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Debaryomyces hansenii: a model system for marine molecular biology.
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OBJECTIVE: The major goals for this award were : (1) Construction of a plasmid vector
for the transformation of Debaryomyces hansenii and its transformation, (2) Mutagenesis of
D. hansenii (3) Isolation and sequence analysis of a gene ( in this case the SSU rRNA gene
) and its comparison to this gene from other organisus, (4) initial experiments on the

isolation of regulatory sequences from inducible genes from Debaryomyces.

ACCOMPLISHMENTS: In an attempt to construct a vector for the transformation of
Debaryomyces, two autonomously replicating sequences (ARS) have been isolated. This
was accomplished utilizing an auxotrophic strain of Saccharomyces cerevisiae (Ura 3°) and
the URA 3 gene in the plasmid pUC19 as a marker. Two plasmids containing fragments of
Debaryomyces genomic DNA were autonomous in Saccharomyces. These contained inserts
of 0.4 kbp and 1.4 kbp respectively. The smaller insert was used for further analysis. The
ARS activity resides in 0.15 kbp of the insert and a new plasmid was constructed with the
smaller insert. Sequence analysis of the clone revealed it to be A+Trich (% A+T =
80.76%). It also contains a 12 bp consensus sequence shown to be present in all ARS

functional in Saccharomyces.
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For the use of the constructed plasmids Ura 3" mutants had to be ganerated.
Attempts were thus made to generate these mutants by chemical mutagenesis. The Ura 3°
phenotype was selected by the negative selection utilizing S- fluoro orotic acid. Even
though a large number of mutants were generated by this technique they were very .
unstable. All the mutants that were isolated reverted to their original phenotype. Dr. L.
Adler of the University of Goteborg has recently sent me D. hansenii strain 126 which he
has successfully used in mutant generation. He has also agreed to generate auxtrophic as
weil as salt intolerant mutants of his strain.

Transformations of Debaryomyces have been attempted with plasmid pLG90
( kindly supplied by Dr. L. G. Gritz, Applied Biotechnology Inc. ) . This plasmid contains a
Saccharomyces ARS and bacterial hygromycin resistance under the control of the yeast
CYC-1 promoter. The plasmid is functional in providing hygromycin resistance in both E.
coli and Saccharomyces. Several transformation techniques were attempted and low
frequencies of transformation of Debaryomyces to hygromycin resistance were obtained
with the protoplasting technique. The transformants are now being analyzed for the
presence of the plasmid. This result, in addition to fact that the ARS sequence from
Debaryomyces is very similar to that of other organisms such as Candida albicans,
Phycomyces blokesleeanus and Saccharomyces indicates that the plasmid that we have
constructed will be successful in transforming Debaryomyces. The experiments will be
performed as soon as stable mutants are generated.

The SSUrRNA from Debaryomyces was amplified using polymerase chain reaction
and cloned into the polylinker cloning site of the plasmid pUC19. This was then sequenced
and the sequences were aligned to organisms across kingdoms based on 23 taxa.
Debaryomyces clusters among the yeasts but appears more closely related to Candida
albicans than the group represented by S. cerevisiae, K lactis and T. delbrukii. Candida

glabarata clusters more closely to S. cerevisiae than either do to C. albicans. The fission
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i? } yeast S. pombe seems to be distantly related to the other yeasts. A second analysis

§ i expanding the yeast/fungi group was then performed. This analysis tended to separate C. i i
B :
%53 albicans and D. hansenii from the other cluster of yeasts. The results indicate that even ‘
£

though Debaryomyces is indistinguishable from Saccharomyces morphologically and
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ultrastructurally, it may actually closer to Candida. Greater success could possibly be

achieved by adapting molecular techniques that have been developed for Candida rather

than Saccharomyces. It also appears from these analyses that the capacity of these

organisms to tolerate high salt is independent of phylogenetic affiliations based on SSU
rDNA analysis.

The rationale behind the isolation of regulatory sequences of inducible genes from

i
Y
g;
i
b
%”

Debaryomyces is that it would help in the construction of expression vectors. This in turn
would help in the expression of foreign genes ir this organism . As a first step towards this

s itempts have been made to identify protein changes in Debaryomyces in response to high

w.,
R T A AR

salinities. The experiments irvolved the radioactive labeling of proteins with 35 L.

. Methionine in vivo after the addition of sodium chloride . The incorporation of
;‘: radioactivity in the newly synthesized proteins after the addition of salt decreased ten fold. %L
By eight hours of incubation, the cells completely recovered incorporating comparable E

amount of radioactivity. Analysis of soluble proteins from the salt treated cultures '
i indicates the presence of 2 150 kda. protein in salt treated cultures which is not present in 4

cultures grown in the absence of salt. We are now in tae process of purifying this protein

SN

with the purpose of raising antibodies.

e L

' Accesion For N B

NTIS CRA&I  §@
" DTIC TA3 0

& Unainouiced 0 Lo

“é,‘ Statement A per telecon Justification ;;;

ik Dr. Eric Eisenstadt ONR/Code 1141 o '
% Arlington, VA 22217-5000 By "5
[ Dist ibuttio 2
ist ibustion i
. NN 3/5/92 3t ibution .
by Avaliabiiity Cocies St
l» 7 Av: 'i" . P}wa s ¥
% 3 it | “Spicial

A |

-y



V1P CUU I S

AT,

B P o i N A

T e

List of Publications ( published, in press and submitted ) during the period of support:

1. N. S. Govind, K. L. MacNally and R. K. Trench (1992) Isolation and sequence analysis of
the small subunit RNA gene from the euryhaline yeast Debaryomyces hansenii.
Submitted to Current Genetics ( one copy of the manuscript enclosed ).

2. N. S. Govind and A. T. Banaszak (1992) Isolation and characterization of an
autonomously replicating sequence (ARSD) from the marine yeast Debaryomyces
hansenii. Submitted to Molecular Marine Biology and Biotechnology ( manuscript
enclosed ).

3. R. Iglesias-Prieto, N. 8. Govind and R. K. Trench (1992) Apoprotein composition and
spectroscopic characterization of the water soluble peridinin-Chlorophyll a-proteins
from three symbiotic dinoflagellates. Proceedings of the Royal Society of London B
in press ( copy of gailey enclosed, five copies of the reprint will be submitted upon
receipt ).

4, L. A. Sadler, K. L. MacNally, N. S. Govind, C. F. Brunck and R. K. Trench (1992) The
nucleotide sequence of the small subunit ribosomal RNA gene from Symbiodinium
pilosum, a symbiotic dinoflagellate. Current Genetics, in press ( manuscript
enclosed, five copies of the reprint will be submitted upon receipt ).

5.J. L. Matta, N. S. Govind and R. K. Trench (1992) Polyclonal antibodies against iron-
superoxide dismutases from E. coli cross-react with superoxide dismutases from
Symbiodinium microadriaticum (Dinophyceae). Communicated to Journal of
Phycology ( Copy of manuscript enclosed ).

6. R. E. Kochevar, J. J. Childress and N. S. Govind (1991) Carbonic anhydrase in the
hydrothermal vent tube-worm Riftia pachyptila Jones. American Z‘?zologist I:NA

( five copies enclosed).
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ISOLATION AND SEQUENCE ANALYSIS OF THE SMALL
SUBUNIT RIBOSOMAL RNA. GENE. FROM THE EURYHALINE YEAST
DEBARYOMYCES HANSENII

Nadathur S. Govind, Kenneth L. McNally, and Robert K.Trench.
Department of Biological Sciences and the Marine Science Institute
University of California at Santa Barbara
Santa Barbara, CA 93106. U.S.A.
Correspondence should be directed to: Dr, Nadathur S. Govind
Department of Biological Sciences
University of California at Santa Barbara
Santa Barbara, CA. 93106
Telephone (805) 893 - 3855
FAX (805) 893 -4724
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ISOLATION AND SEQUENCE ANALYSIS OF THE SMALL
SUBUNIT RIBOSOMAL RNA GENE FROM THE EURYHALINE YEAST
DEBARYOMYCES RANSENII

Nadathur S. Govind, Kenneth L. McNally, and Robert K.Trench.
Department of Biological Sciences and the Marine Science Institute
University of California at Santa Barbara

Santa Barbara, CA 93106.U.S.A.

Summary. The small subunit ribosomal RNA gene (SSU tDNA) from the euryhaline
yeast Debaryomyces hansenii has been isolated and sequenced. After appropriate alignment of this
sequence with SSU rDNA sequences from 30 other taxa, phylogenetic reconstruction using
distance matrix and maximum parsimony methods indicates that D, hansenii is most closely
affiliated with Cundida albicans, and occurs in the cluster of the yeasts Saccharomyces cerevisiae,
Torulaspora delbruekii, Candida glabraza. and Kluyveromyces lactis. It appears that the capacity
to tolerate high salt is independent of phylcgenetic affiliations based on SSU rDNA analyses.

Key words: Small subunit ribosomal RNA; SSU rDNA sequence; phylogenetic reconstruction;
yeasts; Debaryomyces hansenii,

T N et A B ATl A BRI T % v oy s e o B e SRS PR N

-
e, é

»
- e G B syt




At W

O A 1

-V

Introduction

The sequences of small subunit ribcsomal RNA (SSU tRNA) genes has been used

extensively in recent times for the reconstruction of phylogeny (Medlin et al. 1988; Dams et al
1988; Hendricks et al. 1991; for review see Schiegel, 1991). New tecnnologies have been
developed to facilitate the isolation and characterization of such genes both from isolated
microorganisms and from a mixture of organisms in a clinical sample (Medlin et al, 1988; Gobel et
al. 1987). Polymerase chain reactions (PCR) utilizing a thermostable DNA polymerase (Saiki et
al. 1988) have been successfully employed in the isolation of SSU rDNA from genomic DNA,
using specific primers (Medlin et al. 1988 ). Although there are reports on the analysis of yeasts
and fungi based on 16S-like rDNA sequences, there are no reported analyses of marine or
euryhaline yeasts and fungi.

The euryhaline yeast Debaryomyces hansenii has the capacity to tolerate NaCl concentra-
tions of 0 - 24% (Norkans, 1966). While 2 majority of the studies on this organism have concen-
trated on the mechanism of halotolerance (Adler, 1986), there is little information available on the
relationship of D. hansenii to other yeasts and fungi. Recently we have been attempting to stan-
dardize various recombinant DNA techniques for this organism. As a first step towards this, and
to determine if a correlation exists between phylogeny and halotolerance, we describe here the
isolation and sequence analysis of the SSU rDNA from D. hansenii, and present a reconstructed
phylogeny inferred by comperison with homologous sequences from other yeasts and protists.
The results of our analyses indicate that D, hansenii is most closely affiliated with Candida albicans
and occurs in the cluster of the yeasts Saccharomyces cerevisive,Toruluspora delbruekii, Candida
glabrura and Kluyveromyces lactis, but it appears that the capacity to tolerate high salt is
independent of phylogenetic affiliations based on SSU rDNA analyses.
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1. Materials and Methods 1

P -

* Strains and Maintenance. Debaryomyces hansenii NRRL Y-7426 was obtained from the ;

[ ;
United States Department of Agriculture, Peoria, [llinois. Conditions for the cultivation and

maintenance of this organism were identical to the ones used for Saccharomyces cerevisiae
(Camipbell, 1988). Plasmids were constructed, propagated and amplified in Escherichia coli strain
DHS a'[ F-, endAl, hsdR17, i ,my°, supE44, thi-1, A-, recAl, gyrA96, relAl, A(argF-, lac

ZYA)U169, D80dlacZ AMIS).

DNA isolation, purification and amplification of SSU rDNA. DNA from D. hansenii was
prepared by the method of Cryer et al. (1975). Plasmid DNA was prepared by the method of
Ohtsubo et al. (1978). Transformation of E. coli was performed by the method of Mande! and
Higa (1970). Electrophoretic separation and purification of DNA was conducted as described by
Maniatis et al. (1982). Restriction ezymes were purchased from Promega Biotech. and used

- WRap.

according to the manufacturer’s specifications. The primers, buffer and amplification conditions
used for the SSU rDNA from D. hansenii have been described by Medlin et al. (1988). The
primers carry the restriction sites EcoRI and Sal I at the 5' end and Sma I, BamH I and HindIII at
the 3’ end to facilitate cloning of the amplified fragments. Amplifications were performed utilizing
a Perkin Elmer Cetus DNA Thermal Cycler.

Cloning and sequencing. The PCR products were purified by electrophoresis in (low
melting) agarose gel, digested with Sal I and Hind I1I and cloned into the polylinker site of the
plasmid pUC19. Syrthetic oligonucleotide primers of well conserved regions of eukaryotic 16S-

like rRNA genes ( Elwood et al. 1985) were used to sequence the clone by the dideoxynuleotide .E
: ,g , chain termination sequencing method of Sanger et al.(1977). i

,}; Computer Analysis of the SSU rDNA sequences. The complete SSU rDNA sequences of gﬁ
A Debarvomyces hansenii (NRRL Y-7426) and 30 other taxa (listed below), were aligned on the ;
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basis of similarity and secondary structure, with the initial alignment provided by the multiple
alignment program CLUSTAL (Higgins and Shasp, 1988, 1989), and the final alignment adjusted
“by eye”. The organisms used for comparison were as follows: Candida albicans (Hendriks et al.
1989), C. glabarata (Wong and Clark-Walker, 1990), Saccharomyces cerevisiae (Rubtsov et al.
1980), Torulospora delbrueckii (Hendriks et al. 1990), Aspergillus fumigatus (Sogin, pers.
commun.), Neurospora crassa (Sogin et al. 1986), Schizesaccharomyces pombe (Sogin, pers.
commun.), Pneumocystis carinii (Edman et al. 1988), Blastocladiella emersonii (Forster et al.
1990), Achlya bisexualis and Ochromonas danica (Gunderson et al. 1987), Prorocensrum micans
(Herzog and Maroteaux, 1986), Crypthecodinium cohnii and Saccocystis muris (Gajadhar et al.
1991), Plasmodium berghei (Gunderson et al. 1586), Oxytricha nova (Elwood et al. 1985),
Paramecium tetraurelia (Sogin and Elwood, 1986), Dictyostelium discoideum(McCaroll et al.
1983), Physarum polycephalum (Johansen et al. 1988), Giardia lamblia (Sogin et al. 1989),
Sulfolobus solfataricus (Olsen et al. 198S), Kluyveromyces lactis (Maleszka and Clark-Walker,
1990), Penicillium noratum, Coccidioides immitis and Mucor racemosus (Sogin, pers. commux.),
Aureobasidium pullulans , Colletotrichum gloeosporioides , and Athelia bombacina (lingworth et
al. 1991), Leucosporidium scortii (Hendriks et al. 1991).

Non-ambiguously aligued positions were analyzed by computation of 50 bootstrap
resampled DNA distance matrices, using the maximum likelihood metric (DNADIST). Resolution
of the matrices was accomplished by Fitch and Margoliash's algorithm (FITCH), where input
order of species added to the topology under construction was randomized ten times. A consensus
tree across 500 independent trees was generated using CONSENSE. Using the same alignment,
50 rounds of bowtstrap resampied maximum parsimony (DNABOOT) were also conducted. All
programs mentioned are from the PHYLIP 3.3 package (Felsenstein, 1990).

Resuits and Discussion
DNA samples after PCR were separated on a | % agarose gel and the approximate size of
the amplified band was determined to be 1.8 kbp (data not presented). This was the only promi-
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nent product of the PCR. Utilizing this strategy for amplification, fewer than one error per 15,000 Lo
= : positions have been observed in the rRNA sequences (Gelfand and White, 1990). The size of the
i amplified product is very similar to the sizes obtained for the marine diatom Skelezonema costarum
e and the ascomycete Kluveromyces lactis (Medlin et al. 1988). On the other hand Plasmodium falci-
parum gives a 16S-like rRNA of approximately 2.0 kbp (McCutchan et al. 1988). The amplifica-
tion procedure yielded approximately 5 ug of product and this quantity was sufficient to clone into

o s >
PO

pUC19. The SSU rDNA was cloned into the Sall and HindlII sites of the polylinker sequence of

“he plasmid pUC19 and the resulting plasmid was called pGN35. Double stranded DNA sequence

' analysis was performed on the cloned region, and the results are presented in Figure 1. The

? nuleotide sequence of the SSU rRNA gene from Debaryomyces hansenii shows a size of 1798

- nuleotide pairs including both the 5' and the 3’ primers used for the amplification.

Fig. 1 also shows the alignment of the SSU rDNA from D. hansenii with homologous
sequences from six other yeasts. Using this alignment, phylogenetic reconstruction was conducted
using maximum parsimony (DNABOOT) and distance matrix (Maximum Likelihood) methods.
The resulting topologies of the trees generated by both methods were in good agreement.

' Fig. 2 shows a reconstructed phylogeny across Kingdoms based on 23 taxa (with
Physarium polycephalum , Giardia lamblia , and Sulfolobus solfatricus used as outgroups). The
relationships of the ciliates, the apicomplexans, and the dinoflagellates are as has been established
by others (Lenaers et al. 1989; Hendriks et al. 1989, 1991; Gajadhar et al. 1991; Sadler et al.
1991). The relationships of the fungi to other groups is also consistent with those indicated by
Hendriks et al. (1989, 1991), and Schiegel (1991). D. hansenii, a budding yeast, clearly clusters
among the yeasts, but appears more closely related to Candida albicans , a dimorphic budding
yeast , than to the group of yeasts represented by S. cerevisiae, K. lactis, T delbruekii , other
budding yeasts. By this criterion, C. glaharara may appear to be out of place. In our analyses, and

L wn
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in those of Bams et al. (1991), Caadida (=Torulopsis) glaburasa clusters more closely to §.
cerevisiae than either do to C. albicans. However, the distances among these taxa are quite short.

The fission yeast S. pombe is distantly celated to the other yeasts.
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In order to0 expand the analysis of the yeasts/fungi groups, the same set in Fig. 1a (with the
exception of A. pullulans) were combined with six other fungal and yeast taxa (for a total of 19
species). One thousand six hundred and ten unambiguously aligned posistions were subjected to
the same series of programs used above, this time using Ochromonas danica and Achlya bisexualis
as outgroups. Again, DNA distance and bootstrap resampled maximum parsimony resulted in
consistent topologies, This second analysis, Fig. 3 tended to separate D. hansenii and C. albicans
from the other cluster of yeasts including 7. delbrueckii, C. glabarata , S. cerevisise and K. lactis,
but even so, the yeasts cluster quite separately from the remainder of the fungi. Our analysis
places Coccidiodes immitis among the ascomycetes. The systematics of this fungus is ambiguous;
in the saprophytic form it is regarded as a zygomycete, while in the parasitic form it is regarded as
an ascomycete (Rippon, 1988).

According to Molitoris and Schaumann (1986), based on the definition provided by
Kohimeyer and Kohimeyer (1979), there are about 500 known marine fungi. Of these, about 180
are yeasts, in the genera Candida, Kluyveromyces, Rhodorotula, Trichosporum, Pichia and
Debaryomyces. Although we have not analyzed exampies from all these genera, it appears that the
capacity to tolerate high salt is independent of phylogenetic affiliations based on SSU rDNA
analyses.

Acknowledgements. We thank Professors lan K. Ross and Joha Taylor for reading early drafts of
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Figure legends

Figuce 1. The complete sequence of the SSU rDNA from D. hansenii aligned to homologous
sequences from six other fungal taxa. Abbreviations: D.h., Debaryomyces hansenii; C.a.,
Candida albicans; X.., Kluyveromyces lactis; S.c.,Saccharomyces cerevisiae; C.g., Candida

glabarara; T.d., Torulospora delbrueckit; S.p., Schizosaccharomyces pombe.

Figure 2. An across-Kingdom tree based on distance matrix analysis with Physarum
polycephalum , Giardia lamblia , and Sulfolobus solfatraicus used as outgroups. Distances were
calculated using a maximum-likelihood esﬁmatg for transition/transversions based on actual hase
frequencies for 1487 unambiguously aligned positions with 50 bootstrap resamplings of the data
set. Each bootstrap-resampled distance matrix was resolved into a topology ten times by random-
izing input order of species added by Fitch and Margoliash's method. A consensus tree was

generated across 500 trees with one having the same topology as the consensus tree being shown.

Figure 3. A “fungal” tree using Ochromonas danica and Achlya bisexualis as outgroups. The
methodology employed was the same as that used to generate the tree shown in Fig, 2 except 1610
unambiguously aligned positions were used for the distance calculations.
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The marine yeast Debaryomyces hansenii is known to tolerate salinities ranging from
0% - 24%. As a first step toward the molecular analysis of halotolerance in this organism
we report here the isolation of an autcnomously replicating sequence (ARS) and its use in
the construction of a shuttle vector. The ARS from D. hansenii (ARSD) is 0.4 kbp long
and the function rests in 0.13 kbp of the sequence. Sequence analysis 0" ARSD shows

,.....1..._‘,.,-»—.
s o AR

strong homology to ARS from other organisms including a 12 bp consensus sequence

common to all ARS functional in Saccharomyces cerevisiae.

Key Words: Autonomously replicating sequences, Debaryomyces hansenii, halotolerance,

marine yeast.
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Introduction

The marine occurring yeast Debaryomyces hansenii may provide an ideal model
system for studying the mechanisms of salt tolerance in marine organisms. D. hansenii is
strongly halotolerant with the ability for growth in 0% - 24% sodium chloride (Adler,
1936). When grown in high sait conditions, this organism extrudes sodium and selects for
potassium uptake (Norkans and Kylin, 1969; Hobot and Jennings, 1981). Polyhydroxy
alcohols (polyols) are also produced and accumulated within the organism to
counterbalance the decreased osmotic potential of the environment (Adler and Gustafsson,
1980; Gustafsson and Norkans, 1976). The two major polyols synthesized are glycerol
during the exponential growth phase (Gustafsson and Norkans, 1976) and arabinotol
during the stationary phase (Adler and Gustafsson, 1980).

When the salinity of the growth medium is increased, there is a corresponding

proportional increase in the intracellular glycerol content in growing cells (Gustafsson and

- Norkans, 1976). In the presence of high concentrations of sodium chloride, D. hansenii

retains glycerol intracellularly more readily than Saccharomyces cerevisiae ( Larsson and
Gustafsson, 1987). These authors have suggested that the capacity to regulate glycerol
metabolism allows D. hansenii to optimize growth under conditions of high salinity. Using
this mechanism, D. hansenii can tolerate more readily far higher concentrations of sodium
chloride than can S. cerevisige (Norkans, 1966; Hobot and Jennings, 1981).

Recently, we have initiated studies aimed at understanding the genetic regulation of
balotolerance in this organism. As a first step towards this we describe here the isolation of
an autonomously replicating sequence frora D. hansenii (ARSD) and its use in the
construction of a shuttle vector. To our knowledge this study represents the first of its kind

with marine eukaryotes.
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Results

The plasmid pJ1.2 (Revuelta and Jayaram, 1986) contains the S. cerevisiae URA 3 as
an auxotrophic marker. This 1.1 kbp URA 3 fragment was excised from pJL2 with the
restriction endonuclease Hind III and cloned into the Hind Il site of the plasmid pUC19.
The resultant plasmid was called pGN3.

Debaryomyces genomic DNA fragments (average size 0.4 - 1.6 kbp) were generated
by partial digestion with Sau 3Al and purified on a linear (10% - 40%) sucrose gradient.

These fragments were then ligated into the Sal I site of pGN3 by the technique of partial
filling of cohesive ends as described by Zabarovsky and Allikmets (1986). This method is
efficient because it avoids self ligation of the vector and prevents multiple insertions of ‘
genomic DNA. Two to three micrograms of the ligation mixture were used to transform S.

cerevisiae strain SEY.2108 to URA prototrophy. Twenty to thirty transformants were

obtained on selective medium. Total DNA was prepared from 12 randomly selected yeast

transformants and used to transform Escherichia coli strain DHS5a . Two of the 12 clones

contained autonomous plasmids by virtue of the fact that they could be recovered in E. coli

and could subsequently transform S. cerevisiae to URA prototrophy. Analysis of these two '

recombinant plasmids by restriction enzyme digestion and subsequent agarose gel

electrophoresis showed the presence of ARS inserts of the sizes 0.4 kbp and 1.4 kbp

respectively. The plasmid with the 0.4 kbp ARS insert (DAB81) was selected for further

analysis (Fig. 1A). Southern blots of total DNA isolated from S. cerevisiae transformed with

pAB81 and probed with the parent plasmid pUC19 indicated :he presence of an

autonomous plasmid. Using restriction mapping of pAB81 an Eco Rl site was found within

the insert. To map the functional limits of the ARS, two subclones were constructed.

PABS1 was digested with Eco RI to excise a 0.25 kbp portion of the ARS and the plasmid

recircularized (pAB83, Fig. 1A). The excised portion of the ARS (0.25 kbp) was cloned

- ———— vt ————— Yo——
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into the Eco Rl site of pGN3 (pABS8?2, Fig. 1B). The three plasmids (pAB81, pAB82, and
pAB83) were then used to transform Saccharomyces (Fig. 1B). pAB81 and pABS83
transformed Saccharomyces with high frequencies (equivalent to pJL2, data not shown)
while pAB82 showed very inefficient transformation (< 10 transformants/u g plasmid
DNA) indicating that the ARS from Debaryomyces resides within 150 bp of the 400 bp
insert.

The 0.4 kbp ARS was excised from pAB81 by digestion with Bam HI and Hind III
(from the polylinker sequence of pUC19), purified by agarose gel electrophoresis and
radioactively labelled with 32p utilizing the random priming technique (Sambrook et al.,
1989). This was then used as a probe against Debaryomyces genomic DNA digested with
Bam HI (Fig. 1C, Lane A) and Hind III (Fig. 1C, Lane B). The Southern hybridizations
were performed at high stringencies (Wahl et al, 1987). Our results indicate that strong

homology exists between the ARS from pAB81 and the genomic DNA from Debaryomyces

suggesting that the ARS in pAB81 originates from Debaryomyces.

The ARS from pAB83 was sequenced by the dideoxy chain termination method of
Sanger et al. (1977). The sequence of 130 bp, as shown in Figure 2 has a high A+T content
(% A + T = 80.76). It also has a 12 bp consensus sequence (Fig. 2, the underlined region)
which is common to all DNA sequences that function as ARS in Sacchammyces (Broach
and Hicks, 1980).

Discussion

We have described here the isolation of an ARS from the marine yeast
Debaryomyces hansenii. We have demonstrated that the ARS gives the plasmids pAB81 and
pAB83 the capability of autonomous replication in Saccharomyces cerevisiae. Restriction

mapping and subsequent transformation of S. cerevisiae indicate that the ARS activity
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resides in 130 bp of the clone. In Phycomyces blakesleeanus the ARS activity was found to
reside in less than 160 bp along a 900 bp fragment (Revuelta and Jayaram, 1986). Araki
and Oshima (1989) identified a 30 bp sequence from Zygosaccharomyces rouxii that is
functional both as an ARS in S. cerevisige and its native host.

Sequence analysis of the functional region of ARSD showed that it has a high
%A + T content and includes a 12 bp consensus sequence. Both of these observations are
consistent with sequences of ARS from other species (Revuelta and Jayaram, 1986;
Cannon et al., 1990; Broach and Hicks, 1980).

Our results do not demonstrate whether the isolated ARSD is functional in D.
hansenii although plasmids that contain the 2u circle ARS transform D. hansenii with low
efficiencies (Govind, unpublished data). This observation, coupled with the fact that the
sequence of ARSD is very similar to the ARS from Saccharomyces (Broach and Hicks,
1980) as well as ARS from both P. blakesleeanus (Revueita and Jayaram, 1986) and the
core regions of the ARS from Candida albicans (Cannon et al., 1990) indicates that the
sequence would be functional in D. hansenii. Experiments are now underway to isolate Ura
3 strains of D. nansenii. When this is accomplished, transformation of the organism will be
attempted with pABS81 ar.d pABS3.

One useful attribute of pAB81 and pAB83 is that these plasmids could be
conceivably used to transform both D. hansenii and S. cerevisiae. It is also possible to use
these plasmids to complement auxotrophic inutations in Saccharomyces and facilitate the
isolation of a marker. This is particularly significant since there are no auxotrophic
markers available for Debaryomyces at the present time. A shuttle vector (i.e., pAB81 or
pABS3) that is capable of autonomous existance in Debaromyces, Saccharomyces, and E.
coli would be especially important for the study of gene regulation. It would also be
possible to express Saccharomyces genes in Debaryomyces and vice versa. With the
isolation of auxotrophs and their respective genes, it should then be feasible to isolate salt

responsive genes and to stu'y their regulation.
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Materials and Methods

Strains and Maintenance
The Saccharomyces cerevisiae strain SEY 2108 (MATa ura 3-52 leu 2-3,-112 suc239
aprel::LEU2% ) was obtained from Dr. Scott Emr, California Institute of Technology,
Pasadena, California, and described by Bankaitis et al. (1986). Comple:e as we!l as dropout
media and conditions for cultivation of Saccharomyces have been described by Campbell
(1988). The Debaryomyces hansenii strain NRRL Y-7426 was obtained from the United
States Department of Agriculture, Peoria, Illinois. The conditions and media for the
cultivation of Debaryomyces were identical to that of Saccharomyces. Plasmids were
constructed, propagated and amplified in Escherichia coli siraia DHSe (F, endAl, hsdR17,
ri> my~, SupE44, thi-1,)-, recAl, gyrA96, relAl,&(argF-lacZYA)U169, 9 80dlacZ M15).
Miscellaneous Methods

Plasmid DNA from E. coli was isolated by the method of Ohtsubo et al (1978).
Transformation of E. coli was performed by the method of Mandel and Higa (1970). DNA
from S. cerevisiae and D. hansenii were prepared by the method of Cryer ez al (1975).
Transformation of Saccharomyces was performed as described by Ito et al (1983).
Electrophoretic fractionation of DNA and Southern hybridization were accomplished as
described by Wahl e al (1987}. Double stranded DNA sequencing was performed by the
method of Sanger et al. (1977). Restriction and modification enzymes were purchased from

Promega Biotechnology and used according to the manufacturer’s recommendations.
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Figure Legends

Figure 1: Isolation of ARSD from Debaryomyces hansenii. (A) Plasmid pAB81 contains the
yeast URA 3 gene (1.1 kbp) cloned at the Hind III site of of the plasmid pUC19. It also has
al4 kbp' fragment from Debaryomyces (cloned at the Sal I site) that functions as an
autonomously replicating sequence in Saccharomyces. Plasmid pAB83 was constructed as
follows: pAB81 was digested with Eco RI and the plasmid was recircularized after excision
of 0.25 kbp of ARSD. The plasmid contains approximately 0.15 kbp of the ARS. (B)
Transformation of S. cerevisiae with pAB81, pAB82 (construction of pAB82 has been
detailed in the results section), and pAB83. Both pAB81 and pAB83 show high frequency
transformation of S. cerevisiae SEY 2108 to URA prototrophy while pAB82 shows very
inefficient transformation. (C) Southern blot analysis of genomic DNA from Debaryomyces
digested with Bam HI (Lane A) and Hind III (Lane B) and probed with ARSD from
pABS1.

Figure 2: Sequence analysis of ARSD from pAB83. The concensus sequence
-Ar'I'l'TATR’I’IT-ﬁ common to all DNA fragments that are functional as ARS in yeasts is

underlined.
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SUMMARY

The water-soluble perdinio~chlorophyll a~proteins (sSPCP) from three symbiotic dinoflagellaces,
Symbisdintum microadriatioum, §. kawagutis and §. pilasum, have been analysed for their quaternary structure
" (by using immunoblotting techniques) and spectroscopic characteristics (by using absorption and
fluorescence spectra). The sPCP from S. kawagussi is comprised exclusively of a monomeric apoprotein of
35 kDa, whereas sPCP from S. pilasin possesses only a dimesic apoprotein with subunits of 15 kDa each.
The sPCP from §. microadriaticum simultancously coatains both, Spectroscopically, sPCP from S. kewagutii
is very similar to the 35 kDa species in S. micragdriaticum; sSPCP from S. pilasum is similar o the 15 kDa
species from §. microadriaticem, Gaussian deconvoludon analyses of absorption and fuorescence emission
spectra show that cach haloprotein is comprised of two spectrally distinct forms of chlorophyll . We
propase molecular tapologies for sPCP consistent with our findings.

1. INTRODUCTION

The water-soluble pendmn-chlomphyﬂ c-pmans
*(sPCP) are the major light-barvesting complexes in
dinoflagellates (Siegelman o ol 1977; Prézelin 1987;
Mimuro « ol 19904). The function of:heedmmo-
proteins is o capture light energy and transer the
. excitadon to the resction centres, where primary
"Lphowchmuy takes place. The ptucnee of xantho-

io the antenna com

containing algse exends their ﬁ‘ht-haxmaa‘ E'@

ity ;mto the bluc-green region of the pho

syathedcally active radiant which & the
dominant spectral compoaent of light in the ocean
(Larkum & Barrert 1983; Kirk 1983; Owens 1988).
Among the various chlorophyll-protein complexes
isalated from dinoflagellates, sPCPis the best character-
ized (Prézelin & Alberie 1978; Boczar « ol 1980;
Boczar & Prézelin 1986, 1987; Govind « ol 1990).

In different dinoflagellates, the apoproteins of SPCP °

occur as a2 monomer of about 3135 or as a
bomodimer, with subunies of about 15 kDa (Prézelin &
Haxo 1976; Siegelman o al. 1977; Chang & Trench
1984; Gevind « al. 1990). The quaternary structure of
sPCP is species specific; some species posses the
monomeric or dimeric form exclusively, buc others
possess both (Govind « o 1990), The sPCP isolated
from different specics can be resolved into several
isoclectric forms, the parterns being species specific
(Chang & Treach 1982; Trench 1987).

The chromophores of sPCP from several dino-
flagellates consise of peridinin and chlorophyll ¢ in a

Proe. R, Ses. Lomd. B (1992) 000, 000~)00

molar ratio of 4:1 (Prézelin & Haxo 1976), but 2 9:2
rago has been reported for the sPCP from Amphidinison

aurteras Plymouth 450 (Haxo o ol. 1976; Seigelman et

al. 1977). Based on spectrascopic endac:,Songad.
(1976) and Koka & Song (1977) suggested 2 molecular
topalogy for sPCP consisting of two dimers of peridinin
closely amsociated with one chlorophyll ¢ molecule.
They suggest thae this configuradon extends the
fluorescence lifetime of the peridinin molecules, and
mubrlm‘/.eﬁaaqolexamn energy
peridinin to chiorophyll ¢, which occurs
mlasdnn 10 ps (Songdd. 1976; Mimuro o al.
19904). The sPCP is unique among the chlorophyl! a-
containing proteins because, to the best of our
Imowledge, it is the only watcr-soluble example,
although Matthews « al. (1979) have reported 2 water-
soluble bacteriochlorophyll a-protein complex (rort
Prasthacechloris sestmerii. This characrerisic of sPCP
allows the study of the spectroscopic behyviour of
chlocophyll « indde the apoprotein, without the
interfereace associated with the use of detergencs
Decessary to solubilize other chlorophyll-protein com-
plexes (Brown % Schoch 1981).
. In this paner, we charscterize the spectroscopic
properties and the quaternary saucture of the different
wodectric Prms of sSPCP from the symbiodc dino-
fageilates S. miveadriztioom (which has both the
monogesic and dimeric apoproteins), §. kawagueis
(which bas only the monomeric apoprotein), and S.
plason (which has only the dimeric apopracein). We
find that the spectroscopic characteristics of sPCP
appezs to be dependent on the quatemary structurs of
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. . evidence is supportve of the presencs of two spectral

ferms of chlorophyll a associated with the [5kDa
. apoprotein, and two different spectral forms of chloro-
phyll a associated with the 35 kDa apoprotein.

2. MATERIALS AND METHODS
(a) Algal cultures

Axenic cultures of Symbisdinion micresdrioticum, . kowagusi
and §. pilanen (Trench & Blank 1987) were grown in 281
Fernbach flasks, containing 1 1 sterile ASP-8A (Blank 1987)
2t 26 °C, and Qluminated with cool white luorescent lamps
delivering 2% pmoles quanta m™$ 5"t of thetically
active radiation (Pax) on a 14h:10h (light:dark) photo-
period.

(8) Harvesting cells and isolation of PCP

Algal cells were barvested by ecnmrifugadon at 8000 g.
PCP was pardy purified the metheds described by
Prézelin & Haxo (1976) and Chang & Trench (1982} with
minor modificadons. Algal cells were resuspeaded in ice-cold
TM buffer [10 mu Tris-HC (pH 8.0), 2 mu MgQl,]. The
cells were broken by three passes through a Freach pressure
cell (Aminco) at 8.3 % 10" Pa, and the lysates centifuged at
100000 ;7 at 4°C Jor 2h. The pellets were repeatedly
extracted undl no more pigment was observed in the
supernatant. As, depending oa the algal species, varying
quanddes of peridinin remained in the pellet, we disdnguish
between the water-soluble (SPCP) and the water-in-saluble
iPCP) PCP factions. The crude sPCP was oeated with
(NH,),S0, (50"/.@14 100% sacuration). The precipitated
PCP-cantaining fracdons were t qumc
TMS buffer (TM, with 500 max NaCl), coocentrated againse
polyethylene giyeol (mole:uhr max, 10000), applied cato 2
Sephbadex G-75 (Pharmacia) sieving column, and duted with
TMS. Theduauemmtoradaﬂlm(&ng&}nuh
1932), and fracdons eoatuning PCP were poaled, dialysed
overnight against 60 gl glyeine soludon at 4°C, and
analysed by mr-ract (isodectric focusing is polyacryl.
amide), About §%, of the sPCP did noc precipitate at 100%,
(NH,), SO, smouradon. This factioa was dialysed and
processed as just describal. All procodures were conducted
uader dim light ® minimize phowodestruction of the
chromophores.

G) I.mlxm'c Jocuring dactrephoresis
Puﬂypunﬁdanpb‘?@mmndmm
composite isoelectric forms by preparative nodectric focusing
(rzv) in 2 grasulated bed ( nge.S.S-!.S)udaaibdh
Chang & Trench (1984), and by analytical wr-race, using
pre-poured Ampholine-PAG pilates (pH range 3.5-9.5), and
3 flac bed clecoophormis appacatus, according o the
" directions of the manufacturer (LXB), The pH gradient in
the geis was measured with 2 surface pH dectrode. After
preparadve or analytal ar, regions of the ged wataining
PCP were excised and duted with T™M buffez.

(d) PCP purification and production of anti-PCP pelyclona
antidodies

Symbisdinium califernivem, the dinollagellace symbioat har-
boured by the sea anemone Anieplowe degauicrime, was
isalaced by described methods (Trench 1971). The algal cells
were ruptured, and sPCP purified to decrophorede hom-

Prec. R. Suc, Land., 8 (1992)
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modifications. The fractioas containing PCP eluted rom e
Sephadex G-75 column were pooled and concznorated. The
solution was mixed with DEAE-cellulose {Pharmada) for 2 h
and cengifuged at 1500 r.p.m. in a clinical cengifuge. The
resulting supernatant was dialysed overnight against 10 mu
Na.aceate (pH6.0), applied onto a Sephadex CM-3Q
coluzn, and duted with a Lnear (0.01-0.3 ) Nall
gradient in Na-acerate buffer. The two resulting Gactions
were combined, and applied 0 a2 preparadve gradient
{10~20% polyacrylamide) sos-race (sodium dodecyl sul-
phatz polyacrylamide gl elecorophoresis). The gel was
lighdy sained with Commasie Beilliant Blue A an;!e
polypepdde of 15 kDa was visualised and aoud.

3 ﬂlx-
_@%@%&f’%@

() Immunoblotting analyses

Pordons of sPCP canining 26 pg chlorophyll & were
scparated by spe-pack and electroblocted onto nitrocellulose
a3 described previously (Romaan « of. 1988; Govind o al.
1990). The blos were oeated with diluted (1:500) and-
ScPCP serum. Pre.immune serum was used in contsof asgays,

(f) Spestrascapic analyses

Absorpdon spectra ware obcained at room temperature by
uing 2 Variaa Techpgon series 63% UV/VIS specero-
photometer. The spectra were digitized using an A/D board
(SABLE Sysccma), attached to a computer (Systek). By using
this configuration, it was possible to capture 640 dacs poina
per specum. Typically, a slit width of0.5 am was used. The
absorption measurements were captured at 0.6¢ am intervals
while scanning the full visible specaum (338-750 am}, and
at 0.23 am intervals when scanning the red portion of the
spectrum (600-73) am). The absorpdon spectrum of each
mmple was obained by avenging (5 scans. A linear
tegremion was fitted 0 the reridual absorpdon in the
730-730mmge.ﬂespa:nmcomctedformolecuhr
scatering by subaracting the extrapolated lisear regression of
the rexidual absorpton fom the osiginal daca. Chlorophyil ¢
was quantfied wing a molar extincion coefficient of
60 mu™* o™t (Shwnn o al. 1974).

Room temperature flucrescence emision specna were
recorded with 2 Perkin-Elmer LR-50 spectrofiuorometer,
equipped with 3 red-ensicive photomaltiplier (Model R-
928). The awtrument automadailly digitzed the spectra
with resolution of 0.5 pm. The apparatus was operacd with
botk excitation and amission slic widths of 2.3 am, Samples
were excited at 433, 465 and 520 om. Concentration of 20 nu
chlorophyll ¢ were msed ©0 minimize reabsorption. Each final
specorum s the result of averaging 23 uncocrected spectm,

Fourth derivadves of the absorpdion spectra were calcy-
lated as dexcribed by Buder & Hopkins {1970). Gaussian
" decoavoludons of boch abiorpdion and Buoreceace emission
specza (600-750 nm) were done by using 2 monlinear fit
procadure with the Marquarde (1963) algorithm (Peakfic,
Jandd). The goodneam of fic was evaluzted by the distribudon
of the resduals ag well as by the valus of ¥'. We roudinely
tried ficting the spectra to different combinadans of Gaussian
and Lorenczian compooents, as well as with the Caussian~
Lorzactian cross-peoduct funcdon (French o of. 1972). The
best §63 were consisteatly obtained when pure Gaussian, or
the Caumian-Loreaian cross-product function were used.
For simplicity, we report here only the results obrained by
wging the Gaussian analyses, In all cua, the difference
between the areas below the abserved and predicted spectra
was less than 0.39%.

(9D
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3. DESULTS .

‘The ant-ScPCP andbodies creas-reacted with PCP
apoproteins from S. micrpedricticen, S. kewegutii and .
JNlaswn (Sgure 1), indicaton that the 15 kDa and
the 33 kDa apoproteins possas commoa antigenic
sites, Pre-immune sera sbowed no croes-reactivity.
These results are' identical o those repocted by Govind
o of. (1990) using antibodies against PCP from the
dinoBagellate Heteracapss pygmass, and coofirm the
observadon that the sPCP from S. migwednatioon

contains a moucmeric apoprotein of about 35 kDa,
and an 2ppareat homodimer of 15 kDa, whereas sSPCP

9.5

kDa 1 3 pH

3.5

Figure 2. Unsaained ir-race g of separaied sPCP isolated
from 5. siwvadrisiase. Lane |, sPCP precipicated by
30-100% (NH,),SO, muraton. Laxe 2, 5. sicreadriationn,
sPCP faction that did not predpitate after 1009,
(NH )50, saturation.
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Figure i. bloc analys e .

w" bl;‘:::\c:, nd'mdm ‘WMM': &un S. kewaguki and S. pulssem ase co’mpa.ed -
probed with 206-ScPCP serum. Lase 1, 7. misosdrissionn, 8 [¢ of the 35 and 15 kDa apoproteins, respect-
partly priSed sPCT. Lane 2, . micreadriatioms, SPCP fraction 1 mmmmsmmmw
that did not precipisate after 100%, (NH,),SO, mmration, |precipitate after 100%, (NH,j,SO, smturation, is
Lanes S and 4, partly purified sPCP from S, bewegutii and S, cOmposad exclusively of the 15 kDa apoprotein (figure

Pilosum, t:wlivdy. 1, lane 2).
>

Table 1. Symbiadinicn micrsedritioon : melauler mass offPCIbfepopretens dw{d«m&&u ot reem temperature of
the &ifferent iveforms

finorescence
' malecular iexum maximum
isoform pl man/tDa {nm) {am)
a Y g4 | 35 — | ee9s 6710 §
b ", 83 ‘ 15 — | 6698 | 730 "I‘ﬁ
¢ \/ 8.0 33 ~ /[ s ‘ 6730 )
d 179 3 18 671.0 6740
i ¢ 78 5 1 1.4 €74.3
‘ £ 1.7 3 18 T4 €75.0
i P 16 3 15 €73.4 6758
h K  COR T §73.4 6760
i 73 1 18 3.4 6753 '
j 12 3 18 734 (1 1]
k 6.0 - 18 6734 6163
1 4.8 - 15 673.4 6763
= 4.3 - 15 ] ene €76.5
Prae. R, Sec, Lond. 8 11997y éa
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Figure 3, Immuncblot of 13 isodectric forms of sPCP isolated
from S. micreadriatioon after e-vace. The blot was probed
with 3a8.-ScPCP serum, For identificadon of the 1S lanes, see

table 1.
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Figure 4. Room temperamre absarptioa, and Suarescence
enimion spectra (insern) of sPCE. (o) 5, kaweguai, 38 kDa
apoprotein (contiouvous lna), and 5. pilenemy, 15kDa

apoprateis (broken lnes). (3} §. smiceadriesioms, 35 kDa .

(condaucus lines) aad 15 WDx apoprotein (broken lines).
Excinagdon was at 435 am.

After sepuration of sPCP from S, microadrissicam by
analydeal ixr-race, 13 isorleetric forras of sSPCP were
resolvad, with pl values rangiag Som pH 4.3 o 8.4
(figure 2, lane 1). Elution of the individual isoelectric
forms, and subterquent analysis by sme.race and
immunoblowing methods, revealed that they are
composed of 2poproceing of dsher 35 ar 1§ &Da (figure
3). The PCP? fracdom that did nct predipitate in 100,
(NH,),SO, is composed of four isoelectric forms with

Proc. R. Sec. Lend. B {1992)
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Figure 5. Fourth detivadive analysis of absorption spectra of
sPCP from . kewegutii (—) and . pilaram (=7=). The | ot
absorption spectrum of sPCP from S, kawegutii (--°) is
provided as reference. Idendeal results were obained with

the fourth dexivadve analyses of the monomeric and dimeric
focms of sPCP from §. micreadrietiaon.

pI values ranging from pH 7.3 ©0 7.9 (figure 2, lane 2),
and are composed exclusively of the 15 kDa apo-
protein. The existence of isoeleceric forms that appear
to be composed of apoproteins of 15 and 33 kDa
(isoelectric forms d-j in table 1; figure 3) is very
probably the result of contaminadon during excision
from the mr-race gels, or may represent differsn:
holoproteins with the same isoelectric points. 1:*% ERT

The results of absorption and fluorescence emission
spectral analyses (table 1) suggest thae there are () 1O
distinet specral forms of sSPCP in S. micrecdriaticum.
Isoclectric forms containing the 35 kDa apoprotein
show absorpdon maxima at 669.8 nm and Ruorescence
emistion maxima at §73 nm, whereas thote with the
1SkDa apoprotein show absorpdon maxima at
67320m, and fluorescence emission maxima at
676.5 am.

To examine whether the spectral characterisdes of
sPCP are species specific, as suggested by Koka & Song
(1977), or dependent on their apoproteia composiden,
we compared the absorptios and fluorescence emission”
spectra of sPCP from $. micresdricticem, S. kawagutii and
S. pilscum. The results (figure 4) show that the sPCP
from 5. kowegusii i3 similar to the SPCP with 35 kDa
apopreins fom S, mirsednssicon, and the sPCP fFom
§. plason i similar to the sSPCP with (5 kDa apo-
proteins from S. micresdristiom. The absorpdon specira
of both the 1SkDa and the 35kDa sPCP were
normalized to the absorptios peak in the red, and the
difference obained suggested chac che spec-
tral differences of the monomeric and dimeric forms
are 3ot restricted to the red absorpdon band of
chlorophyll ¢, but can de found in the Soret band as
well. Similar results were obtained by fourth derivative
aaalyses of the absorpdon specara (figure 3), which also
sggat that the pesidinin absorpdon bands in the
monomeric sPCP are redoshilted in reladon to the
dimeric forms.

The red (600~750 nrm) absorption spectra of sPCF at
room temperature are the result of absorpdon of anly
chioraptyll ¢ (sce cable 2 and figure §). Gaussian
decoavolution analyses of the speccra suggese that the
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Table 2. Symbiodinium spp : Gaussian decomvolution of the chsorption (6D0~750 rom) and fluarescerce emission (Q00-70) spectra

PRV

1)
rxl

of PCPs
absorption fluctescence exmistion
IV I'AvAwA‘
maximum bandwidth amplicude maximus bandwidth ansplicude
S. micraadristiom 15 kDa
603.3 427 0.031 g 7 N A 46 031t
623.1 153 " 0.0093 6781 8.4 0361
§70.8 .2 0.854 693.8 2.7 0.070
6735 44 0522 7392 126 0,058
S. pilasm 15 kDa
Qx mansition : maximum .
613.4 2.7 0.068 675.8 'ﬂ 49 0328 .05*’5"
623.1 11.7 0.068 6783 92 035t
Qy tracsidon secondary maximem
670.8 88 0.414 698.5 32 0.068
6732.6 45 0.450 740.8 12.4 0.053
S. microcdricticam 35 kDa
Qx transidon fmary maxizmum .
‘ §07.4 122 0.063 §72.5 5.5 0.655 sk’
627.7 12.3 0.104 6762 10.5 263
Qy tansidon sccondary maxiaum
9.7 0324 nwLe 36.5 0.061
670.2 49 0503 134.8 6.1 0.018
S. kaoagutii 33 kDa
Qx traasidoe imary maximum .
602.3 13 0.028 6725 53 0.657 J*’r
6215 152 0.129 6763 10.3 0.263
Qy transition maximum
666.8 86 03% n9.7 L ¥ 0.061
670.1 48 Q518 334 53 0014

-Qx eavelopes are dominated by two components with
peaks between 502-628 am. The Qy cavelopes are
com of two peaks with maxima at 670.9 om and
.673.5 um (15 kDa apoproseins), and a¢ 666.6 nm and

. 670.2.am (35 kDa apoproteins). The proportions and
shape of these two tamsidons as judged by their
bandwidths and amplitudes are conserved in all the
samples.

Gaussian deconvolution of the uorescence emissioa
spectra, require four Genssian compooents, two in the
pﬁmaqmﬁmmmnd&?&mﬂmmmin
the secondary maximum in the vidinity of 733 am, to
be accurately descrbed (fgure 6). The Gaussian
components of the primary maximum are conserved in
terms of both their bandwidths and amplitudes. The
fine Gaunian clement of the primary maximum has

peaks at 675.7 om-and 678.1 am (for the 15kDa -

apoprotein), aad 6725 am and 6762am (for the
35 kDa apoprotein) (table 2).

4. DISCUSSION

The 20t-ScPCP andbodies crom-reacted with all
the isoclectric forms of sPCP from S. micrendriationn, S,
kawegusii and S. pilasem. They also reacted with the
different apoprotcins of all three algal species. Romaa
# al. {1988) also found that astbodies generated
against the sPCP from Heteracapsa pygmasa reacted with
all isoelecrric forms of sPCP (rom thac alga, and

Pree. R. Soc. Lond. B 11997)

Govind o ol (1990) found that the same antibodies
cross-reacted specifically with the apoproteins from a
wide racge of dinoflageilates, and did not. cross-react
with chlorophyll-protein complexes from other algae.
These observations are identical to those reported. by
ﬁ.ﬂm & Alberte (1987), and Hiller « ol. (1983).
The ic similarides of the 35 kDa iso-
dectric forms fom $. seqeadristicon and the 35 kDa
oclectric forms from S, kessgutii, are reflected in the
positions of their absorption and fiuorescence emission
maxima and the prasence of virtually identdcal Gaus-
sian components. The ame applies to the 15kDa
isoelectric forms from §. microedriaticon and the 15 kDa
isoclectric forms from §. pilasum. Based on these
observations, we conclude that local effects charac-
teristc of the diffcrent apopruteins are raspansible for
the specroscopic characteristics of the holoprotein.
Spec ic differences between sPCP isolated
from: different dinoflagetlate species nave been reported
previously. At room temperature, sPCP (rom H.
Jygmos bas an abiorpdrs maximum at 672 nm
(Prézelin & Haxo 1976) and a fuorescence emission
maximum at 675 am (Song « o 1976) whereas sPCP
fom GCenysulax pelyedra and 4. carterse Plymouth 430
have an absorption maximum at 670 am and a
Suorecence emission maximum a¢ §72 am (Song « ol
1976; Koka & Song 1977}, Our data suggesc that the
spectroscopic characteristics of sPCP are correiated
with the molecular mass of the apoproteins, and are
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Figure 6. Gaussian decoavoluton analyses of (¢) room temperature absorpton, 10d (§) fuarescence emission specta

of sPCP from S. pilanen., and (¢) and (¢) from S. ;

itation wavdength at in figure 4. The operimental daaa © f

are represenced by comes, and the full fnes are the Gausian componeats and their sum. Below each specrum is 2

plot of the residuals,

consistent with the differences just cted, as H. pygmass
sPCP? has the 15 kDa apoprotein, whereas the sPCP of
both G. pelyedra and A. centeras Plymouth 450 possess
the 38 kD2 apoprotein (Prézelin & Haxo 197§; Govind

 d dl. 19%).

The_Gaussian deconvolution analyses of the ab-
sorption spectra of sPCP comprised of the 15 kDa and

“the 33 kDa apoprotein suggest the existence of two
“spectral forms of chlorophyll ¢ associated with each

apoprotein, as rendered evident by the presence of two
componeats ic the Qy eavelope. Jusdfication for the
use of Gaussian analyses of room temperature ab-
sorption spectra is provided by the studies of Zucchelli
e al. (1990) and Mimuro o al. (19904). The propased
models for the seructure of 1PCP (Prézelin & Haxo
1976; Prézelin [987), suggest the presence of a single
chrotnophoric unit {four peridinias and ooe chloro-
phyll a) associated witk 2 2928 kDa polypepdde, and
our high derivative analyses of the absarpticn specira
revealed 2 single peak in the Qy region probably
caused by the broadening of the ransidon bands at
room temperature (Freach « of. '972). We therefore
tried o fit 2 single Gaussian ts the Qy envelape. To
account for the apparent asymmecry of some ransition
bands, we also actempted to fit the spectra (0 2 single

«f. 1990). By ueither approach were we able 0 cbuin
successful fits using 2 single component. Based on these
results, we tried to fit the Qy trancidons to 2 set of two
Gaumian dements, where we treated the Gaussian

peak positions as parameters o be St by the computer
progracs. This approach produced 2 very good fitin all
cases. Increasing the aumber of Gaussian eiements did
oot result in any increase in the goodness of fic
Analyses of the relative areas below the Gaundan
components suggest that the two spectral forms are
t in similar proportons (55:4149). The
symmetry of the Gaussian detnents may be associated
with weak interactons between the chlorophyll mole-
- cules in the local environment (Zucchelli « af. 1990).
The absorpdon :xaxima of the two spectral forms of
chlorophyll ¢ thac we observed are very similar to thase
obtained by the room temperature Gaussian decon-
.voludos apalyses of Mimuro ¢ al. {19908) for the
fucoxaathin—~chlorophyll ¢/c~protein aggrezates iso-
lased from the brown sea weed Dictyois dichutoms.
Consistent with the two specaral forms of chiorophyll
¢ suggested by the dam on abscrpdon, Gaussian
deconvoluton analyses of the fuorescence emision
spectra suggest the existence of two components in the
primasy peak resulting from the relaxadon of the Qy

asymmerrical Gaussian (French ¢ ol 1972; Zucchelliit  transigons (Schmidt 1988). The results (figure $; table

Prac. 2. Sec, Lond. B (1392)




2| ress
2), suggest thae, for the 15kDa [ apoprotein, the
spectral form of chlorophyll ¢ absorbing at 670.9 am
emits at 6§75.7 am, aod the one absocbing at 673.5 am
emits at 678.1 am. For the 35 kDa apoprotein, the
spec:n.l form of chiormphyil ¢ absorbing at 6566.6 am
emits at 672.5 am, and the one aboorbmg at 670.2 am
emits at §76.2 om. Therclore, in §. sicrocdristiaon,
“.where sPCP is composed ol both the 13 and the 35 kDa
apoproteins, there are four distinct spectral forms of
chlorophyil ¢ present.

The absorpdon-fluorescence spectra of chlorophyll
&, in rive and in organic solvenn, show a characteristic
Stokes shift of 5~15 am (Shipman & Housman 1979;
Govindjee ¢ of. 1979). Prézelin & Haxo (1976), Song
ot ai. (1976), and Koka & Soag (1977} reported very
small Stokes shifts (2-3 am) for sPCP, and in the case
of the membrane-bound peridinin—chlorophyll -pro-
tein complex isclated from H. pygmaca by Boczar &
Prézclin (1986, there is no Stok~— shift at all. Our
resules are very simnilar to those decribed, showing a
Stokes shift of approximately 3 nn whea the peaks of

" the Qy envelopes are compared with the peaks in the

primary emission eavelopes. But whea the two Gaus-
sian cociponents of the Qy eavelope and the two
components of the emission spectra are compared
simultancously, each Gaussian compoaent ia the Qy
eavelope shows a Stokes shift of about 6 am.
Gaussian decoavolution analyses of the absorpdon

" spectra of light-harvesting complexes from greea plants

show that they coutain all the chlorophyll 4 speceral
forms described by French « ol (1972), with the
exception of the form with absorption maximum at
680 a (Brown & Schoch 1981; van Dorssen # ol
1987). However, Zucchelli o ol. (1990), and Jennings

-t al. (1990), using Gaussian deconvoludon of spectra

taken a2 room temperature, have reported the exstence
of long wavelength chlorophyil ¢ forms in chlorophyil
6/b light-barvesring complex IT of spisach and pea.
" The sPCP exhibirs less diveraity of spectral fonns than
" the anteanae of green plans, and in additon, lacks

. long waveleagth components. These observations are
_ consistent with the amignment of sPCP as the most
‘peripheral antenna

in dinoflageliates
& Alberte 1978; Govindjee « ol 1979;
: Mimuro ¢ ol 1990¢).

Based on the lack of chlomphyl}-chlmphy!l mter-
actions, as determined by drcular dizhroism, the
appareat mclecuiar mass of the oadve holoprotein,
ard the asumed steric difficulty of ccommodadng
more than one chremophoric unit within aa apo-

protein of 3035 kDa, 2 molecular tpology consisting -

of peridinin:chlorcphyll 4:protein ratc of 4:1:1 bas
been proposed (Prézelis & Haxs 1976; Soog o ol
1976; Koka & Song 1977; Prézelia 1987). Haxo o al.
(1976) suggested a peridinin:chiorophyll &:protein
rado of 9:2:1 for the sPCP frem 4. cartrer Plymouth
430, based on spectuscopic determinadons of the
chromophore coateat, azd the difference in molecular
masy begween the boloprotein (39.2 kDa) and the
apoprotein (31.8 kD2). The determisadon of the
number of chromaphoric units in the nadve complex is
difficult because of the limitagons of inolecular seving
techniques and the small size of the chromophoric unit

~
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Figure 7. Hypothesized molecular topalogies of sPCP fom
different disoflagellater. For deails of the soructure of the
chromophoric unit, sec Soog « o (1976). The diagrams
show pesidinin monome (e ), chiorophyll £ (@) acd protein
). (6) Two chlorophyll # molecules (spectroscopically
different), each anodated with two dimess of peridinin, with
two bomodimeric (15 kDa) apoproteins, as found in
Siloron. This arrangeaeat would reflcet 2 chlocophyll
a:peridinin :apoprotein rado af2:8:2. (4) Two chlorophyll ¢
molecules (spectroscopically different), each asocated with
two dimess of pesidinin, with gne monomesic (35 xDa)
apoprotein, as found in §. kawegnsii. This acrangement would
reflecs 2 chlorophyll a:pesidinin :apoprotein rado of 2:8:1.
{¢) Two chiorophyll ¢ molecules (spectoscopically different),
esch amociated with two dimers of peridinin, with one
movomeric (35 kDa) apoprotein. The two chromophoric
units are separawd by 2 ‘slenc’ peridinin mouomer. This
arangement L owill L reflect . 2 L. chlorophyll
s:peridinin ;apoprotein of 2:9:1, a5 sggested by Haxo o ol
(1976) and Seigelman « of. {1577) foc 4. cwrteras Plymouth
430.

(3.4 kDa) (Prézelin & Haxo 1976; Preézelin 1987).
Koka & Song (1977) analysed the molecular topolegy
of sPCP from 4. carterae Plymoudh 450, and found that
this moiecule had specral characterisdes identical to
thase fourd in sPCP having peridinin:chlorophyll o
rados of 4:1. They concdnded that the peri-
dinin:chlorophyll & rado of 9:2 was inconsistent with
the proposed molecular topology, and pruposed an
alternative modd in whickh two chromophoric units ate
contained by a 30~35 kDa polypeptide. However, they
considered this latter model unlikely, principally
because the apoprotein was believed ta be oo small to
bowse two chromophoric units.

Qur azalyses are consisteat with two chromophoric
units associated with each sPCP apoprotein. Crystallo-
graphic analyses of the watersoluble bacterio-

chlorophyll a-protzin from Prosthecochloric gestuenis -

revealed the presence of seven bacteriochlorophyll ¢
molecules withia a 50 kDa monomer {Matthews « ol
1979; Tronrud ¢ of. 1386), and Kahlbrzndt & Wang

[(1991), usicg jecacn aysallography, corroborated

the preseace of 15 chlorophyll molecules (cigh:
ckloropkyll & and seven chlorophyll 3) per 25 kDa
apoprotein in chlorophyll ¢/b iighs-harvesding complex
IT of green planus. These two observadens suggest that,
in the case of sPCP, apoproteins of 30-35 kDa can
postezs enough space to accommodace two chromo-
phoric unis, separated by enough distance 6 account
for the absence of chioruphyll ¢ ellipticicy (Song e 2L
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1976; Keka & Soag 1977). Based on these considera-
tons, we pastulate two_models for SPCP (Bgure 7) in
which two chromophoric units are associated with
cither: (i) a homodim=r of 15 kDa apoprotein subunits;
or (ii) a oonomer of 35 kDa apoprotein. Fivally, we
alsc speculate the exstence of an inactve peridinin
molecule in the case of sPCP from 4. carterss Plymouth
450 (figure 7¢) similar to the inacdve fucoxanthin
detected by Mimuro « ol. (19905), which recondles
the 9:2 peridinin :chlorophyll 4 ratio reported by Haxo
¢ al. (1976) and Siegelman « ol (1977), and the
molecular wpolegy that we propose. Ultimately, the
resolution of the correct protein—chromophore stoichio-
metries will require the use of aystallographic tech-
niques.
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THE NUCLEOTIDE SEQUENCE OF THE SMALL SUBUNIT
RIBOSOMAL RNA GENE FROM
SYMBIODINIUM PILOSUM, A SYMBIOTIC DINOFLAGELLATE

Lori A. Sadlerl, Kenneth L. McNally2, Nadathur S. Govind2, Clifford F. Brunk!,
and Robert K. Trench?
IDepartment of Biology, University of California at Los Angeles
Los Angeles, California 90024 U.S.A.
2Department of Biological Sciences and the Marine Science Institute
University of California at Santa Barbara

Santa Barbara, Califomia 93106 U.S.A.

Summary. The complete sequence of the sma!ll subunit ribosomal RNA (SSU
rRNA) gene was determined for the s;mbiotic dinoflagellate Symbiodinium pilosum. This se-
quence was compared with sequences of 2 other dinoflagellates (Prorocentrum micans and
Crypthecodinium cohnii), 5§ Apicomplexa, § Ciliata, 3 other eukaryotes and one archaebacterium.
The corresponding structuraily conserved regions of the molecule were used to determine which
portions of the sequences could be unambiguously aligned. Phylogenctic relationships were in-
ferred from analysis of distance matrices, where pair-wise distances were determined using a
maximum likelihood model {or transition and transversion ratios, and from maximum parsimony
analysis, with bootstrap resampling. By either analytical approach, the dinoflagellates appear
distantly related to prokaryotes, and are most closely related 1o two of the Apicomplexa,
Sarcocystis murisand Theileria annulata. Among the dinoflagsllates. C. cohniiwas found to be

" more closely affiliated with the Apicomplexa than either P. micansor S pilosum.
Key words : Molecular phylogeny, dinoflagellates, polymerase chain reaction, small subunit

ribosomal RNA gene. Symbiodinium pilosum,
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Introduction

Among the Protista, the phylogeny of the dinoflagellates is somewhat ambiguous. By
virtue of the absetice of nuclear histones and nucleosomes (Herzog and Soyer, 1981; Rizzo,
1981,1987), the similarity of the organization of dinoflagellate chromosomes to the bacterial
nucleoid (Soyer and Herzog. 1985), and the substantial substitution of thymine by hydrox-
ymethyluracyl (Steele and Rae, 1980; Herzog and Soyer, 1982), some investigators have re-
garded them as being closeiy affiliated to the prokaryotes. But dinoflagellates also show
distinct eukaryotic features; large quantities of DNA per cell (ranging from 2.7 pg/celi in
Amphidinium carterae to 200 pg/cell in Gonyaulax polyedra ; with 50-60% repeated
sequences); typical eukaryatic range in G+C content (36.8 - 52.7%; Rae, 1976); mRNA
splicing mechanisms, and the maturation of a 38S rRNA precursor (Rae, 1970), similar to
eukaryctes (Hinnebusch et al. 1980; Rizzo, 1987). The apparent "midway position” of the
dinoflagellates which promgted Dodge (1966) to the idea of the me:ickaryeces, has not gained
support from molecular biology. Molecular phylogeny places the dinoflagellates firmly within
the eukaryote lineage (T.enaers cr al. 1989; Hendriks et al. 1989, 1991; Gajadhar et al. 1991),
and lends credence to Loeblich’s (1984) idea that the so-called prokaryotic characters of
dinoflagellates aze derived, and are not a reflection of their ancestral state.

The phylogenetic relationships within the division Pyrrhophyta (=Dinophyta) are
poorly understood. Three current schemes on the phylogeny of dinoflagellates (Loeblich,
1984; Dodge, 1984; Taylor, 1987) show some major disagreements. For example, some
investigatcrs regard tlie prorocentrowds as primitive (Herzog and Soyer, 1981), while others
regard the ancestral dinoflagellate state to be represented by an Oxyrrhis-iike organism
(Loedlich, 1934). The uidinal affiliations of several dinoflagellates remain unresolved. Taylor
(1987) regards Crvpthecodinium cohnii as a member of the Gonyaulacales, whiie Dodge
(1984) places it among the Peridiniales.

The systematics of dinotlagellates known to occur as endosymbionts in a variety of

marine invertebrates, is also poorly understood (Blank and Trencir. 1986). However, based




on biochemical, morphological, and karyotypic analyses of algae isolated from various hosts
and maintained in culture (Schoenberg and Trench, 1980: Trench and Blank, 1987), or
analysed as fresh isolates (Kowan and Powers, 1991a,b), it is currently recognized that ali
symbiatic dinoflagellates are not conspecific, and that distinct dinoflagellate taxa, representing
six genera (Prorocentrum, Amphidinium, Gymnodvnium, Symbiodinium, Gloeodinium
[= Hemidinium ] and Scrippsiella) in four orders, occur as endosymbionts (Trench, 1991).

In initiating a study on the niolecular phylogeny of symbiotic dinoflagellates, which
must be done in the context of {ree-living dinoflagellates, we have sequenced the SSU (RNA
gene from the symbiotic dinoflageliate Symbiodinium pilosum (Trench and Blank, 1987). The
sequence has been submitted to Genbank and given the accession numberM  .This sequence
was aligned to the SSU rDNA sequences from the non-symbiotic dinoflagellate species
Prorocernitrum micans {Herzog and Maroteaux, 1986) and Crypthecodinium cohnii, (Gajadhar
etal. 1991) and several protists. We have generated phyiogenetic trees which show that the
dinofiageliates are more closely related to some of the Apicomplexa ( Sarcocyst's muris and
Theileria annulata) than tc the Ciliata, as suggested by Johnson et al. (1990), Gajadhar et al.
(1991) and Bartz et al, (1991). The analyses also show that ameng the three dinoflagellates
studied. C. cohniiis more closely linked to the Apicomplexa than areS. pilosum (Gymno-

diniales) and P. micans (Prorccentrales).

Materials aad Methods

The symbiotic dinoflagetlate Symbiodinism pilosum Trench and Blank, originally
isofazed from the zoanthid Zoanthus sociatus was cultured axenicaily in ASP-8A as previously
described (Trench and Biank, 1937) The cells were harvested by centrifugation at 1500 xg. at
4oC,

DNA isolation and purification. The velleted ceils were resuspended in a small volume
of ASP-3A. The thick slurry was added dropwise to fignid nitrogen in a mortar, and ground

with a pestle to a fine powder which was dissolved to 39 mi of extraction bufTer {5M guanidine
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thiocyanate, 10 mM Na;EDTA, 50mM HEPES, pH 7.6 and 5% (by volume) B-

mercaptoethanoi]. The viscous solution was transferred to centrifuge tubes and rendered 4%
(by weight) with Sarcosyl. The suspension was centrifuged at 8,000 xg for 5 min at 4°C to
remove cell debris, and the supernatant was brought to 1.42M with solid CsCl. The solution
was layered on to 2 5.7M CsCl cushion and centrifuged at 160,000 xg at 20°C for 18hr. DNA
was removed from the interface of the step gradient and exhaustively dialyzed against TE
buffer (10mM Tris-HCI, pH 8.0 and ImM NA,EDTA). The solution was rendered 100miM
with NaCl, and the DNA precipitated with 2.5 volumes of ethanol, dried and redissolved in an
appropriate volume of TE.

Polymerase Chain Reaction: Amplification of the SSU rDNA was accomplished (Saiki
et al. 1988) using the amplification primers described by Medlin et al. (1988), using a Perkin
Elmer CETUS DNA Thermal Cycler. The amplified product was purified by electrophoresis in
low-melting agarose.

Cloning and Sequencing the SSU rDNA. The SSU rDNA fragment was completely
digested with restriction enzyme Bam HI and partially digested with Eco RI, and cloned into
the polylinker sequence of pUC19 (Messing, 1983). Bacterial transformation, plasmid ampli-
fication, and isolation were performed as described by Maniatis et al. (1982). Double stranded
DNA sequencing was accomplished by the dideoxy chain-termination method of Sanger et al.
(1977). The sequencing primers used have been described by Sogin and Gunderson (1987).
Restriction and modification enzymes were obtained from Promega Biotech. (Madison.
Wisconsin) and used according to the manufacturer’s specifications.

Computer analysis of sequeaces. The complete SSU tDNA sequences of
Crypthecodinium cohnii, Sarcocystis muris and Thieleria annulata (Gajadhar et al. 1991),
Prorocentrum micans (Herzog and Maroteaux, 1986), Plasmodium berghei (Gunderson et al.
1986), P. lopurae (Waters et al, 1989), P. falciparum (McCutchan et al. 1988), Oxytricha
nova(Elwood et al. 1985) and Symbiodinium pilosum wese aligned on the basis of similarity

and secondary structure, with the initial alignment provided by the multiple sequence progrum

-
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CLUSTAL (Higgins and Sharp, 1988, 1989). One thousand five hundred non-ambiguously

aligned positions were analyzed by (1) maximum parsimony, with 500 bootstrap resamplings
employing the PAUP program (Swofford, 1989), and (2) computation of bootstrap resampled
DNA distance matrices using the maximum likelihood modei (DNADIST), with resolution of
the matrices by Fitch and Margoliash’s algorithm (FITCH). A consensus tree was generated
using CONSENSE. All programs are from the PHYLIP 3.3 package (Felsenstein, 1990).

A secondary structure for the SSU tRNA from S. pilosum was generated using the

eukaryotic model of Gutell et al. {1985) and Huss and Sogin (1990).

Results and Discussion

The model of the secondary structure of the SSU rRNA from S. pilosum is shown in
Fig. 1. This structure is based on the model for Chlorella vuigaris given by Huss and Sogin
(1990), with helix numbering according to Dams et al. (1988). This model for a dinoflagellate
differs from that given for Prorocentrum micans by Herzog and Maroteaux (1986) primarily
for the regions encompassed by stem helices E21-1 10 E21-6, 16 - 19, and the pair of helices
consisting of 43 and 44. Since the primary sequences of the SSU (RNA of S. pilosumand P.
micans demonstrate about 93% conservation, the observed differences are due to the different
models emplcyed. The model based on C vuigaris contains only those structures which are
considered to be proven by compensatory base changes among sequences in a large data base
of aligned 16S-like rRNAs (Huss and Sogin, 1990). The short region given as “insert*” is
one in which the secondary structure can not be represented with confidence (Gutell et al.
1985). We therefore believe that the madel presented here is an accurate representation of the
structure of dinoflagellate SSU (RNA.

The compiete sequence of the SSU rRNA gene from S. pilosum is shown in Fig. 2.
aligned to similar sequences from eight other protists. There are seven regions of major diver-

gence among these sequences. Of these seven, the three most variable regions correspond to
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stems 10 through 11, E21-1 through E21-6, and 41 and 42. These are recognised as being the

hypervariable regions among eukaryotes.

Included with the group of protists indicated in Fig. 2, were sequences from
Paramecivm tetraurelia, Tetrahymena thermophila, Euplotes aediculatus, Stylonychia pustulta,
with Dict, - itelium discoideum, Ochromonas danica, Saccharomyces cerevisiae, as outgroup.
The outgroup species were chosen for their close proximity to the dinoflagellate-apicomplexa-
ciliate cluster. These secquences (obtained through GenBank v67; Bilofsky et al. 1986) were
aligned to the other group with the same weighting applied (Fig. 2). Five hundred bootstrap
resamplings were performed using the maximum parsimony program in PAUP. Fig. 3 shows
the resulting cladogram. A frequent altemative to this cladogram places the ciliates closer to the
group including the dinoflagellates, S. murisand T. annulata, than to the Plasmodium group.

Using the same sequence alignments and weighting, with Sulfolobus solfataricus,
Giardia lambliaand Physarum polycephalum (sequences obtained through Genbank) as
outgroups, pair-wise distance matrices were computed using DNADISTance with Felsenstein’s
maximum likelihood model for transitions-transversion values on the actual frequencies of
nucleotides, with 50 bootstrap replicates. Fitch and Margoliash’s method (FITCH) for reso-
lution of the bootstrap resampled distance matrices was used with both global optimization,
outgrouping to S. so/fataricus, and randomization of species added, ten times for each
bootstrap replicate. A consensus topology across the 300 resulting phenograms was generated
using CONSENSE. One of these phenograms, having the same topology for ail groups as the
consensus tree, is shown as Fig. 4.

The two trees shown are consistent in their topologies. By either parsimony or distance
matrix methods, the dinoflagellates cluster more closely with some of the Apicompiexa
(Sarcocystisand Theileria) than with the Ciliata. This observation is consistent with those of
Johnson et al. (1990), Gajadhar et al. {1991) and Bama et al. {1991), and indicates that

dinoflagellates are securely grouped among the eukaryotes. Thus. coasistent with the

suggestion of Hinnebusch et al. (1981) and Loeblich (1984), those characteristics of
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dinoflagellates regarded as indicating their “primitive” status with prokaryote-like features, are

probably derived. Again, consistent with the conclusions of Ariztia et al. (1991), the dino-

flagellates are very distantly related to the chromophytes (as represented by O. danica).
In their analysis, using 5.8S rDNA sequence data, Hinnebusch et al. (1981) concluded

that C. cohnii was distantly related to prokaryotes, and was joined to the tree at the point of

divergence between plant and animals, and above the fungi. Although subsequent analyses
using SSU rDNA (Hendriks et al. 1991) and paial large subunit (LSU) rDNA (Lenaers et al.

1991) sequences have shown that dinoflagellates are indeed distantly related to prokaryotes,

they consistently group the dinoflagellates with the ciliates.
The results of our analyses show that the dinoflagellates are closely linked with the
apicomplexans S. murisand T. annulata. Although the three Plasmodium species are always

grouped together, they are distant from the other two apicomplexans. A frequent alternative to

the cladogram shown in Fig. 3 places the ciliates closer to the group including the
dinoflagellates, S. murisand T. annulata, than to the Plasmodium group. Similarly, one
altemnative to the phenogram in Fig. 4 places the Plasmodium group closer to S. muris, T.
annulata and the dinoflagellates. These results raise a possibility that the Apicomplexa are
polyphyletic . Johnsor et al. (1990) suggest that the Apicomplexa may not be monophyletic,
with Sarcocystis closely related to the dinoflagellates and the Plasmodium group closely related
to the ciliates; the latter appear to have a high rate of evolutionary change relative to other
species. Alternatively, Barta et al. (1991) suggest that the Apicomplexa are monophyletic,
aithcugh their analysis has few informative sites. Based on the data available to us, it is
difficult to confidently assess apicompiexan phylogeny. More apicompiexans should be ana- '
lyzed to resolve the details of thei: phylogeny.

The close affiliation of the ciliates, the apicomplexans and the dinoflagellates based on
molecular criteria, prompis the search for independent characters that the three phyla may
share. There are various structural analogies found in the ciliates and d:noflagellates (the

pellicle . basal bodies associated with the flagella. ejectosomes { trichocysts. mucocysts | and &5;
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the possession of multiple copies of genetic information (Orias, 1976). The microtubule-based
structure of the apical complex of apicomplexans (Russell and Bums, 1984) shows agreat deal
of similarity to that found in the peduncle of dinoflageilates (Speco, 1982). In addition, there is
immunological evidence for the presence of ferrisuperoxide dismutase in dinoflagellates (Matta
et al, submitted), a character they share in common with ciliates (Barra et al. 1990).

Our results also indicaie that among the dinoflagellates, C. cohnii is more deeply rooted
to the Apicomplexa than either P. micansor S. pilosum. In fact, in some analyses, by either
method, C. cohnii was rooted to the Apicomplexa. This observation is at variance with
Taylor’s (1987) phylogenetic scheme for dinoflagellates, which renders the prorocentroids as
ancestral. By contrast, Loeblich (1984) represents the prorocentroids as being relatively
recent, diverging from the “Zooxanthellales” (the group representing the symbiotic dincflag-
ellates in the genus Symbiodinium, or Zooxanthe!laby Loeblich's taxonomy) in the Trassic.
At present, our results are more consistent with this latter scheme, which is also in agreement
with the inferred phylogeny based on partial I.SU rDNA sequence analysis (Lenaers et al.
1991). It should also be indicated that, although no rDNA sequence is yet available, a
congener of P. micans, P. concavun has been identified as the symbiont of a marine flatworm
(Yamasu, 1987). We are currently sequencing the SSU tDNA from Oxyrrhis maripa(an
alternate candidate o0 the prorocentroids as representing the ancestral dinoflagellate), and it is

anticipated that we will soon be able to resolve its phylogenetic position,
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Figure Legends

Figure 1. A model of the secondary structure of the SSU rRNA from S. pilosum.

Stem helices are numbered according to Dams et al (1988). Canonical base-pairings are
indicated by — , while non-canonical base-pairings are irdicated by < or °.

Figure 2. The complete SSU rDNA sequence of S. pilosumaligned to similar
sequences from cight other eukaryotes. Abbreviations: S.p., S. pilosun:; P.m., P.
micans, C.c., C cohnii S.m., S. murs, T.a., T. annulatz; P.b., P. berghei, P.l.,

P. Jophurae P.f., P. falciparum; O.n., O. nova

Figure 3. The phylogenetic tree based on 500 bootstrap resamplings of maximum
parsimony. SPIL=S pilosun; PMIC=P. micans; CCOH=C. cohnii; SMUR=8 muris
TANN=T. annuiatz PBER= P. berghei; PLOP=P. lophurae, PFAL=P. falciparun;,
ONOV=Q. nova SPUS= S pustulatz EAED= E aediculatus; PTET=P. tetraurelia
TTHE= T. thermophilia. The length of each branch is indicated. The numbers at the
nodes indicate the percentage of bootstrap resamplings that group the clade descending
from that node.

Figure 4. A tree topology produced from Fitch and Margoliash’s resolution of 50 boot
strap-resampled pair-wise distance matrices (which were calculated using Felsenstein's
maximum likelihood model for transition-transversion events), globally optimized and
randomized 10 times each for order of species added to the topology under construc
tion. The out-group organisms are not shown. Abbreviations as in Fig. 3, with addi
tionally, SCER=S cerevisiae. ODAN=Q., danicz, DDIS= D. discoidium. The scale bar
tepresents |0 changes per 100 nucleotides. The numbers at the nodes indicate the per

centage of trees (out of 500 trees) having the group to the right of the node.
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POLYCLONAL ANTIBODIES AGAINST IRON-SUPEROXIDE DISMUTASES FROM
E. COLI B CROSS-REACT WITH SUPEROXIDE DISMUTASES FROM
SYMBIODINIUM MICROADRIATICUM (DINCGPHYCEAE)!

Jaime L. Matta, Nadathur S. Govind & Robert K. Trench
Department of Biological Sciences and the Marine Science Institute
University of California at Santa Barbara, Santa Barbara, California 93106 U.S.A

ABSTRACT

Assays for superoxide dismutases (SODs) were performed using cell-free extracts
of the symbiotic dinoflagetlate Symbiodinium imicroadriaticum, after separation in unde-
natured polyacrylamide gels, and appropriate inhibitors (KCN and H205). The results
indicate the presence of CwZn-, Mn-, and Fe-SODs. In immunoblot assays, polyclonal
antibodies against Fe-SOD from E. coli B cross-reacted with two major polypeptides in the
water-soluble fraction, and one polypeptide in the Triton X-100-solubilized peiiet fraction.
The polypeptide commoag to both fractions, with a relative molecular mass of 43.5 kDa,
was identified as Mn-SOD. In §. microadriaticum, Fe-SOD, found only in the water-

soluble fraction, appears to be monomeric, with a relative molecular mass of 43.5 kDa.

Key index words: Superoxide dismutases; ferrisuperoxide dismutase; immunoblot assays;

Symbiodinium microadriatcum; Dinophyceae.
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Superoxide dismutases (SODs) catalyze the disproportionation of the superoxide
radical (Fridovich 1975, Sawyer and Valentine 1981). In conjunction with catalase and
various peroxidases, they protect aerobic cells from the deleterious effects of highly
reactive oxygen free-radicals produced through the reaction of superoxide with hydrogen
peroxide (Asada and Takahashi 1987, Afans’ev 1989). With little difference in their
catalytic properties, the SODs are distinguishable by their relative sensitivities to CN- and
H20,, and the associated prosthetic metal. In prokaryotes, these enzymes occur as Fe-
SOD and/or Mn-SOD (Asada and Takahashi 1987), while in fungi and most “higher”
eukaryotes the Cuw/Zn-SOD predominates (Asada et al. 1977), but may coexist with Mn- or
Fe-SOD, the latter usually associated with mitochondria or chloroplasts. Among the
protists and algae, the Mn- and Fe-SODs are most widespread, except in the Charophyceae
where the Cu/Zn-SOD predominates (de Jesus et al. 1989). One protist group that has not
been studied in this regard are the dinoflagellates. We have employed a combination of
enzyme assays in undenatured polyacryamide gels (with the use of appropriate inhibitors),
and polyclonal antibodies against Fe-SOD from E. coli B to demonstrate the existence of
Fe-SOD in the symbiotic dinoflage'late Symbiodinium microadriaticum. An unusual

observation is that this organism also shows evidence for Mn-SOD and Cu/Zn-SOD.

Symbiodinium microadriaticum cells were grown in ASP-8A as previously
described (Matta and Trench 1991). Cells were harvested by centrifugation (9 000 xg) at 4
°C, resuspended in 10mM phosphate buffer (pH 7.8) with 10% (v/v) glycerol and 0.1mM
dithiothreitol, and frozen at -70 oC, After thawing, the cells were ruptured by three
passages through a French pressure cell at 83 MPa.. and the resulting suspension
centrifuged for 2 h at 100 000 xg at 4 °C. The recovered supernatant was fractionated with
(NH4)2SO4 at 20%, 60% and 100% saturation, and the precipitates were dissolved in 50
mM phosphate buffer (pH 7.8), extensively dialyzed at 10 °C against 10 mM Tris-HCl (pH




7.8), and concentrated by vacuum centrifigation (Speedvac). The pellet was washed twice

in 10mM phosphate buffer (pH 7.8), and solubilized with 0.1% (v/v) Triton X-100.

Escheria coli B was obtained as a paste from Grain Corp., Muscatine, lowa.
Extracts were prepared by digesting 1 g paste for 30 min. at 24 °C with 3.0 uM lysozyme
in 250 mM Tris-HCl (pH 8.0), 50 mM glucose and 10mM Na;EDTA.

Separation of water-soluble proteins was accomplished by electrophoresis in 10%
polyacrylamide gels (PAGE) under non-denaturing conditions. Assays for SOD were
conducted as described in Harris and Hopkinson (1978). In addition to the extracts from
S. microadriaticum and E. coli, Fe- and Mn-SOD standards from E. coli , and Cw/Zn-SOD
from bovine liver (Sigma) were assayed simultaneously. Protein content of samples loaded
onto gels was estimated by the method of Lowry at al. (1951) using bovine serum albumin
as standard.

The water-soluble extract, and the Triton X-100 solubilized pellet fraction from S.
microadriaticum, the crude extract from E. coli and the standard E. coli Fe- and Mn-SOD
were rendered 1.5% (v/v) with sodium dodecyl sulphate (SDS), heated at 60 °C for 15
min. Polypeptides were separated by SDS-PAGE in a gradient 5-20% polyacrylamide,
using BioRad’s standards for the estimation of molecular size. The separated polypeptides
were electroblotted onto nitrocellulose and probed with the anti-E. coli Fe-SOD serum
(1:200 dilution) as described by Roman et al. (1988). Control assays were conducted

using pre-immune sera.

Assays for SOD in aqueous extracts of S. microudriaticum separated in native
PAGE show (Fig |, track 1) that four zones of activity are resolved (A - D). Treatment of
gels with 10mM KCN, a known inhibitor of Cu/Zn-SOD (Beauchamp and Fridovich 1973,
Giannopolitis and Ries 1977) prior to the assay for SOD, eliminated band C, suggesting
that it represents Cu/Zn-SOD. We observed that ImM CN- did not inhibit CwZn-SOD in
extracts of S. microadriaticum, but did inhibit Cw/Zn-SOD from bovine liver (data not
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presented). We were unable to resolve enzyme activity in gels of the separated Triton X-

100-solubilized pellet fraction, but SOD activity has been demonstrated in this fraction
(Matta and Trench 1991).

Treatment of gels with SmM H>0; (a known initibitor of Fe- and Cu/Za-SOD
[Lavelle et al. 1977; Dougherty et al. 1978; Kanamatsu and Asada 1979; Asada and
Takahashi, 1987]) prior to the assay for SOD eliminated bands A and C. Since CN-
eliminated only band C, this observation suggests that band A represents Fe-SOD. The
remaining bands, B and D, represent Mn-SOD. Treatment of extracts of E. coli with SmM
H;0, also eliminated the two lower bands shown in Fig. | (track 2). The lowest band is
Fe-SOD (track 3); the nigher band could be either another isoenzyme of Fe-SOD or the
hybrid Mn/Fe-SOD (Dougherty et al. 1978). The remaining upper-most band represents
Mn-SOD (track 4).

Figure 2 (track 1) shows that in immunoblot assays, the anti-E. coli Fe-SOD
antibodies cross-reacted with two major (and one minor) polypeptides in the soluble
fraction from S. microadriaticum, with My values of 43.5, 49.5kDa (and 66kDa)
respectively. The Triton X-100 solubilized pellet fraction demonstrated a single cross-
reactive polypeptide with a Mr value 43.5 kDa. In extracts of E. coli, a single major
polypeptide of Mr 20kDa cross-reacted with the anti-E. coli Fe-SOD antibodies. In none
of these assays did control pre-immune serum demonstrate any cross-reactivity.

The anti-E. coli Fe-SOD antibodies cross-reacted strongly with standard (Sigma)
Fe-SOD and less strongly with Mn-SOD from E. coli. This observation is not surprising
in view of the high primary sequence and structural homology demonstrated by these two
proteins (Asada et al. 1977; Steinman and Hill 1973; Takao et al. 1990; Grace, 1990).
Based on the observation that in Euglena gracilis Fe-SOD is located in che soluble fraction,
while Mn-SOD is thylakoid-bound (Dougherty et al. 1978) in the chloroplast, we conclude
that the weakly reactive 43.5 kDa polypeptides in the soluble and pellet fractions of S.
microadriaticum are Mn-SOD. The strongly reactive 49.5 kDa polypeptide found in the
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soluble fraction represents Fe-SOD, which in S. microadriaticum, may be either mono-
meric or homodimeric. Ferrisuperoxide dismutases from bacteria, cyanobacteria and
Euglena are komodimeric, the subunits having M values of 19 - 22 kDa (Slykhouse and
Fee, 1976; Dougherty et al. 1978; Kanematsu and Asada, 1979). Our observation of an
apparent homodimeric Fe-SOD of 20k Da in E. coli B is therefore consistent with these
reports. If the polypeptide in S. microadriaticum is homodimeric, its holoprotein would be
more similar in size to that of Tetrrahymena pyriformis than to E. coli or Euglena. Fe-SOD
from T. pyriformis is a tetramer with subunits of 22.7 kDa (Barra et al. 1990).

The role of the superoxide dismutases in protecting aerobic organisms from the
potentially deleterious effects of oxygen free radicals is well known (Elstrer, 1982;
Halliwell and Gutteridge 1989). In symbiotic associations between dinoflagellates and
marine invertebrates, the combined activities of the superoxide dismutases in the symbionts
have been found to show a positive correlation with oxygen tension (Dykens and Shick
1982; Mata and Trench 1991), but the precise form of SOD that responds to elevated
oxygen has not been resclved. Although evidence for Cw/Zn-SOD in symbiotic dino-
flagellates has been reported (Lesser and Shick 1989), and confirmed in this paper, the
presence of Fe-SOD and Mn-SOD in dinoflagellates bas ne: been demonstrated previously.
Our observations would suggest that Mn-SOD is probabiy responsible for the increased
activizy {on a protein-specific basis) reported (Matta and Trench 1991) in the Triton X-100-
soluble pellet fraction from S. microadriaticum, when the cells were grown under
hyperoxic conditions.

It used to be generally accepted that phylogenetically, Fe-SOD and Mn-SOD are
distributed principally among the prokaryotes and some “lower”™ eukaryotes. Although asa
gross approximaton. this still holds true for Fe-SOD, Mn-SOD is found in “higher” plants.
CwZn-SOD is usually regarded as the dominant form of the enzyme in eukaryotes, with the
Fe- and/or Mn-SOD associated with organelles (mitochondria or chloroplasts). However,
Cw/Zn-SOD has recently been reported (Lesser and Stochaj 1990) in the cyanobacterium
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Prochioron, and is known to occur in several eubacteria (Grace 1990). The inferred

phylogeny of the dinoflagellates based on small subunit ribosomal RNA sequences
(Johnson et al. 1990; Gajadhar et al. 1991; Barta et al. 1991; Sadler et al. 1991) indicates
that they share a common ancestry with the apicomplexa and the ciliates. Alithough no
information on the metal associated with the superoxide dismutases in the apicomplexa is
available, it may be significant that both the ciliates (Barrz et al. 1990) and the dino-
flagellates (this paper) possess ferrisuperoxide dismutases. Studies are currently underway
using immunocytochemical techniques to determine the subcellular localization of the

various superoxide dismutases in S. microadriaticum.
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Fizure legends.

Figure i. Patterns of electrophoretic migration of superoxide dismutates from S. microadriaticum
(track 1, 100 ug protein); E. coli B, crude extract (track 2. 100 ug protein); and commercial
(Sigma) standard E. cofi Fe-SOD (track 3, 15 Uor 5 ug protein) and Mn-SOD (track 4, 17 U or 5
ug protein). Track | shows the 60 - 100% (NH4)2SQ4 fraction.

Figure 2. Immunoblot (Western) analyses of a water -soluble extract (track 1) and 2 Triton X-160 -
solubilized pellet fracton {track 2) from S. microadriaricum, and a water-soluble extract of £. coli
B (track 3). Molecular sizes are indicated on the left. On immunoblots where equivalent quantities
of proteins were analysed (data not shown), the anti-E. coli Fe-30D serum showed a strong
reaction with standard (Sigma) £. coli Fe-SOD, znd only a wegk reaction with standard E. coli

Vin-SOD.
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ABSTRACTS
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CARBONIC ANHYDRASE IN THE
HYDROTHERMAL VENT TUBE-
WORM RIFTIA PACHYPTILA Jones.
R.E. Kochevar*, JJ. Childress and N.S.
Govind.

High levels of carbonic anhydrase
activity were detected in two organs of the
hydrothermal vent tube-worm Riftia
pachyptila Jones. The plume, which
funcdoas as the site of respiratory gas
exchange, exhibited levels of activity
ranging from 569-1094 ApH g-! min-1.
The trophosome, in which the
chemoautotrophic endosymbiotic bacteria
are housed, also bad high levels of activity
(216-720 ApH g-l min-1). Other tissues
had much lower CA activities, typical of
invertebrate tissue (4-61 ApH g-1 min-1).
Western blots utilizing rabbit anti-chick
CAII IgG demonstrated cross reactivity
with-the Riftia carbonic anhydrase, and
showed it to migrate in PAGE as a dimer,
with bands at approximately 27k and 28k
MW. Possible functions of carbonic
anhydrase in this symbiosis will be
discussed.

373

ROLE OF THYROID HORMONES IN ROTENONE
TREATED TELEOST; ANABAS TESTUDINEUS
BLOCH : EFFECT ON OXIDATIVE ENZYME
ACTIVITIES., Sukhminder P, Chugh and
Sukhpal Singh*, Punjab Agricultural
University, Ludhians, India

Injeczion of thyroxine (T,) and triiodo-
thyronine (T3) stimulated the activities
of oxidative enzymes such as cytochrome
oxidase and ¢C -glycetophosphate dehydro-
genase (OC-GPON) in the Liver of teleost.
Administration of rotenone inhibited the
activities of all . the enzymes studied
except sutcinate dehydrogenase and -~

o€ -GPOH. Simultaneous administration of
T3 or T4 with rotenone stimulated the
rotencne-inhibited activities of oxida- -~
tive enzymes, The data clearly indicate
that the rotencne-inhibited oxidative
metabalism in A. testudineus can be
reyarsed 9y the administration of thyroid
harmonses.,

374

ULTRASTRUCTURE OF THE SO0Y WALL OF THE
MARINE ECHIURAN WORM URECH!IS CAUPO.

J. Menon®, and A.J. Am. San Francisco State
University, CA.

Structural festures of the body wak of the marine
worm, Urechis caupo at the gt and ultrastructural level
are investigated. The body wall consists of an outer
ruQose papilste integument covered by a3 thin cuticle,
The tiwee main cuticular subizyers are identified.
Microvil, cytopiasmic extengions ‘rom the epithelis!
surface, gQive rise 10 epicuticular projections.
Surrounding the apicuticular projections there is a
fibrous Mucus matenal forming 8 supracuticular coat.
The epidenmis consists of columnar Qoblet-shaped cells
which on histochemical examination reveai the
presence of acid mucopolysaccharides and PAS
positive material, Histoch , two types of mucus
secreting celis have been identified: orthochromatic
and metachromatic. URrastructuratly the cells reveal an
abundance of golgi and an extensive membrane
system indicative of active secretory processes. The
metachromatic celis are packed with sacretory vesicles
cantaining mucus with a fibrous substructure. The
fibrous nature of the mucus is the same as that forming
the supcacuticular mucoid coat. The orthochromatic
mucus cells are characterized by large, distinctive
electron dense mucus gicbules lying in he very large
secretory cavity. At higher magnification, the giobule
core of onthocivematic ceils reveal a fine patten of
paraiiel fines. The possible acaptive role of the mucus
secreting integument in the sulfide rich habitat of the
worm is discussed.

373

RESPIRATORY PROTEIN FUNCTION IN
INVERTEBRATES FROM SULPHIDE
RICH ENVIRONMENTS. N. Sanders® and
B.R. McMahoa, Bamfield Marine Station,
B.C. and Uaiv. of Calgary, Alberta, Canada.
Oxygen equilibrium curves were generated
using fresh bemolymph samples from three
burrowing invertebrate species found in
sulphide rich eaviroaments: the thalassinids
Callianassa californiensis and Upogebia
pugentensis, and the bivalve Solemya reidi.
For comparison, 3 pandalid shrimps species
were examised. High O7 affinity at
physiologically relevant temperatures, a
temperature effect at higher temperatures, a
specific L-lactate effect and moderate Bobr
shifts were found for the hemocyanin (He) of
the thalassinids and Solemya. The He from
the pandalids had lower Oz afiinity, less
proaouaced temperature effects, a large
effect of L-lactate and large Bohr shifts.
Thiosulphate caused a changé in the He-O2
affinity of some species. Animals kept
hypoxic, and with H2S added., had increased
hemolymph L-lactate. Data are discussed in
relation to the eco-physiology of the animais,
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