
attributable to a change in S180,,,,. This 
estimate yields a volume-weighted average 
for all oceans of 1.0 per mil, rather than 1.3 
per mil, and requires the average S l80  value 
of continental ice during the LGM to be 
-32 per mil rather than -42 per mil, con- 
sistent with estimates for the isotopic com- 
position of continental ice during the LGM 
(20). 

A n  alternative method for relating the 
0.8 ? 0.1 per mil change in the tropical 
Atlantic to the global mean is to estimate 
how changes in the proportion of NADW 
and AABW would have affected the S180,, 
at Site 925 (21). O n  the basis of carbon 
isotopes in foraminifera from deep sea sed- 
iment (13) and the distribution of pre- 
formed phosphate in the modern ocean 
(22), the ratio of NADW to AABW in the 
region of Site 925 changed from 40:60 dur- 
ing the LGM to 90: 10 today. If the differ- 
ence between S l80  values of AABW and 
NADW was the same during the LGM, the 
circulation changes at Site 925 during the 
LGM reduced the S180, ,  by 0.25 per mil. 
This reduction implies a mean ocean 
change of 1.05 per mil, in good agreement 
with the estimate based on deep water tem- 
perature changes. 

A lower glacial-interglacial change in 
S180,,,, makes planktonic foraminifera1 
S180 records consistent with greater cool- 
ing of the tropics during the LGM. By 
assuming an ice-volume comvonent of 1.3 
per m i 1 , - ~ ~ ~ 0  records of planl&mic forami- 
nifera yield tropical sea surface tempera- 
tures that are at most 2°C colder during the 
LGM ( I ) ,  consistent with estimates from 
C1,IMAP based on biodiversitv (1 6) .  If the , .  . 
buildup of continental ice affects the car- 
bonate oxygen isotope record for the LGM 
by only 1.0 per mil as a global average and 
by as little as 0.8 per mil for deep water in 
the Atlantic Ocean, then S l80  records of 
tropical planktonic foraminifera can yield 
from 3' to 5OC of cooling since the LGM. 
Although it remains uncertain how the 
S180 of surface waters changed during the 
LGM as a result of changes in evavoration 

u 

and precipitation, reducing the ice-volume 
component helps to reconcile tropical 
planktonic foraminiferal S l80  records with 
the coral S l80  and Sr/Ca measurements (3) 
and with terrestrial climate proxies, includ- 
ing snow-line elevations (23), noble gases in 
ground water ( 2 4 ) ,  and pollen records (25). 
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Nuclear Encoding of a Chloroplast RNA 
Polymerase Sigma Subunit in a Red Alga 

Kan Tanaka, Kosuke Oikawa, Niji Ohta, Haruko Kuroiwa, 
Tsuneyoshi Kuroiwa, Hideo Takahashi* 

A chloroplast RNA polymerase sigma factor is encoded by a nuclear gene, sigA, in the 
red alga Cyanidium caldarium RK-1. The encoded protein functions as an RNA poly- 
merase sigma factor in vitro and it is localized to the chloroplast in vivo. SigA shows high 
sequence similarity to the sigma factors of cyanobacteria, which is indicative of the 
ancestral endosymbiotic event and subsequent transfer of the sigA gene to the nuclear 
genome. 

DNA sequence and phylogenetic analyses 
indicate that chloroolasts are close relatives 
of free-living cyanobacteria and are derived 
from an endosymbiotic event. Chloroplast 
RNA polymerase is closely related to that of 
cyanobacteria (1). Chloroplast genomes of 
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H Kuroiwa and T. Kuroiwa, Department of Plant Scienc- 
es, Graduate School of Science, Universltv of Tokvo, 

several plant species encode RNA polymer- 
ase subunits corresponding to a, @, and @' 
of the eubacterial core enzyme (2). Howev- 
er, although the a subunit, a protein impor- 
tant for transcriotion initiation and oromot- 
er selectivity ( 3 ) ,  has been found in-chloro- 
plasts (4), the corresponding gene has not 
been found in the chloroplast genome. 

The unicellular red alga Cyantdium cal- 
darium RK-1 is an acidoohillic eukarvote 
wlth a small genome [13'mega-base ;airs 
(Mbp)] (5). The cells contaln a nucleus, a 
mitochondrion, and a chloroplast, each with 

Bunkyo-ku, Tokyo 11 3, Japan its own genome. The chloroplast RNA poly- 
*To whom correspondence should be addressed. merase and a subunit of a related red alga, 
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2.0 - 3.47 - - 1. (A1 Lyan~a~um caluar~um HK-1 total UNA was subjected to Southern analysis wlth an oligonu- 

1.37- 
ide probe corresponding to the sigA sequence amplified through use of PCR with degenerate - ?rs (21). Lane 1, Eco RI digest; lane 2, Pst I digest. (B) Cyanidium nuclear and chloroplast DNAs 

0.83- separately enriched (22) and subjected to Southern analysis with either a PCR-amplifted sigA 
0.54 - ence (left) or the chloroplast DNA fragment containing trpA ( 7  7 )  (right) as a probe (21). Lane 1, Eco 

RI digest of nuclear DNA: lane 2. Pst I digest of nuclear DNA; lane 3, Eco RI digest of chloroplast DNA; 
lane 4. Pst I digest of chloroplast DNA. IC) Schemat~c repre 3 Eco RI-Barn HI 
fragment and the predicted sigA open reading frame. Represer re shown, and the 
position of the expected open read~ng frame IS indicated by a hc ie restriction map; 

the tnlCK ponlon or tne arrow corresponas to tne region of the encoded prote~n that shows homology to cyanobacter~al v factors. 1 he numbered vertical 
arrows denote the five possible initiation codons, and the dotted numbers represent the probable in~tiation codons. The thick line on the physical map indicates 
the DNA region used as a probe in (B). 
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Fig. 2 Sequence corn- 
patison of the Cyanidium 
SigA protein with the prin- 
cipal u factors of cya- 
nobacteria (23). Amino 
acid sequences were 
aligned from region 1.2 to 
the COOH-terminus, with 
the conserved regions of 
u factm (12) indicated 
above the sequences. C, 
A, and S correspond to 
Cyanidium SigA, the prin- 
cipal a factor of Arxbena 
sp. strain PCC 7120 (the 
s@ gene product) (7), 
and the prindpal a factor 
of Synechoccccus sp. 
strain PCC 7942 (the 
p D 7  gene product) (8), 
reqmtively. For the Cy- 
nidium sequence, amino 
acid residues were arbi- 
trarily numbered from the 
beginning of region 1.2. 
The predicted NH,-termi- 

Fig. 3. The a factor ac- 
tivity of SigA with eubac- 
terial RNA polymerase: - - - - 
in vitro transcription with 
the E. coli core RNA 
polymerase reconstiiut- dF -- (276 nt) 
ed with SigA (24). Plas- 
mid pKK223-3 (0.1 y . 
pmol) containing tac and 
RNA I promoters was at ,RNA I 
tested in a single-round (I 07 rd) 
transcription assay in 
vitro. Lane 1, E. coli RNA pdymerase core enzyme 
(3 pmol); lane 2, E. coli RNA polymerase core en- 
zyme (3 pmol) reconstituted with E. coli a70 (9 
pmol); lane 3, E. cdi RNA pdymerase core enzyme 
(3 pmol) reconstituted with recombinant SigA (9 
pmol); lane 4, SigA (9 pmol); nt, nucleotides. 

nidium total DNA. A single DNA region 
corresponding to a 5.4-kb Eco RI fragment 
that hybridized with the probe (Fig. 1A) was 
cloned in Eschhia coli (1 0). Determina- 
tion of the nucleotide sequence of the 4508- 
bp Eco RI-Bam HI region revealed an open 
reading frame that encodes a putative pro- 
tein homologous to cyanobacterial principal 
u factors. We thus named this gene sigA. 

To determine in which organelle the 
sigA gene is located, we analyzed fractions 
enriched for nuclear and chloroplast DNAs 
separately. The sigA probe hybridized to a 
greater extent with the nuclear DNA than 
with the chloroplast DNA (Fig. lB, left). 
Rehybridization of the same blot confirmed 
localization of the chloroplast trpA gene 
(1 1) to the chloroplast DNA (Fig. lB, 
right). The high GC content of the sigA 
gene (50.47%) compared with the extreme- 
ly low GC content of mitochondria1 DNA 
makes it unlikely that sigA is encoded by 
mitochondria. Thus, sigA appears to be en- 
coded by the nuclear genome. 

Several generally conserved domain 
smctures, from NH2-terminal region 1.1 to 

nal sequence beginning <--- 4.1 ---> <--- 4.2 --- 
'Om the first possible ink C 251 H C L S T R E R E V I - G L T M : R P R ~ S ~ I R Q I E S ~  
tiationcodon of A 327 DS. .P. • .D.L.L.Y. .D.. . .I.QI. ...... .....A. • .R.. 
a'so described' Fwe pas- s 321 ST. .Pa . .D.L.L.Y. .D.. .. .I.QL. ........ ...A. • .R.. 
sible initiation codons are 
underlined twice, and > 

serine and th-ine resi- C 301 R'PAJZNNFLDEYLGEV 
A 377 .H.rn.SV.K.-IR 

duesareunderlinedonce' s 371 .H.M.SI.K..IR 
Dots in the alianment indi- 
cate identical -amino add residues among the three gene products. The boxed residues denote amino acid 
sequences used to design PCR primers for the cloning of sigA. The nucleotide sequence data reported in 
this paper will appear in the DDBJ, EMBL, and GenBank nucleotide sequence databases with the 
accession number D83179. 

Galdieria sulphuraria, have recently been an- sequences conserved among the principal u 
alyzed (6). factors of cyanobacteria (7, 8) to amplify 

To identify a gene encoding the RNA total Cyrmidium DNA (9). An oligonucleo- 
polymerase u factor of the Cyrmidium chlo- tide corresponding to a sequence amplified 
roplast, we adopted a polymerase chain reac- between the two PCR primers was synthe- 
tion (PCR)-based strategy. We used syn- sized and used as a probe for Southern 
thetic DNA primers based on amino acid (DNA) hybridization analysis with Cya- 
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Fig. 4. Expression and 
localization of SigA * nfGpormifl 

positions of irnmunore- 
active proteins (left) and 4Gel front 
molecular size standards 
(right) are indicated. (6 
through D) Subcellular localization of SigA in Cya- 
nidiurn determined by immunogold electron mi- 
croscopy (26) with antibodies to SigA (B), mono- 
clonal antibodies to DNA (C), or rabbit preimmune 
serum (D), n, c, and rn indicate nucleus, chloro- 
plast, and mitochondrion, respectively. Scale 
bars. 0.25 p.m. 

lmmunoblot analysis of k~ 
whole cell lysate of C. 

81+ caldarhm RK-1 with 
rabbit polyclonal anti- 58+ 
bodies to SigA (25). The 

COOH-terminal region 4.2, have been iden- 
tified in a proteins (3, 12). The putative 
amino acid sequence of SigA could be 
aligned from region 1.2 to the COOH-ter- 
minus with the sequences of principal a 
factors of cyanobacteria (Fig. 2). No introns 
were found in sigA. Sequence similarity con- 
tinued between regions 1.2 and 2, an area of 
greater divergence among eubacterial o fac- 
tors. Thus, the putative SigA protein appears 
to be a close relative of cvanobacterial ~ r i n -  
cipal a factors. Because sequence similarity 
was low in region 1.1, we could not predict 
the NH2-terminus of SigA. Most nuclear- 
encoded chloroplast proteins are synthesized 
as larger precursors containing an NH2-ter- 
minal extension called a transit peptide (1 3). 
Among five possible translation initiation 
codons (Fig. lC),  the position 3 or 4 makes 
a serine- and threonine-rich leader sequence 
that may function as a transit peptide (13), 
suggesting that one of these sites is the in 
vivo initiation site. 

- 
' 

(Fig. 1C) for translation initiation. The ex- 
pressed protein included a leader sequence 
and His tag derived from the expression plas- 
mid. The purified protein was reconstituted 
with core RNA polymerase of E. coli and the 
transcriptional specificity of the resulting en- 
zyme was examined in vitro. The heterolo- 
gous holoenzyme recognized the consensus 
E. coli promoters for tac and RNA I (Fig. 3), 
confirming that SigA can function as a eu- 
bacterial principal or ~rinci~al-type a factor. 

Rabbit polyclonal antibodies to the re- 
combinant SigA protein recognized two 
proteins from a Cyanidium whole cell ex- 
tract (Fig. 4A). Similar results were ob- 
tained with antibody prepared indepen- 
dently from another rabbit. The two pro- 
teins may correspond to modified or pro- 
cessed forms of the same gene product. 
Immunogold electron microscopy with the 
rabbit polyclonal antibodies localized SigA 
to the chloroplast in Cyanidium, whereas 
antibodies to DNA reacted with the nucle- 

-106 

+80 

+49.5 

To determine whether SigA can function us, mitochondria, and chloroplast (Fig. 4, B 
as a eubacterial a factor, we purified the through D, and Table 1). 
recombinant protein after expression in E. Thus, a red alga RNA polymerase a factor 
coli (14). We arbitrarily chose one position 5 that localized to the chloroplast is encoded by 

Table 1. Density of labeling by antibodies to SigA (anti-SigA) and to DNA (anti-DNA) in cells of C. 
caldarium RK-1. Values are means 2 SD. Densities were calculated as described (20); n, number of cell 
sections examined. 

Number of gold particles (x 16) (pm-2) 

Cell type Control 
(n = 25) 

Chloroplast 13.9 ? 2.8 4.4 ? 2.1 0.1 ? 0.1 
Mitochondrion 1.1 2 1.1 2.4 2 2.1 0.1 2 0.2 
Nucleus 1.1 2 0.8 25.9 5 7.2 0.1 2 0.1 
Cytoplasm 2.0 2 0.8 0.6 2 0.5 0.2 2 0.2 
Background 0.4 2 0.6 0.3 5 0.5 0.1 2 0.3 

the nuclear genome. In Cyanaum, therefore, 
the nucleus may control chloroplast gene ex- 
pression through modulation of expression or 
function of SigA. It is likely that higher plants 
resemble Cyandum in this respect, although 
red algae may represent a separate evolution- 
ary lineage. Understanding o-factor regula- 
tion may contribute to our knowledge of not 
only the developmental processes of bacterio- 
phages and sporulating bacteria but also the 
development and differentiation of plastids of 
higher plants. 
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tute the hooenzyme, we mxed the core enzyme w~th 

a threefold molar excess of either u70 or SigA and then 
incubated the mixture for 30 min at 37°C. Single- 
round transcription reactions were performed under 
standard condit~ons (77). Transcr~pts separated by 
electrophoresis through a 7% polyacrylam~de gel 
contaning 8 M urea were analyzed with a B~omage 
analyzer (BAS1000, FUJI Photo F~lm) The pos~tions 
and the nucleotide length of transcripts Initiated from 
the tac and RNA I promoters are ndcated. 

25. Rabbt antiserum to recomb~nant SgA was prepared 
as described (78). The antiserum was passed over a 
protein A column and the ~mmunoglobulin G fracton 
was further passed over an affinty column prepared 
from SigA ( I 0  mg) conjugated with H~Trap NHS-act- 
vated ( I  m ;  Pharmaca) as suggested by the suppl~er 
C caldarium RK-I cells were ground in quid nitro- 
gen, and an amount corresponding to 10 k g  of pro- 
tein was fract~onated by SDS-polyacrylam~de gel 
eectrophoress in a 9.4% gel. Other procedures for 
mmunoblot analysis were as described (19). 

26. mmunogold electron microscopy was performed 

basically as described (20). Cyanidium cells were 
fixed In 2% glutaradehyde, embedded in LR White 
resin, cut with an ultramicrotome, and treated with 
the prmary antbody The mouse monoclonal anti- 
bodes to human double-stranded DNA were from 
Chemicon. After the gr~ds were washed, immune 
complexes were detected through incubat~on for 2 
hours at room temperature w~th antibodies to rabb~t 
or mouse ~mmunoglobulin G labeled w~th 10-nm col- 
loda gold particles (BioCell Research Laboratores, 
Cardiff, UK). The grids were then staned w~th 3% 
aqueous uranyl acetate for 20 mln and examined 
under an electron microscope. 

27 We thank H. Hirokawa for encouragement and H. 
Takahashi for techn~cal assistance. Suvoorted In 
part by grants for scent~f~c research from ihe Ministry 
of Education, Science, and Culture of Japan 
(05454069, 07760074, and 06101002), and by the 
Biodes~gn Research Program of RIKEN. 
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Requirement for the Adapter Protein GRB2 in 
EGF Receptor Endocytosis 

Zhixiang Wang and Michael F. Moran* 

Activated epidermal growth factor (EGF) receptors induce the formation of various 
complexes of intracellular signaling proteins that are mediated by SRC homology 2 (SH2) 
and SH3 domains. The activated receptors are also rapidly internalized into the endo- 
cytotic compartment and degraded in lysosomes. EGF stimulation of canine epithelial 
cells induced a rapid and transient association of the SH3-SH2-SH3 protein GRB2 with 
dynamin, a guanosine triphosphatase that regulates endocytosis. Disruption of GRB2 
interactions by microinjection of a peptide corresponding to the GRB2 SH2 domain or 
its phosphopeptide ligand blocked EGF receptor endocytosis; other SH2 domains that 
bind EGF receptors or antibodies that neutralize RAS did not. Both activation and 
termination of EGF signaling appear to be regulated by the diverse interactions of GRB2. 

Sites of tyrosine autophosphorylation in 
activated EGF receptors (EGFRs) bind and 
thereby activate signaling proteins that 
contain phosphotyrosine (pTyr)-binding 
domains such as SH2 and PTB domains (I ). 
For example, the adapter proteins GRB2 
and SHC bind activated EGFRs and partic- 
ipate in EGF-induced activation of RAS 
(2). Concomitant with their binding to 
PTB and SH2 proteins, activated EGFRs 
interact with adaptins (3) and are internal- 
ized by way of clathrin-coated pits into the 
endocytotic compartment (4). EGFR asso- 
ciation with the adaptin AP-2 is not re- 
quired for EGFR internalization (5), but 
receptors that lack kinase activity or pTyr 
sites are poorly internalized or show abnor- 
mal intracellular trafficking (6-8). There- 
fore, EGFR substrates or EGFR-binding sig- 
naling proteins, or both, may be required for 
receptor internalization and trafficking. 
GRB2 binds to the RAS guanine nucleo- 
tide exchange factor SOS 19) and interacts 
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through its SH3 domains with polyproline 
motifs located in the COOH-terminal reg- 
ulatory region of the dynamin guanosine 
triphosphatase (GTPase) and- with other 
proteins (10). Dynamin  lays an essential 
role in coated vesicle formation ( I  I )  and 
localizes at the plasma membrane around 
the neck of emerging coated pits (1 2) .  We 
now show that GRB2 is required for endo- 
cytosis of the EGFR, and demonstrate a 
transient EGF-induced association of GRB2 
with dynamin. 

EGFRs are located at the surface of 
Maden Darby canine kidney (MDCK) 
cells deprived of serum. However, 30 min 
after stimulation with EGF, the receptors 
were internalized and accumulated in peri- 
nuclear vesicles characteristic of endo- 
somes and lysosomes (Fig. 1A): When 
cells were inicroinjected (13) with a mix- 
ture of eight glutathione-S-transferase 
(GST) fusion ~ept ides  containing the 
SH2 domains of signaling proteins that 
bind activated EGFR~ [ G R B ~ ,  SHC, and 
two each from p120 RAS-GTPase-activat- 
ing protein (RAS-GAP), the p85a subunit 
of phosphatidylinositol 3-kinase (PI3K), and 
phospholipase C-yl (PLC-?I)] and then 
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