
A Nuclear-Encoded Form II RuBisCO were not identical, however, as the Rho- 
dospirillum RuBisCO PCR product hybrid- 

in Dinoflagellates ized poorly to a Gonyaulax PCR probe at 
high stringency (Fig. 2B). We sequenced 

David Morse,* Patrick Salois, Paul Markovic, several RuBisCO clones obtained by 

J. Woodland Hastings screening the Gonyaulax cDNA library 
with the homologous PCR product. The 
deduced amino acid sequence of a partial 

The chloroplasts of most dinoflagellates are unusual in that they are surrounded by three length RuBisCO cDNA shared 62% se- 
membranes and contain the carotenoid peridinin. The ribulose-l,5-bisphosphate car- quence identity with the Rhodospirillum 
boxylaseoxygenase (RuBisCO) in dinoflagellate chloroplasts was found here to also be enzyme over 485 amino acids (Fig. 2D) 
unusual. Unlike other eukaryotes, dinoflagellates containing peridinin use a form of and only 23% identity with Nicotiana 
RuBisCO (form II) previously found only in some species of proteobacteria. Furthermore, RuBisCO. 
this RuBisCO is not encoded in the chloroplast DNA, as is the case in other organisms, RuBisCO clones were found in the 
but is encoded by the nuclear DNA. The unusual nature of this enzyme and location of cDNA library at high frequency (0.22%), 
its gene support the idea that dinoflagellate chloroplasts may have had a distinctive suggesting that this gene is encoded by the 
evolutionary origin. nucleus. This is supported by an analysis of 

the Gonyaulax cDNA sequence; like other 
cDNAs isolated from the library (6), the 
clone is glysine-cysteine (GC) rich (60%) 

T h e  most usual form of the enzyme plasts in cell sections, indicating that the and is followed by a 190-base pair (bp) 3' 
RuBisCO (termed form I) is a protein com- presence of the protein is not the result of noncoding region and a 12- to 20-residue 
prising eight large and eight small subunits. contamination in our unialgal but not ax- polyadenylate [poly(A)] tail. We confirmed 
It is common in both prokaryotes and eu- enic cultures (3). No reactivity was ob- the nuclear location of the RuBisCO gene 
karyotes, and differences in the amino acid served with an antibody raised against the in two ways: by PCR, where amplified prod- 
sequences of up to 40% have been found form I large subunit of the higher plant ucts could be detected with genomic DNA 
between the enzymes of organisms lacking Nicotiana, suggesting that only the form I1 but not with chloroplast DNA as a template 
chlorophyll b (such as rhodophytes) and enzyme is present in Gonyaulax. (Fig. ZB), and by slot blot analysis, which 
organisms containing chlorophyll b (such as To confirm the identity of the Gonyau- revealed that the hybridization pattern of 
cyanobacteria and chlorophytes) (1 ). A sec- lax RuBisCO as a form I1 enzyme, we the RuBisCO gene probe to genomic and 
ond and distinctly different form of amplified a DNA fragment that corre- chloroplast DNA is different from that of a 
RuBisCO also exists (form II), and it is sponds to the sequenced Gonyaulav heterologous chloroplast atpB gene probe to 
composed of only large subunits that share RuBisCO by polymerase chain reaction the same samples (Fig. 2C). Although a 
limited (25 to 30%) sequence identity with (PCR) (4). Oligonucleotide primers were naturally occurring, nuclear-encoded large 
the form I large subunit (2). This form of designed on the basis of amino acid se- RuBisCO subunit gene has not been previ- 
the enzyme has not previously been found quences present in both the Gonyaulax ously observed, there are numerous exam- 
in chloroplasts. microsequence and in the Rhodospirillum ples of nuclear-encoded RuBisCO small 

Two-dimensional gels of proteins ex- RuBisCO ( 5 ) ,  and these primers were used subunit genes (7), and the large subunit 
tracted from the marine dinoflagellate to amplify PCR products of similar size gene can function normally when relocated 
Gonyaulax polyedra revealed a group of from both a Rhodospirillum RuBisCO DNA to the nucleus if a suitable transit peptide is 
four protein isoforms that, on the basis of clone and a Gonyaulax complementary provided for the protein (8). 
their size (55 kD) and high relative abun- DNA (cDNA) library (Fig. 2A). The nu- There are two possible explanations for 
dance, were considered to be good candi- cleotide sequences of the PCR fragments the presence of the form I1 RuBisCO in 
dates for the large subunit of RuBisCO 
(Fig. 1A). Indeed, microsequencing of sev- 
eral internal peptides (75 amino acids) A 
derived from one of the gel-purified iso- PH 

forms (arrow in Fig. 1A) revealed an 80% 4;s B 
Gp55 IAYPWLFDR .... sequence identity to form 11 RuBisCO of RI RuB~sCO . A .  .H. 

the proteobacteria Rhodospirillum rubrum 
GPSS VIGSGIHVG~SBGK 

.. ...... (Fig. 1B). Protein immunoblot analysis R= RuBleCo w T...G. 

with an antibody raised against R. rubrum Gp55 LPAFFENLGHSNVILTA-GHK ...... RuBisCO (anti-form I1 RuBisCO) (Fig. R~ ~ u ~ i s c o  H.G NA............. I 

1C) showed immunoreactivity with the ~ ~ 5 5  ETGSAXXXSANITADLIPARIIAR 
RT RuBlaCa ... E.XLF ......... F.I. 

isoform sequenced and with the three oth- 
er 55-kD isoforms, supporting the identi- 
fication of form I1 based on sequence com- 
parisons (Fig. 1B). The anti-form I1 

C 

RuBisCO also stained Gonyaulax chloro- 

D. Morse, P. Salois, P. Markovic, lnstitut de Recherche 
Fig. 1. Gonyaulax contains only the form I I  RuBisCO. (A) Two-dimensional gel electrophoresis analyses 

en BiologieVegetal, Universitgde Montreal, Montreal pPQ, of total Gonyaulax protein stained with Coomassie blue shows the presence of several abundant protein 
Canada HI X 282. isoforms with a size (55 kD) appropriate for the large RuBisCO subunit (19). (B) Microsequencing (20) of 
J. W. Hastings, Department of Molecular and Cellular one of the isoforms [arrow in (A)] revealed a strong homology to the R. rubrurn (Rr) RuBisCO. Abbrevia- 
Biology, Haward University, Cambridge, MA 02138, tions for the amino acid residues are given in (18). X indicates an unsequenced residue, and dots signify 
USA. identity. (C) Protein immunoblot analysis (21) shows that antibody raised against R. rubrum RuBisCO 
*To whom conespondence should be addressed. cross-reacts with all 55-kD isoforms in the Gonyaulax extracts. 
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Nlco t i ana  BpG 450 bp- Chrornaclum - Y E S  
Gonyaulax 11.T E:. 
Phodospir i l lum .:F-.FF 

rbc atpB 

Rnabaena 
Nicotlana 
Chromatium 

Fig. 2. The Gonyauiax RuBlsCO is nu- ~ ~ ~ ~ ~ ~ ~ ~ i l l , , m  
clear encoded. (A) PCR (4) was used to 
try and amplify a product of the predict- Anabaena w~JE$#~@& 
ed slze from ether 1 x lo8 or 0 3 x loa 

CIIrOmaC-Im k k i l V "  
WPy? :m plaque-form~ng un~ts of a Gonyaulax Gonyaulax 

cDNA library (6) (cDNA, lanes 1 and 2), F h o d o s ~ ~ r ~ l l m  AIL+hbj 11 , , , 

0.3 or 0.1 ng of Rhodospirillum RuBisCO 
DNA (2) (RrDNA. lanes 3 and 4). 0.3 or Rnabaena 

Nirotiana . -~ ~- 

0.1 kg of Gonyaulax genomic DNA (6) Chromatiurn ~ . T F : I ~ F x P ~ z s L ~ F ~ ~ ~ ? E & . { ~ ~ ~ ~ . '  -:E- .&---&k~v--~.z~AA 4 7 1  
mnyaulax s ~ % ~ ? ~ ~ ~ ~ i ~ ~ - d  i%n:ES@~SFLT . t.-i . . DT---: s s ~  1 ~ 4  4 8 5  

(gDNA, lanes 5 and 6), Or 1 kg of Gon- Rhodosp~r i l lum P-- r ..- + - + :. cd- - ~ . . ~ ~ 466  

yaulax chloroplast DNA (22) (pDNA, lane 
7). (6) Under stringent conditions (23), the radiolabeled PCR product from the RuBisCO (rbc) and to a heterologous chloroplast gene probe (atpB from 
Gonyaulax library hybridized weakly to the PCR fragment amplkfted from either Tetraselmis maculata). (D) A RuBisCO clone was sequenced on both strands 
the Rhodospirillum RuBisCO (lanes 3 and 4) or genomic DNA (lanes 5 and 6). with the dideoxy chain termination method (kit from Pharrnacia), and the 
No signal was seen when chloroplast DNA was used as the template (lane 7). deduced amino acid sequence was aligned with the sequence of Rhodospi- 
(C) A slot blot (24) of 0.1 and 1 kg of genomic (6) and chloroplast DNA (22) nllum and Nicotiana RuBisCOs (18, 25). 
shows that these DNA preparations hybridized differently to a Gonyaulax 

Gonvaulax. both of which have evolution- 
ary implications. One possibility is that 
dinoflagellate chloroplasts with the form I1 
RuBisCO had an evolutionary origin inde- 
pendent of higher plant chloroplasts. This 
has been suggested on the basis of pigment 
composition (9) because although most 
dinoflaeellates contain the carotenoid eeri- - 
dinin characteristic of this algal division 
(lo),  some species contain pigments similar 
to those found in other algae (1 1 ,  12). 

To  address this first exelanation exeeri- 
mentally, we tested Gyrodinium aureolum, a 
dinoflagellate species that lacks peridinin 
(12), for the form I1 RuBisCO. We rea- 
soned that the presence of a distinctive 
pigment together with a rare RuBisCO 
would suggest that both were present in an 
ancestral svmbiont. Protein immunoblot 
analysis showed that extracts from three 
different peridinin-containing dinoflagel- 
lates stained with the anti-form I1 
RuBisCO, whereas a species lacking peri- 
dinin did not (Fig. 3). If RuBisCO is an 
indicator of the plastid's origin (13), then 
the ancestral dinoflagellate chloroplast 
must have been an ancestor of proteobac- 
teria and cvanobacteria (14). because mod- . . .  
em day proteobacteria do not contain chlo- 
rophyll a and do not evolve 02. It is un- 
likely that the dinoflagellate chloroplast is 
derived directly from a eukaryotic symbiont, 
because only prokaryotes have been ob- 
served to contain the form I1 RuBisCO. 

The other explanation for the presence of 
the form I1 RuBisCO gene is that the pro- 
genitor to modem algae had three different 
genes (two different form I and one form I1 
sequence) and lost all but one. Peridinin 
would then have evolved subsequently in 
the dinoflagellate lineage. There is strong 
evidence that chloroelasts were derived from 
cyanobacteria (15), whereas mitochondria 
were derived from photosynthetic pro- 
teobacteria (16). Thus, the ancestral eu- 
karyote could have contained not only a 
cyanobacterial-type form I RuBisCO but also 
proteobacterial form I and form I1 RuBisCOs 
(1 7). All three branches of current RuBisCO 
phylogeny (dinoflagellates, rhodophytes, and 
hieher elants) could thus be derived from - L 

this ancestral eukaryote by transfer of the 
RuBisCO gene between subcellular comeart- - 
ments. In this scheme, algae containing 
chlorophyll b and higher plant chloroplasts 
have retained their original form I sequence, 
whereas the mitochondria have lost both the 
form I and form I1 sequences. In the plastids 
lacking chlorophyll b, the original cyanobac- 
terial RuBisCO would have been re~laced 
with the mitochondrial form I sequence and 
the form I1 RuBisCO seauence lost. The 
dinoflagellates would have transferred the 
mitochondrial form I1 sequence to the nu- 
cleus and lost both the mitochondrial and 
plastid form I sequences. We note that this 
hypothesis would explain why RuBisCO mo- 
lecular phylogenies do not always agree with 

those of other sequences, such as chloroplast 
ribosomal RNA (rRNA) ( 1 ). 

In conclusion, we have shown that 
dinoflagellate RuBisCO is unlike that of oth- 
er eukaryotes and that the gene coding for 
the protein is found in the nucleus rather 
than in the chloroplast. This unusual situa- 

3 4  5 B  
Nicotlana RuBisCo 

I 

Rhodospirillum 
RuBisCo 

Fig. 3. The presence of the form I I  RuBisCO 
correlates with the presence of peridinin. (A) 
SDS-PAGE of 50-pg protein samples (26) isolat- 
ed from the higher plant Nicotiana tobaccum 
(lane I), as well as from the dinoflagellates Gy- 
rodinium aureolum (lane 2), G. polyedra (lane 3), 
Amphidinium pacificum (lane 4), and Pyrocystis 
lunula (lane 5). The gel was stained with Coo- 
massie brilliant blue. Molecular sizes are indicat- 
ed to the left in kilodaltons. (B) Reaction of the 
same samples with an anti-Nicotiana RuBisCO 
(27). (C) Reaction of the same samples with an 
anti-Rhodospirillum RuBisCO. 
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tion represents strong evidence for a distinc- 
tive evolutionl-lry origin of dinoflagellate 
chloroplasts, although a colnparison of their 
plastid rRNA sequences with those of extant 
orgl-lnislns n,ill be required to fi~lly resolve the 
issues raised here. However, it is clear that 
the dinoflagellate RuBisCO renresents a 

u 

for111 of the enzyme not prev~ously found in 
chloroplasts. 
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Presynaptic Component of Long-Term 
Poten tiation Visualized at Individual 

Hippocampal Synapses 
Antonio Malgaroli,* Anthony E. Ting, Beverly Wendland, 
Andrea Bergamaschi, Antonello Villa, Richard W. Tsien, 

Richard H. Scheller 

Long-term potentiation has previously been studied with electrophysiological techniques 
that do not readily separate presynaptic and postsynaptic contributions. Changes in 
exocytotic-endocytotic cycling have now been monitored at synapses between cultured 
rat hippocampal neurons by measuring the differential uptake of antibodies that recognize 
the intraluminal domain of the synaptic vesicle protein synaptotagmin. Vesicular cycling 
increased markedly during glutamate-induced long-term potentiation. The degree of 
potentiation was heterogeneous, appearing greater at synapses at which the initial extent 
of vesicular turnover was low. Thus, changes in presynaptic activity were visualized 
directly and the spatial distribution of potentiation could be determined at the level of 
single synaptic boutons. 

T h e  ilistinction between presynaptic and  
postsynaptic aspects of neurotranslnissioll 
is fundamental to understanding how syn- 
aptic function is modulated, yet it is often 
difficult t o  assess ( 1  ). Vesicular release of 
neurotransmitter from presynaptic termi- 
nals is generally llleasured by electrophysi- 
ological recordings of postsynaptic signals 
(2 ) .  However, t he  variable respollsivelless 
of the  nostsvnantic rnernbrane renders it 
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a n  unreliable indicator of presynaptic ac- 
tivity (1 ) .  This unreliability has given rise 
to  ambiguity and controversy, particularly 
in the  area of long-term potentiation 
(LTP) ( 3 ) ,  for which the  existence of a 
presynaptic component of enhancement  is 
still intensely debated (4-6) .  Thus,  alter- 
native approaches are recluired to  monitor 
changes in  presynaptic activity directly. 
W e  noaJ  describe exneriments in  which 
vesicular fusion and recycling (7) were 
detected by the  uptake of specific antibod- 
ies that  recognize a luminal epitope of the  
vesicular protein synaptotagmin (8,  9). 
Levels of activity during two sequential 
experimental periods were monitored sep- 
arately n2ith the  use of two different anti-  
body preparations, generated in  different 
animal species, and were assessed by indi- 
rect imm~~nofluorescence.  This  approach 
provided a ratiolnetric measure of changes 
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