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Evolution of Scleractinian Corals Inferred grouped monophyletically. By contrast, 
phylogenetic analysis strongly supported 

from Molecular Systematics groupings of families that are placed tradi- 
tionally in different suborders (for example, 

Sandra L. Romano* and Stephen R. Palumbi Poritidae and Oculinidae) (Fig. 1, bootstrap 
values 87 to 100%). Moreover, some fami- 

Scleractinian corals have a continuous fossil record from the mid-Triassic, but taxonomic lies that are considered to be closely related 
difficulties have impeded an understanding of their evolution. A molecular phylogenetic morphologically were found by phyloge- 
analysis of mitochondrial 16s ribosomal RNA showed departures from previous hypoth- netic analysis to have only distantly related 
eses of coral evolution. Families clustered into two major groups that do not correspond mitochondrial DNAs (mtDNAs) (for ex- 
to morphologically based suborders. These clades differed in their 16s ribosomal DNA ample, Acroporidae and Pocilloporidae). 
sequence by 29.4 percent, which suggests evolutionary divergence before the appear- Among the 34 species in our analysis, 
ance of scleractinian skeletons 240 million years ago. Together, these fossil and molecular two distinct clades emerged whose 16s 
data suggest multiple origins of the scleractinian skeleton, and the great morphological rDNA sequences differ by an average of 
diversity of present-day scleractinians may be a reflection of these multiple origins. 29.4%. This result is similar to the 165 

rDNA sequence divergence between orders 
of holo~netabolous insects (24 to 31% dif- 
ferent) that appeared in the fossil record 

Reef-building scleractinian corals support 13). Coral-specific primers (14) designed between 200 lnillion and 300 lnillion years 
some of the world's most diverse marine from these initial sequences were used to ago (Ma) (16). Confamilial coral genera 
co~nlnunities (1).  Their responses to envi- produce sequences from 34 species of coral that appeared in the Eocene (35 to 50 Ma) 
roninental variation contribute to our un- in 14 families (Table 1 )  that (i) are homol- differ by only 2.5 to 3% ( a ) ,  and sister 
derstanding of global and regional climate ogous to 16s rDNA sequences from other falnilies that appeared in the mid-Creta- 
change ( 2 ) ,  sea-level fluctuations (3), and metazoan mitochondria, (ii) form a mono- ceous (100 Ma) are no inore than 9% dif- 
anthropogenic effects on  nearshore commu- phyletic group with other anthoioans and ferent. Thus, the 29.4% divergence of the 
nities (4).  Corals are also central to our cnidarians, and (iii) have secondary struc- major clades probably represents divergence 
~ ~ n d e r s t a n d i i l ~  of biogeographic patterns tures similar to those predicted from homol- of soft-bodied forins before the appearance 
(5). The  240-million-year fossil record of ogous mitochondria1 and bacterial genes (8) .  of coral skeletons at 240 Ma. This finding 
corals is well studied, and a great deal is Phylogenetic analysis of the 16s rDNA supports previous hypotheses that the Scle- 
known about the biology of this order of data supported traditional groupings within ractinia are not descendants of the reef- 
anthozoans. However, difficulties in under- genera and falnilies (15). In all five genera forming rugose corals and that scleractinian 
standing skeletal variability (6 ,  7) ,  skeletal from which two or more species were ana- skeletons evolved more than once (10). Up 
homologies (8,  9) ,  and fossil taxonomy (10) lyzed, congeners formed a ~nonophyletic to nine suborders of Scleractinia appeared 
frustrate understanding of the evolution of cluster. In 9 of 10 families from \vhich more in the mid-Triassic with no known com- 
these cnidarians. As a result, relations than one genus was sampled, genera mon ancestor (9 ,  17, 18). Fossil and molec- 
ainong coral falnilies and their suborders are 
frequently not known, limiting our under- 
standing of the varied roles that corals play Traditional suborders: Fig. 1. Molecular phylogram [50% 

in modern reef ecosystems. Molecular phy- Archaeocoeniina Cycloseris ~ P P .  A majority rule consensus of 1 12 most 
A F u n g i a  

logenetics can yield additional information Fungiifla A parsimonous reconstructions. gen- 
z 0 0 p i 1 u s  
C o s c i n a r a e a  erated with a heuristic search with 

about evolutionary processes where fossil 
P s a m m o c o r a  the use of 10 random addition se- 

information is incomplete, and it can pro- Ca'yophylliina O 
Meandriina L e P t a s t r e a  2 quences in PAUP (21)] of relations vide an alternative means to test the timing 
poritiina 0 among genera of 34 species of cor- 

and topology of evolutionary divergence in- Dendrophy,liina A als (Table 1) and two other cnidar- 
ferred from paleontological data. Here, we ~ o b u s t  ians. This phylogram was generated 
conducted a molecular phylogenetic analy- corals on the basis of sequences from the 

100 mitochondria1 16s  ribosomal gene 
region (15). The same topology was 
obtained with neighbor-joining ana- 
ysis. The numbers on the branches 
represent values from 100 boot- 

~ o c i ~ ~ o p o r a  spp. strap replicates. ieptastrea is the 

A c r h e l i a  only genus that does not group with 
97 r Galaxea  other genera in the same family, 

Acropora spp. even though it has similar morpho- 

sis of scleractinian corals that shows differ- 
ences from morphological or paleontologi- 
cal views and implies that the coral skele- 
ton evolved more than once. 

Molecular analysis of corals has been 
hampered by technical problems of DNA 
purification and the presence in some corals - 
of abundant intracell~~lar algae (zooxanthel- 

99 

lae). We obtained initial coral sequences 
from an aiooxanthellate coral by lneans of 
the polymerase chain reaction (PCR) with 
universal primers for the ~nitochondrial 16s 
ribosomal RNA gene (16s rDNA) (8, 1 1 - 
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- 100 
Complex 

corals 

L A n a c r o p o r a  logical characteristics as well as the 
- Montipora spp, same mode of reproduction as oth- .. er members of the Faviidae. All 

92 T u r b i n a r i a  A scleractinian sequences appear to 
T u b a s t r a e a  A be evolving under similar evolution- - Goniopora spp. 0 ary constraints. They are similar to 

87 
0 each other and to other metazoan - F u n g i a c y a t h u s  A 16s ribosomal sequences in terms 

Pavona A of nucleotide composition, ratios of 
A transition and transversion substitu- 

R e n i l l a  tions, spatial patterns of substitu- 
H y d r a  , , tions, rates of divergence. and sec- 



ular evidence agree that  a t  least two of 
these lineages survive today but disagree as 
to ~ v h i c h  families belong to  the  two ancient 
clades. T h e  lnolecular data suggest that  the  
surviving clades diverged before each had 
developed hard skeletons and that  they rep- 
resent independent experiments in  skeleto- 
genesis. A n  alternative hypothesis-that 
these two clades remesent a n  ancient mito- 

largely of taxa with relatively solid, heavily 
calcified skeletons that  result from the  solid 
(septothecal or parathecal) construction of 
corallite walls. Colonies are largely platelike 
or massive (although there are some ralnose 
genera). Many grow by intratentacular bud- 
ding, which is thought to  be related to coral 
shape (20) .  

T h e  other  clade consists of "comolex" 

digitate, columnar,  lamellate, and plate- 
like forms. Four of t he  six families of corn- 
plex corals grow by extratentacular bud- 
ding, which may help form architecturally 
complex skeletons. Th i s  clade is exempli- 
fied by the  genus Acroporn, which has the  
greatest number  of species and the  widest 
range of growth forms of any coral genus 
19). . , 

chondrial duplication, followed by indepen- corals (Fig. 1 ) .  These  corals, except for t he  These morphological colnparisons are 
dent  assortinent i n  inodern families 200 Oculinidae,  tend to  be less heavilv calci- limited, however, because n o  detailed cla- 
inillion years later-is unlikely given the  
genetic economy of 1ntDNA (8). 

Lineages derived from independent skel- 
etal origins might be expected to display 
differences in architecture or skeletal orga- 
nization. Published ~norphological data (9, 
19, 20) suggest that  there may be important 
differences between the  two mitochondri- 
ally identified coral clades (Table 1). O n e  
clade, the "robust" corals (Fig. I ) ,  consists 

fied, perhaps as a result of t he  relatively 
porous (synapticulothecal)  construction of 
corallite walls. I n  addition, i n  all but one  
of the  taxa in  this clade, t he  septa1 walls 
are built from simple trabeculae that  form 
a relatively porous and loose network of 
skeletal elements,  resulting in a relatively 
light, complex architecture.  Colonies of- 
t en  occur as ralnose forms (growing as 
bushes, thickets, or tables) but  also exhibit  

distic analysis of coral skeletons is available. 
Ancestral and derived character traits are 
unknown, and ho~nologies among skeletal 
elements are uncertain. In  addition, the  
inorphological generalizations listed above 
have important exceptions. A comprehen- 
sive colnparison of coral skeletons is re- 
quired to discern whether these exceptions 
are attributable to  parallel skeletal evolu- 
t ion in the two divergent i n tDNA clades or 

Table 1. Coral species sampled and their biological attrbutes. Attrbutes listed 
are for the genus represented by each speces  (7, 9, 17, 19, 20). The molecular 
topology for relations among taxa is shown on the eft. Codes are a s  follows: 
Famlles and suborders [based on traditonal morphological analyses (9)]: Fun. 
Fungiidae; Sid, Siderastreidae; Fav, Faviidae; Car, Caryophylildae; Mer, Mer- 
ullnidae; Pec, Pectlniidae; Mus, Mussidae; Poc, Pocilloporidae; Ocu, Ocuni- 
dae; Acr, Acroporidae; Den, Dendrophylliidae; Por, Porltidae; Fuc, Fungiacya- 
thldae; Aga, Agarlciidae; Fung, Fungina; Favi. Faviina; Caw, Caryophylliina; 
Arch, Archaeocoenilna; Mean, Meandriina; Dend, Dendrophylliina; Pori, Poritl- 

ina. Source codes: P, Palau; F. Fiji; H,  Hawaii; G ,  Guam; I .  imported coralsfrom 
unknown locations in the ndo-Pacific confiscated in Hawaii; S ,  Solomon Is- 
lands; E, Eastern Pacific. Calcification: H ,  heavily calcified; L,  lightly calcified. 
Trabeculae: C, compound; S ,  slmpe. Coralite walls: A, absent; E, septothecal; 
P, parathecal; Y, synapticulothecal: Y-E, initially synapticulothecal, secondarily 
septothecal. Corallum shape: R, ramose; M ,  massve (including low incrusting 
forms); P, platelike (including foliaceous, discoidal, and laminar forms); C, 
columnar. Colony formation: S ,  solitary; C, ceriod; P, pocoid: A, phaceoid; M, 
meandroid; D, dendroid. Buddlng: E, extratentacular: I ,  intratentacular. 

Sub- Calcifi- Trabec- Coral- Coral- Colony Bud- Fam- order Source ite lum forma- 
1 l~ cation ulae wall shape tion ding 

Fungia (Cycloseris) fragilis 
Fungia (C}/closeris) 

vaughani 
Fungia scutaria 
Zoopilus echinatus 
Coscinaraea sp.  
Psammocora stellata 
Leptastrea bottae 
E~iphyllia ancora 
Catalaphyllia jardinei 
iWeru1ina scabricula 
Hydnophora rigida 
Echinopora Iamellosa 
Caulastrea furcata 
Cyphastrea ocellina 
Leptoria phiygia 
Pectinia alcicornis 
Lobophyllia hempr~chii 
Pocillopora damicornis 
Pocillopora meandrina 
Acrhelia horrescens 
Galaxea fascicularis 
Acropora cytherea 
Acropora humilis 
Anacropora sp. 
Montipora digitata 
Montipora capitata 
Turbinaria peltata 
Tubastraea coccinea 
Goniopora stokesii 
Goniopora sp. 
Porites compressa 
Fungiacyathus marenzeller~ 
Pavona var~ans 
Leptoseris incrustans 

Fun 
Fun 

Fun 
Fun 
Sid 
Sid 
Fav 
Car 
Car 
Mer 
Mer 
Fav 
Fav 
Fav 
Fav 
Pec 
Mus 
Poc 
Poc 
ocu 
ocu 
Acr 
Acr 
Acr 
Acr 
Acr 
Den 
Den 
Por 
Por 
Por 
Fuc 

Aga 
Aga 
- 

Fung H 
Fung H 

Fung H 
Fung F 
Fung S 
Fung H 
Favi H 

Cary P 
Caw I 
Favi F 
Favi P 
Favi F 
Favi F 
Favi H 
Favi G 
Favl P 
Favl P 
Arch H 
Arch H 
Mean F 
Mean G 
Arch G 
Arch G 
Arch P 
Arch P 
Arch H 
Dend I 
Dend H 
Porl P 
Pori P 
Pori H 
Fung E 
Fung H 
Fung H 
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Y-E 
Y-E 

Y-E 
Y-E 
Y 

P 
P 

M P 
MPC 
M R  

R 
M 
PC 
P 

PR 
R 
M 
M 
PR 
M P 

R 
R 
R 

PM 
R 
R 
R 

RMP 
RMP 
PM 
R M 

RMC 
RMC 
RMP 

P 
MP 
M P 
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to unusual mitochondria1 evolution. 
T h e  deep split in coral mitochondria1 

lineages traces evolutionary events that  
predate skeleton formation and are thus 
invisible in the  fossil record. Combined 
molecular and traditional analyses suggest 
that  there was repeated evolution of the  
scleractinian skeleton in early seas. U n -  
derstanding the  selective scenario tha t  led 
to  such major convergent events may help 
to  illuminate the  evolutionary and ecolog- 
ical basis for the  diversity of scleractinians 
and the  complex ecosystems they support. 
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Catalysis of Amide Proton Exchange by the 
Molecular Chaperones GroEL and SecB 

Ralph Zahn, Sarah Perrett, Gun Stenberg, Alan R. Fersht* 

Hydrogen-deuterium exchange of 39 amide protons of Bacillus amyloliquefaciens ribo- 
nuclease (barnase) was analyzed by two-dimensional nuclear magnetic resonance in the 
presence of micromolar concentrations of the molecular chaperones GroEL and SecB. 
Both chaperones bound to native barnase under physiological conditions and catalyzed 
exchange of deeply buried amide protons with solvent. Such exchange required complete 
unfolding of barnase, which occurred in the complex with the chaperones. Subsequent 
collapse of unfolded barnase to the exchange-protected folding intermediate was mark- 
edly slowed in the presence of GroEL or SecB. Thus, both chaperones have the potential 
to correct misfolding in proteins by annealing. 

Molecu la r  c h a ~ e r o n e s  contrib~lte to the  
folding, assembly, and transport of proteins 
( 1  ). Two homo-oligomeric molecular chap- 
erones have been identified in Escherichia 
coli: the  tetradecameric chaperonin GroEL 
(2)  and the tetrameric SecB (3).  GroEL is 
co ln~osed  of 57-kD subunits, each of which 
has three f~lnctional domains, arranged as a 
hollow cylinder of two stacked rings with 
sevenfold symmetry (4).  T h e  SecB protein 
is colnposed of 17-kD subunits ( 3 ,  5). It has 
been proposed that GroEL acts as a "folding 
cage" (6 ) ,  in which aggregation of incom- 
pletely folded proteins is prevented (7). It 
has also been proposed that chaperonins act 
as "u~~foldases" (a) ,  using protein-protein 
bindlng energy to reverse incorrect interac- 
tions in  rotei ins (9) .  A correction mecha- , , 

nlsm implies that GroEL would be able to 
bind a f~lllv unfolded  rotei in. Amide oroton 
exchange 'has been ' used to analyie the  
GroEL-bound state of cyclophilin A (10) 
and a-lactalbumin ( 1  I ) ,  and, in both in- 
stances, has shown that the  secondarv struc- 
ture of the GroEL-bound substrate is mark- 
edly destabilized. However, these and other 
studies ( 1  2)  could not  clearly define to what 
extent a protein is unfolded in the  complex 
with a chanerone. 

Here, we used barnase as a model sub- 
strate to lnvestleate the  GroEL- and SecB- " 
bound conformations by nuclear magnetic 
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resonance (NMR). This technique 1s a pow- 
erful tool for investigating both the str~lc- 
ture and dynamics of proteins with high 
re so l~~ t ion  (13).  However, although small 
peptides have been studied with magnetiia- 
tion transfer (14) ,  the large molecular mass 
of most of the c h a ~ e r o n e s  does not  allow 
direct observation of complexed polypep- 
tide chains by NMR because of line broad- 
ening when bo~llld to the slowly tumbling 
chaperone. Amide proton exchange detect- 
ed by NMR may be applied to provide 
detailed information on the secondary and 
tertiary structure of a protein complexed 
with a chaperone. Chaperone-mediated un- 
folding of a protein should result in an  
increase in rate constants of amide proton 
exchange (k$). Barnase is a particularly 
suitable substrate for such studies for two 
reasons. First, the  alnide urotons that ex- 
change In response to local fluctuat~ons In 
structure and those that require complete 
unfolding for exchange to occur have been 
identified (15 ,  16) .  Exchange of 15 of the 

u 

39 protected amlde protons of barnase (Flg. 
1 A )  occurs only froln the fully unfolded 
state; these are termed globally exchanging 
protons. Most of these protons are located 
in the  central I3 sheet of barnase. Sixteen 
amlde protons exchange predominantly in 
resoonse to local fluctuations or "breath- 
ing" of the  native structure; these are re- 
ferred to as locally exchanging protons and 
are mostly situated in the  a helices and loop 
regions. Eight protons exchange by a mix- 
ture of the  two mechanisms. T h e  second 
reason that barnase is a n  appropriate sub- 
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