslated regions, the 
nucleotide sequences of both the 3' coding region and the 3' 
untranslated regions of the synapsin IIa and IIb mRNA's are 
different. RNA blotting demonstrated the presence of a different 
single-sized message for each protein in rat and bovine RNA (20). 

Genomic DNA blotting, however, indicated that synapsins IIa and 
IIb are encoded by a single gene (19). These results suggest that the 
messages for synapsins IIa and IIb are generated from the same 
primary transcript by a differential splicing mechanism that utilizes 
different 3' exons. The two messages encode for proteins of 586 and 
479 residues, respectively. 

None of the four synapsins shows significant homology with any 
sequence in the data bases we examined (24). In particular, no 
statistically significant homology has been observed with villin, 
profilin, gelsolin, protein 4.1, or other actin-binding proteins that 
were previously proposed (13, 23, 25) to be related to synapsin I. 
Although there are limited biochemical similarities between these 
proteins and the synapsins, they bear no primary structural relation 
to each other. Accordingly, the synapsins form a novel class of actin- 
binding proteins. The spnapsin protein family may extend beyond 
the four members described here. Genomic DNA blotting experi- 
ments at low stringency with probes derived from regions that are 
well conserved in the four spnapsins suggest the presence of 
additional homologous sequences in the rat genome (19). 

Common and individual domains in the four synapsins. 
Comparisons of the nucleotide and deduced amino acid sequences 
of synapsins Ia and Ib with those of synapsins IIa and IIb demon- 
strate a high degree of identity covering more than half of each 
protein. Alignment of the amino-terminal regions of synapsin I and 
synapsin I1 reveals an overall sequence identity of 70 percent 
covering 420 residues (Fig. 3A). Stretches of up to 27  consecutive 
identical residues occur, flanked by conservative substitutions. In 
addition to the extensive sequence homology of the four synapsins 
in their arnino-terminal regions, the differentially spliced carboxyl- 
terminal sequence of synapsin Ia shares identity with the carboxyl- 
terminal sequence of synapsin IIa (Fig. 3B), whereas there is no 
homology between spnapsins Ib and IIb in this region. 

The four synapsins contain different sets of domain. Comparison 
of the primary structures of the four synapsins reveals a pattern of 
identity and dissimilarity that suggests a domain model for the 

I M N Y L R R R L S D S N F M A N L P N G Y M T D L Q R P Q P P P P P P S A A S P G  [1 0 0 0-0 A T P G S A A A S A  0 0- - - -[-IAS T 56 
11 ~ F ~ S ~ I ~ A N L P N G Y M T D L Q R P ~ E P Q Q P P P - A P G P G T A T A S A A T S A A S P G P E R R P P P  62 

I A - A P V A S P A - A P S P G S S G G G G F F S S L S N A V K Q T T A A A A A T F S E Q V G G G S G G A G R G G A A A R V L  116 
11 E ] Q ~ A P Q ~ P Q ~ A [ T P ~ V ~ S  s ~ l Q ~ l - ~ l s ~ -  - G L V D A P A P ~ -  ~ 1 ~ 1 -  - - K ~ K B  117 

I L V I D E P H T D W A K Y F K G K K I H G E I D I K V E Q A E F S D L N L V A H A N G G F S V D E V L R N G V K V V R S L  178 
I1 ~ ~ \ C ~ R ~ l L ~ D  Y ~ E ~ ] D ~ T  Y A s l a l l . I Q L I T L J F  179 

I K P D F V L I R Q H A F S M A R N G D Y R S L V I G L Q Y A G I P S V N S L H S V Y N F C D K W V F A Q M V R L H K K L G  240 
I1 R ~ ~ G ~ E ~ E ~ F ~ H ~ M ~ ~ L ~ I ( N E ~ I l Y  N F C D K P W V F A Q M VIA I F u T n  241 

I T E E F P L I D Q T F Y P N H K E M L S S T T Y P V V V K M G H A H S G M G K V K V D N Q H D F Q D I A S V V A L T K T Y A  302 
I1 G ~ K ~ I E ~ Y ~ R ~ I T  L P ~ F ~ \ I l G  H A H S G M G K V K V I E O H  Y[D F Q D I A S V V A L T ] Q m  303 

I T A E P F I D A K Y D V R V Q K I G Q N Y K A Y M R T S V S G N W K T N T G S A M L E I A S D R Y K L W V D T C S E I F  364 
11 [ * l I ~ N ~ l I l s  G N w K T N T G s A M L E Q I A M s D R Y K L w v D / A ~ M ~  365 

I G G L D I C A V E A L H G K D G R D H I I E V V G S S M P L I G D H Q D E D K Q L I V E L V V N K M T Q A L P R Q R D A S P  426 
11 ~ c l K I V ~ ] K ~ O ~ F ~ H  D c D J E P v n R L l T  D m  S ~ ~ L ~ S ~ T  P A L O  127 

Ia P P P I I A A A G G P P H P Q L N K S Q S L T N A F N L P E P A P P R P S L S Q D E V K A E T I R S L R K S F A S L F S D *  704 
I I a A ~ Q A A P P Q K P Q ~ P H P Q L N K s Q S L T N A F ~ s F S E S S a F R s S A N E D E A ~ K A E T I R s L R K s F A S L F S D / *  1 n u  586 

Fig. 3. Homology between rat synapsins Ia and Ib (top line) and synapsins 
IIa and IIb (bottom line). (A) The amino-terminal region common to all terminal domain of synapsin Ia (residues 644 to 704) and synapsin IIa 
four synapsins (residues 1 to 488 for synapsins Ia and Ib, residues 2 to 482 (residues 526 to 586). Sequences are aligned for maximal identity. Identical 
for synapsins IIa, and residues 2 to 458 for synapsin IIb). (6 )  The carboxyl- amino acids at a position are boxed; dashes indicate gaps. 
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Common I Variable 

I I 

Synapsin I a  -14 
A B C D E 

Ser-P 1 Ser-P Ser-P 

Synapsin ~b m- Proline rich IIU 
A B C D F I Ser-P 

Synapsin I Ia  
A B C 

Ser-P i G  
Synapsin IIb &+\\-.I 

A B C G I 

Flg. 4. Diagram of shared and individual domains in the four syna ins (33). 
Each do- is given a letter symbol and represented in scale. &bers to 
the lei? indicate the synapsin subspecies. The large central homologous 
domain (domain C) is highly conserved (Fig. 3A), and domain E is found at 
the carboxyl terminus of both synapsins Ia and IIa (Fig. 3B). The amino acid 
sequence boundaries for the individual domains shown are as follows 
(synapsin subtype; rat sequence residue numbers): Domain A (Ia and Ib, 1 
to 28; IIa and IIb, 1 to 29); domain B (Ia and Ib, 29 to 112; IIa and IIb, 30 
to 112); domain C (Ia, Ib, IIa, and IIb, 113 to 420); domain D (Ia and Ib, 
421 to 654); domain E (Ia, 655 to 704; IIa, 537 to 586); domain F (Ib, 655 
to 668); domain G (IIa and IIb, 421 to 458); domain H (11% 459 to 536); 
and domain I (IIb, 459 to 479). 

protein family (Fig. 4). The large homologous region common to all 
four synapsins (Fig. 3) can be subdivided into three domains. At the 
amino terminus, the previously characterized sequence surrounding 
the single phosphorylation site in synapsin I that serves as an 
acceptor for cyclic AMP-dependent protein kinase and for Ca2+, 
calmodulin-dependent protein kinase I (10) is also found in synapsin 
11 (domain A). Since synapsins IIa and IIb also are substrates for 
these kinases, all four synapsins are presumably phosphorylated by 
the two kinases at identical sites in domain A. 

Domain A is followed by a sequence that shows a weaker 
resemblance between synapsins I and I1 and is less conserved 
evolutionarily in synapsin I (domain B). Domain B is rich in small 
side-chain amino acids such as alanine and serine. These characteris- 
tics of domain B indicate that it may serve as a link between domain 
A and the third domain, the central homologous region (domain C). 

Domain C is characterized by a high degree of homology between 
synapsins I and I1 (78 percent identity) and a high degree of 
interspecies conservation in synapsin I (98 percent identity between 
bovine and rat). Fragments of synapsin I prepared by cysteine- 
specific cleavage have been used to investigate the binding sites of 
synapsin I to actin and to synaptic vesicle membrane proteins (12, 
13, 26). Using our deduced primary structures, we aligned the 
positions of these cleavage fragments with the parent molecules 
(Fig. 1). On the basis of this alignment, the central homologous 
region of synapsin I (domain C) appears to contain independent 
binding sites for actin and for synaptic vesicles. The strong homolo- 
gy between synapsins I and 11 in domain C (Fig. 3) suggests that 
synapsin I1 may also bind microfilaments and synaptic vesicles with 
characteristics that are similar to those of synapsin I. 

Domain C is both hydrophobic [39 percent M, A, I, L, V, F, and 
W residues (see legend to Fig. 1 for single-letter amino acid code 
symbols)] and highly charged (27 percent D, E, K, and R residues). 
Secondary structure predictions (27) suggest that domain C also 
contains multiple sequence stretches with the potential to form 
amphipathic a helices and P sheets. There are several clusters of 
hydrophobic amino acids franked by charged residues, such as 
RVLLVIDE (residues 114 to 121). Studies of the association of 
synapsin I with phospholipid vesicles, in which hydrophobic pho- 
toaflbity labels were used, demonstrated that a region of synapsin I 
located within domain C partially inserts into the hydrophobic 

phase of the phospholipid bilayers (26). Again, synapsin 11 might be 
expected to behave similarly. 

On the carboxyl-terminal side of domain C, the structures of the 
four synapsins diverge. Here, synapsins Ia and Ib contain a com- 
mon, long, proline-rich, collagenase-sensitive sequence (Fig. 4, 
domain D) that is followed by the variably spliced regions (domains 
E and F), while synapsins IIa and IIb have only a short common 
sequence (domain G) that is followed by their respective alternative- 
ly spliced carboxyl termini (Fig. 5, domains H, I, and E). 

Domain D of synapsins Ia and Ib includes two phosphorylation 
sites for ~a~+,calmodulin-dependent protein kinase I1 [sites 2 and 3 
(lo)] and has a very unusual composition. It consists of 27 percent 
proline and 17 percent glutamine residues, whereas asparagine is 
totally excluded. In contrast, the ratio of glutamine to asparagine is 
approximately 1: 1 in all other domains of synapsin I. Domain D 
includes 10 percent basic amino acids but has only two acidic 
residues, conferring upon the synapsin I proteins their strongly basic 
isoelecaic point (pI > 11). Seven amino acids (A, G, P, Q, R, S, and 
T) account for about 90% of the residues in domain D. 

In synapsins IIa and IIb, domain C is also followed by a proline- 
rich region (domain G) which, however, is smaller than that of 
synapsins Ia and Ib,and is not phosphorylated. On the carboxyl- 
terminal side of the proline-rich regions, the four synapsins contain 
differentially spliced carboxyl-terminal sequences (domains E, F, H, 
and I). A strong homology is observed in the h a l  50 amino acids 
between synapsin Ia and synapsin IIa (domain E). In this region, 76 
percent of the residues are identical (Fig. 3B). Strikingly, the last 18 
residues of synapsins Ia and IIa are identical, in spite of their being 
the products of two different genes derived by two distinct differen- 
tial splicing mechanisms. No other homology exists at the carboxyl 
terminus between any two synapsins. This results in the presence of 
three Merent domains (E, F, and I) at the carboxyl termini of the 
four synapsins. 

Variations in synapsins among synapses. Domain-specific poly- 
dona1 antibodies were raised to synthetic peptides corresponding 
either to specific sequences at the carboxyl-terminal region of each of 
the four synapsins or to sequences shared by two or t3y all four 
synapsins (28). The antibodies reacted with the synapsins on 
imrnunoblots of rat brain homogenate with the specificity predicted 
by the deduced amino 'acid sequences (Fig. 5). The results confirm 
the sequence assignment of the primary structures of the four 
synapsins and support the proposed molecular basis for generating 
their diversity. 

Immunocytochemical experiments were performed by light and 

Fig. 5. Recognition of shared and a b c d e t g h  

individual epitopes of the synapsins 
by peptide antibodies. Rat brain ho- 
mogenate was immunoblotted with 
antibodies (28) specific for: (Lane a) 
AU four synapsins (residues 3 to 13 
of rat and bovine synapsins I). (Lane 
b) Synapsins Ia and Ib (residues 587 
to 609 of bovine synapsin I). (Lane ria+ rr 
c) Synapsin Ia (residues 659 to 674 
of rat synapsin Ia). (Lane d) Synap- 
sin Ib (residues 660 to 668 of rat 
synapsin Ib). (Lane e) Synapsins IIa 
and IIb (residues 414 to 432 of rat 
synapsin 11). (Lane f )  Synapsin IIa rrb- - .I - - 5 5  
(residues 470 to 484 of rat synapsin 
IIa). (Lane g) Synapsin IIb (residues 
462 to 476 of rat synapsin IIb). 
(Lane h) Synapsins Ia and IIa (rcsi- 
dues 680 to 704 of rat synapsin Ia). 
Imrnunoreactive bands. were visual- 
ized with horseradish peroxidase-coupled secondary antibodies. 
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electron microscopy in order to determine the distribution of the 
four synapsins in the nervous system (Figs. 6 and 7). For the light 
microscopy studies, sections immunostained for each of the four 
synapsins were counterstained with mouse monoclonal antibodies 
to synaptophysin, a well-established synaptic vesicle marker that is 
not related to the synapsins and that served as an internal control for 
nave terminal immunostaining (29). 

The overall immunostainiig pattern was similar for all four 

synapsins and represented a pattern specific to nerve terminals (30). 
Many nerve terminals appeared to contain all four proteins, but the 
smining intensity of distinct nerve terminal populations was differ- 
ent for the four antisera. In general, synapsin Ib appeared to have 
the most widespread distribution, which appeared to be almost 
identical to that of synaptophysin. The staining of the other three 
synapsins varied in intensity between synapses and in some nerve 
terminals at least one of the synapsins was undetectable. 

Flg. 6. Imrnunofluomcence localization of the four synapsins in rat brain 
frozen sections (34). Sections were double-labeled for synaptophysin and one 
of the four s y ~ p s k .  The pairs of micrographs show.th~sa&keld stained 
for synaptophysin on the left and for one of the four synapsins on the right. 
The synapsin subtype is indicated in the upper right comer. Antibodies used 
are those of lanes c, d, f, and g in Fig. 5. Panels show sections of the CA3 
region of rat hippocampus (A to H), deep cerebellar nudci (I to  L), and the 
nucleus of the trapezoid body (M to P). The small arrows in (A) point to  

nerve terminals of mossy fibers that are equally reactive with all four synapsin 
antibodies (A to H). The thick arrows in (I) and (K) point to synapses on 
ncuronal perikarya that contain syna in Ib (J) but not synapsin IIa (L), P" while other synapses in the same fie d contain both synapsins Ib and JIa 
[small arrows in (K) and (L)]. Thick arrows in (M) point to synapses on 
neuronal perikarya that contain synapsin Ib (N) but lack synapsin IIb (P), 
whereas other synapses in the same field contain both [thin arrows in (0) 
and (P)]. Calibration: (A to H), 50 pm; (I to L), 10 pm; (M to P), 20 pm. 
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Sections of the CA3 region of the rat brain hippocampus were 
double-immunostained for each of the synapsins and for synapto- 
physin (Fig. 6, A to H). The large puncta observed with all five 
antibodies represent the mossy fiber nerve terminals that form 
synapses on the proximal dendrites of pyramidal neurons. The 
precise correspondence between the synapsin immunostain and the 
&naptophys& immunostain in each Paii of micrographs indicates 
that each mossy fiber contains all four synapsins. 

A very different distribution of the synapsins was observed in the 
deep cerebellar nuclei. Synapsin Ib was present in all nerve terminals 
(Fig. 6, I and J) whereas synapsin IIa was not detectable in the y- 
aminobutyric acid (GABA)-containing nerve terminals that inner- 
vate the large neurons visible in the field (Fig. 6, K and L). These 
synapsin 11a-negative nerve terminals co-pond to the Purkinje 
cell axon terminals (31). The same nerve terminals contained low, 
but detectable. levels of svna~sin Ia and IIb immunoreactivities. 
Another striGg example h &e heterogeneous distribution of the 
synapsins was observed in the nucleus of the trapezoid body of the 
brain stem. In this nucleus, synapsin Ib was equally present in all 
nerve terminals (Fig. 6, M i d  N). In contra& sGpsin IIb was 
present in only a few synapses of the field (Fig. 6 , 0  and P). 

I m r n u n o e l ~ n  microscopy was performed to determine wheth- 
er the immunofluorescence- hattern obtained with the peptide 
antibodies corresponded to a nerve terminal immunostain. Lysed 
nerve terminals embedded in agarose were labeled by immunogold 
(Fig. 7). These experiments codinned the association of immunore- 
activity specific for each of the four synapsins with synaptic vesicles 
in the nerve endings. 

Our data, together with the results of earlier studies (2-14, 
provide a of synaptic vesicles as being coated on their 
cytoplasmic fice by the four synapsins, a group of homologous and 
abundant extrinsic membrane proteins. This class of actin-binding 
proteins may connect synaptic vesicles to each other or to the 
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Rg. 7. Immunoelectron microscopic localization of the four synapsins in 
bovine brain. Bovine brain homogcnates embedded in an agarose matrix 
were labeled with immunogold (35). The four fields show labeling obtained 
with antibodies to peptides specific for synapsin Ia (A), synapsin Ib (B), 
synapsin IIa (C), and synapsin IIb (D). Gold partides are concentrated in 
proximity to synaptic vesicles. Calibration bars, 200 nm. 

cvtoskeleton or to both. and these interactions are ~robablv redat-  , " 
eh by phosphorylation. ~ c c o r d i n ~ l ~ ,  the four synaisins are expected 
to play a role in positioning synaptic vesicles in the nerve texminal. 

The fbur synapsins comprise common and individual domains. 
No two synapsins are identical, but each pair shares a different set of 
sequences. The four synapsins are differentially distributed among 
synapses, and it is possible that this differential distribution reflects 
differences in the functional properties of the synapses. 

On the basis of the analysis of the homology and sequence 
characteristics of the four synapsins, a domain model was fbrmulat- 
ed for the synapsin protein family (Fig. 4). The central homologous 
region (domain C) that is shared by all four synapsins clearly fbnns a 
major functional domain. Domain C appears to bind synapsin I to 
actin and to synaptic vesicles. The presence of domain C in synapsins 
IIa and IIb suggests a similar function in these molecules. Depend- 
ing on gene transcription, alternative splicing, and protein phospho- 
rylation, domain C can be present in at least 12 different environ- 
ments in the four synapsins (32). The regulation of the biding 
properties of domain C in the synapsins could function in position- 
ing synaptic vesicles in the nerve terminal, thereby regdating 
neurotransmitter release. Our data, by elucidating the primary 
structures of the four synapsins and revealing the selective presence 
of individual members of the synapsin h i l y  in different types of 
nerve terminals, provide a framework fbr understanding how these 
molecules may function in organizing the presynaptic intracellular 
space. 

REPERENCES AND NOTES 

1. B. Katz, Ed., Tke Relwe of Neural Tmnnnilter Substances (Thomas, Sp~ingfield, 
IL, 1%9); T. C. Siidhof, Cum. Opin. Cell Biol. 1,655 (1989). 

2. E. Nestler and P. Greengard, Protein Phosphaylation in the Newow System (Wiicy, 
New York, 1983). 

3. P. De Cunilli, S. M. Harris, W. Hutmcr, P. Grccngard, J.  Cell Biol. 96, 1355 
(1982). 

4. N. ~i;ohwa,  K. S o w  K. Kanda, A. Huada, H. Yocihji, ibid. 108,111 (1989); 
D. M. D. Landis, A. K. Hall, L. A. Weinstein, T. S. R e ,  Neuron 1,201 (1988). 

5. R LIinas, T. McGuhcss, C. S. Lconud, M. Sugimori, P. Grccngard, Roc. Natl. 
Acad. Sci. U.S.A. 82, 3d35 (1985). 

6. M. D. Browning, C.-K. Huang, P. Grrcngud, J. Neurosri. 7, 847 (1987); S. I. 
Walaas, M. D. Bnnvnin& P. Grrcngud, J. Neumahem. 51,1214 (1988). 

7. W. Schiebkr, R Jahn, J.-P. Doucct, J. Rothlcin, P. Greengad, J. Biol. Chem. 261, 
8383 (1986). 

8. E. Nestlcr and P. Greengad, Nabm 296,452 (1982); J .  K. T. Wang, S. I. Wa@, 
P. Gramgad, J. Neurosn'. 8,281 (1988). 

9. W. B. H u m  and P. Grrcngud, Proc. Nad. A d .  Sn'. U.S. A .  76,5402 (1979); 
W. B. Hutme, L. J. DcGanam, P. Greengard, J. Biol. Chem. 256,1482 (1981); 
A. C. Naim and P. Grrengard, ibid. 262, 7273 (1987). 

lo. A. J. Czcmik, D. T. Pang, P. Grcengard, Roc. Natl. A d .  Sci. U.S.A.  84, 7518 
(1987). 

11. C. Romano, R. A. Nichols, P.  Gcecngad, J .  Neumsri. 7,1300 (1987). 
12. M. Eihla: and P. Gracngud, N a m  326,704 (1987); M. B&kc, F. Bcnfcnati, F. 

Valmha, A. J. P. Grccngud, J. Cell. Biol. 108,1841 (1989). 
13. T. C. P a u c a  and J. S. Morrow, J. Cell Biol. 105,1355 (1987); T.  C. Petrucci, M. 

S. Moosdrer, J. S. Morrow, J. Cell. Biodtem. 36,25 (1988). 
14. A. J. Baines and V. Bennett, Narure 319, 145 (1986); T. Okabe and K. Sobue, 

FEBS Lcn. 213,184 (1987). 
1s. Sydapsins I and II wcrc p d e d  as described (3,6,10). Rat and bovine synapsin I 

peptides wcrc obtained after chanical or protcolytic cleavage then puri6ed and 
sequenced. Rat p p s i n  I1 peptides were g&cratcd by cyan+ b d e  deavage 
and s e q u d  after purification. The sequences surrounding the phosphorylation - * - .  
sites ofsynapsin I &n repom4 prcvi&Iy (10). 

16. Four rat brain and two bovine brain cDNA libraries were screened with oligonudc- 
otide prabs or with antibodies (36). Positive clones wue p d e d  and identified by 
sequencing. Sequences of the largest done wcrc obtained on both strands by the 
dideoxy chain termination method (37). 

17. The nuckotidc sequences will be published in full k h n r  (T. C. SUdhof et al., in 
preparation) and arc deposid in the GenBank database (bavine synapin LA, 
M27810; bovine synapsin lB, M27811; rat synapsin lA, M27812; rat synapin 
lB, M27924; rat synapsin 2 4  M27925; cat synapsin 2B, M27926). Nuchtide 
scqmnces can be obtained on request bcforc their publication from T. C. Siidhof. 

18. Studies on the human synapsin I gene (T. C. Siidhof et al., in preparation) indicate 
that the first aon contains more than 500 m. Oligonucleotides comsponding to 
m 21 to 44 and 125 to 153 and m nt 461 to 488 on the antiscnse strand of the 
bovine synapsin Ib EDNA wcrc used to amplify the first am of the rat synapsin I 
gene by the PCR [R K. Saiki et al., Srimce 230,1350 (1985)l. Gcnomic rat liver 

29 SEPTEMBER 1989 RESBARCH ARTICLES 14-79 



DNA and a Perkin-Elmer thermocycler with denaturing temperatures of 95°C for 1 
min and extension temperatures of 68°C for 5 min were used. The amplification 
product was purified, digested with restriction enzymes, and cloned into M13 
vectors. Several independent isolates of the amplification products were sequenced 
(37) on both strands. 

19. Genomic DNA prepared from rat liver was analyzed by DNA blotting [M. A. 
Lehrman et al., Science 227, 140 (1985)l with single-stranded, uniformly labeled 
DNA probes synthesized by ~ 1 3  templates.  erea as hyb;idizations' at high 
stringency revealed the presence of single-copy sequences, low-stringency hybrid- 
izations demonstrated the presence of several related sequences in the rat genome. 

20. Purified polyadenylate-enriched RNA from bovine and rat tissues was separated by 
electrophoresis and blotted onto nylon membranes (38). Hybridizations were 

erformed either with uniformly labeled single-stranded DNA probes (38) or with 
P2P-labeled oligonucleotide probes. For the latter purpose, hybridizations were 
performed as for DNA-DNA hybridizations with oligonucleotides (36) except that 
the washing temperature was raised to 65°C. Messenger RNA sizes observed were 
as follo%s: in adult rat brain, nvo synapsin I messages of 3.3 kb and 4.3 kb were 
observed in a ratio of approximately 4:1, whereas in bovine brain only the 3.3-kb 
message was present. Both rat synapsin I messages hybridized with probes specific 
for synapsin Ia or Ib, suggesting alternative polyadenylation sites as the reason for 
the nvo rat mRNA sizes. For both rat and bovine synapsin IIa and IIb, single 
mRNA sizes were observed of 3.0 kb and 4.2 kb, respectively. 

21. R. E. Breitbart, A. Andreadis, B. Nadal-Ginard, Annu. Rev. Biochem. 56, 467 
11987). 
\ -  - , 

22. Amplification reactions (18) were done with oligonucleotides corresponding to nt 
2012 to 2040 and 2155 to 2182 (antisense) of the bovine cDNA with rat liver 
genomic DNA as template. 

23. A partial sequence for synapsin Ia was published [C. A. McCaffery and L. J. 
DeGennaro, EMBOJ.  5, 3167 (1986)] and thought to represent synapsin Ib. The 
nucleotide and primary amino acid sequences we obtained indicate sequencing 
errors resulting in multiple frameshifts in that study. Approximately 20 percent of 
the amino acid sequence reported is probably from other reading frames. In 
addition, the sequence does not contain the three phosphorylation sites determined 
by direct amino acid sequencing (10). 

24. GenBank release 59 and NBRF release 19 databanks were searched with standard 
programs [W. R. Pearson and D. J. Lipman, Proc. Natl. Acad. U . S . A .  85, 2444 
(1988)]. Several regions in the sequences of the synapsins are highly enriched in 
particular amino acids (such as proline and glutamine in domain D), and these 
regions are weakly homologous to many other proteins that are also enriched in 
these amino acids. However, the homologies were not judged to be significant 
because they were based on composition only and were independent of the residue 
sequences [R. F. Doolittle, O f  URFS and ORFS: A Primer on How to Analyze 
Derived Amino Acid Sequences (University Science Books, Mill Valley, CA, 1986)]. 

25. A. J .  Baines and V. Bennett, Nature 315, 410 (1985). 
26. F. Benfenati, P. Greengard, J. Brunner, M. BWler, J. Cell Biol. 108, 1851 (1989); 

F. Benfenati, M. Bihler, R. Jahn, P. Greengard, ibid., p. 1863. 
27. G. E. Schulz and R. H.  Schirmer, Principlei of Protein Stmcture (Springer-Verlag, 

New York, 1979). 
28. Peptides were synthesized by standard solid-phase methods, purified by Sephadex 

G-15 chromatography or reversed-phase high-performance liquid chromatogra- 
phy, and conjugated to bovine thyroglobulin with the use of glutaraldehyde. 

Rabbit polyclonal antibodies (38) to these peptides were affinity-purified on 
peptide-CH-Sepharose 4B columns. Rat cerebral cortex was homogenized [1:20 
(wlv)] in hot (95°C) 2% SDS and 1% P-mercaptoethanol. Protein (500 kg) was 
loaded into a single large well, separated by electrophoresis on 6.5% polyacrylam- 

:ide gels, and electrophoretically transferred to nitrocellulose. Immunoreactive 
bands on strips cut from the blot were visualized (38) with peroxidase-labeled 
secondary antibodies. 

29. F. Navone et al., J. Cell Biol. 103, 2511 (1986). 
30. In addition to yielding an intense nerve terminal staining pattern, all peptide 

antibodies also showed low-level staining of the perikaryal dendritic region of 
certain neurons (Fig. 6L). 

31. P. De CamiUi, P. E. Miller, P. Levitt, U. Walter, P. Greengard, Neuroscience 11,761 
(1984). 

32. Synapsins Ia and Ib can exist in at least four phosphorylation states and synapsins 
IIa and IIb can exist in nvo phosphorylation states, excluding the state of the NGF- 
dependent phosphorylation site (11). By permutation, there are at least 12 
contexmal phosphorylation states in the four proteins. 

33. The domain boundaries were determined on the basis of (i) amino acid sequence 
characteristics, (ii) degree of homology benveen the synapsins, (iii) functional 
characteristics, and (iv) alternative splicing. The exact positions of the boundaries 
may be slightly arbitrary. For example, the carboxyl-terminal 50 amino acids of 
synapsins Ia and IIa are 76 percent identical; the first five amino acids of this region 
are also present in synapsin Ib, but the rest of synapsin Ib is different. Accordingly, 
the beginning of domain E could be placed before or after these five amino acids. 

34. For double immunofluorescence staining, frozen sections were first labeled with 
the different affiity-purified rabbit antibodies to synapsin (28) and then with 
monoclonal antibodies to synaptophysin (29). Each incubation was followed by a 
second incubation with rhodamine- or fluorescein-coupled secondary antibodies. 
Controls for soecificin~ were oerformed as described TP. De Camilli. R. Cameron. 
P. ~reen~ard, '] .  ~ e l l ' ~ i o 1 .  9b, 1337 (1983)l. 

35. F. Navone, P. Greengard, P. De Camilli, Science 226, 1209 (1984). 
36. T. C. Siidhof, J. L. Goldstein, M. S. Brown, D. W. Russell, ibid. 228, 815 (1985); 

T. C. Siidhof, F. Lottspeich, P. Greengard, E. Mehl, R. Jahn, ibid. 238, 1142 
(1987); T. V. Huynh, R. A. Young, R. k. Davis, in DNA cloning, D. M. (;lover, 
Ed. (IRL Press, Herndon, VA, 1985), vol. 1, pp. 49-78. 

37. F. Sanger, S. Nicklen, A. R. Coulson, Proc. Nad. Acad. Sci. U . S . A .  74, 5463 
11977). 

38. P:-A. johnston, R.  Jahn, T. C. Siidhof, J. Biol. Chem. 264, 1268 (1988); M. S. 
Perin, V. A. Fried, C. A. Slaughter, T. C. Sudhof, E M B O J .  7, 2697 (1988). 

39. We thank the Rockefeller University Protein Sequencing Facility for peptide 
sequencing and synthesis, the Yale University Protein and Nucleic Acid Chemistr)~ 
Facility and the Howard Hughes Medical Institute Protein Chemistry Facility at 
Dallas for peptide synthesis; D. Atherton, J. Elliott, and W. Roberts for their 
contributions; C. Carlson, I. Slizys, G. Kuzmycz, I. Leznicki, P. Barjon, N. 
Broyles, and R. Aparisi for technical assistance; M. S. Brown, D. W. Russell, and J. 
L. Goldstein for invaluable discussions. Partly supported by the Muscular Dystro- 
phy Association (P.D.C.), by PHS grants MH 39327 and AA 06944 (P.G.), and 
by a cooperative agreement with the U.S. Environmental Protection Agency, CR 
813826 (P.G.). 

15 May 1989; accepted 28 August 1989 

"Zdon'trecallany speakerdisplayingsuch contemptforthe intelligence of an audience." 

SCIENCE, VOL. 24s 




