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Decay accelerating factor (DAF) is anchored to the plasma membrane by a glycophos- 
pholipid (GPI) membrane anchor covalently attached to the COOH-terminus of the 
protein. A hydrophobic domain located at the COOH-terminus is required for anchor 
attachment; DAF molecules lacking this domain are secreted. Replacement of the 
COOH-terminal hydrophobic domain with a signal peptide that normally functions in 
membrane translocation, or with a random hydrophobic sequence, results in efficient 
.and correct processing, producing GPI-anchored DAF on the cell surface. The 
structural requirements for GPI anchor attachment and for membrane trailslocation 
are therefore similar, pres~~mably depending on overall hydrophobicity rather than 
specific sequences. 

BCAY ACCELEKATINC; FACTOR (DAF) 
is a complement-regulati~lg protcin 
that binds activated complcmcnt 

fragments C3b and C4b, thereby prcvcnting 
amplification of the complement cascade on 
host ccll mcmbrancs (1). DAF belongs to a 
small class of integral membrane proteins 
anchored to the lipid bilaycr by a GPI 
mcmbranc anchor containing phosphatidy- 
linositol, carbohydrate, and ethanolaminc, 
covalently linked to the COOH-terminus of 
the protein (2). Other proteins anchored in 
this way include Thy-1 (3),  the variant sur- 
face glycoprotcins of African tqipanosomcs 
(4), acet)llcholinesterase (5 ) ,  Qa-2 (4, and 
the Fcy rcccptor (7). Attachment of the GPI 
anchor is thougl-rt to occur in the cndoplas- 
mic reticulum (8)  after a protcolytic process- 
ing event that rcmovcs 1 7  to 31 residues, 
including a hydrophobic domain, from the 
COOH-tcrminus of thc protcin (3, 9).  It has 

membrane anchor. 
The 17-residue C00H-tcrn~inal  hydro- 

phobic domain of IIAF was removed by 
deletion mutagenesis (1.5) and rcplaccd ei- 
ther with thc hGH signal peptide or with a 
random hydrophobic sequence. The dclc- 
tion mutant AlDAF (Fig. lb) ,  lacking the 
last 1 7  rcsiducs predictcd by thc 13AF 
cDNA (the COOH-terminal hydrophobic 
domain) has been describcd (13). IIAF-Sigl 
(Fig. Ic) contains, in place of the COOH- 
terminal hydrophobic domain, a truncated 
signal scquence f ro~n the hGH gene (16)  
(residues -26 to -6) including the NI-12- 
tcrminal chargcd region and the hydropho- 
bic corc (approximately 13 residucs), but 
lacking the signal peptidase cleavage sitc. 
DAF-Sig2 (Fig. Id)  is similar to DAF-Sigl 
but contains the complctc 11Gf-i signal sc- 
quencc (rcsidues -26 to - 1). The hGH 

of thc sccretcd AlDAt; mutant. thc 13- 
residue hydrophobic corc region forming 
the C00H-terminal domain of 1)AF-Sigl, 
whercas DAF-Sig2 contains an additional 
hydrophilic extension of five amino acids 
(the signal peptidase cleavage sitc). DAF- 
Rand17 (Fig. lc)  has at the COOH-tcrmi- 
nus a random hydrophobic sequence dc- 
rivcd by scrambling the ordcr of thc amino 
acids present in the COOH-tern~inal do- 
main of wild-type DAF. 

Thcsc modified forms of DAF wcre tral- 
sicntly expressed in COS cells undcr control 
of thc cyto~ncgalovirus promoter and local- 
ized by indircct immunofluorcscencc. As 
previously shown, wild-type DAF is cx- 
pressed on the cell surfacc, whereas AlDAF 
can be detected only after pcrmcabilization 
of the cclls (1-3, 17). Surface labeling of 
intact (nonpcrnmcabilizcd) cells indicited 
that DAF derived from DAF-Sigl, DAF- 
Sig2, or DAF-Rand17 cDNA is on the ccll 
surface, as 1s wild-type IIAF (Fig. 2). Cells 
expressing AlDAF arc shown for reference 
and show no surface labeling. Thcsc obscr- 
vations suggcst that whereas membrane 
DAF becomes targeted for secretion upon 
rcmoval of the COOH-terminal hydropho- 
bic domain (I-?), ccll surfacc cxpressiol; can 
be restored by fusing a signal pcptidc or 
a random hydrophobic peptidc to the 
COOH-terminus of the truncated 13AF pro- 
tein. 

To dctcrminc the nature of the attach- 
ment to the plasma mcmbranc, we labeled 

bcen established for DAE' (10) and Qa-2 ( 6 )  S~gnal DAF hydrophob~c dornaln 
that the COOH-terminus contams a signal a) DAF // 
for directing clcavage and attachment. Thcsc rimmlmm 
~001-1-tcrynlnal slinals display no obvious 
sequence homology, but do contain a short b) A1 DAF 

(15 to 20 rcsldues) hydrophobic domain 
- 

(1 1, 12) that is cssent~al for attachinent of a Truncated hGH slgnal 

GPI anchor (13. 14). The rxoccss of GPI 
c) DAF-SlgI 7- IMATGSRTSLLLAFGLLCLPWL] 

~. , 
anchor attachment is similar to signal pep- 
tide-mediated protcin secretion: both pro- 
cesses arc involvcd in protcin targcting and 
both require a l~ydrophobic domain of vari- 
able sequence that is clcavcd during biosyn- 
thesis. Recausc of these similarities, we in- 
vestigated whether a signal peptide, normal- 
ly involved in protcir~ secretion, could rc- 
placc thc COOH-terminal hydrophobic 
domain of L)AF in dirccting GPI anchor 
attachment. We show that the signal peptide 
frorn human growth hormone (IlGH) or a 
random hydrophobic peptide, when placed 
at the COOH-terminus of DAF, f~~nctions 
efficiently in dirccting attachment of a GPI 

~;ene~~tcch, South San F~,IIICI~CO, CA 94080 

hGH si nal 
d) DAFSlg2 -m IMATGS:TSLLLATGLLCLPWLQEGSA/ 

Random hydrophobic domain 
e) DAF-Rand17 1-lnlrll ~LGTLFVTLTTLGMLGTLI 

Fig. 1. A schc~natic diagram of thc domain substitutions at the COOH-ternminus of DAF. (a) Wild-type 
D M ,  the COON-terminal hydrophobic do~nain (residues 331 to 347) is depicted in black 2nd tllc 
DAF signal sequence (residues 3 4  to I )  is shaded; (b) Al1)AF deletion mutant (resid~~cs -34 to 
330) without the hydrophobic domain; (c) and (d) DAF-Sigl A I I ~  DM-Sig2, with the segment of 
DM: prcscnt 111 AlDAE filscd in fra~iie to the 11C;I-I signal peptide (hatched box, residues -26 to -6 or 
-26 to 1 ,  rcspcctivcly); (e) DM-Randl7, which has the A l D M  scgnlcnt fused in frame to a 17- 
residue random hydrophobic peptidc (striped box) derived by scrambling the ordcr of the anlino acids 
present in the wild-type hydrophobic domain. The AlDAF mutant was co~lstn~ctcd by dclctiorl 
mutagc~icsis in M13 as described (13). UAF-Sigl, 1)AF-Sig2, and DAF-Rand17 were co~lstructed by 
insertional mutagencsis ( 1 5 ) ,  starting with AlUAF clorled into the M13 vcctor mpl9 and wid1 the use 
of synthetic oligo~lucleotides of 91, 106, and 79 base pairs, respectively, as insertion primers. 
Recombillant 1)NAs wcre verified by sequencing. The wild-tppc and rnodificd DAF cLINAs were 
inserted into a nxurlrnalia~l expression vcctor hctwccn a cytomnegalovirus enhancer-promoter and an 
SV40 polyadcnylation sequence (21). 
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transfected COS cells with ["S]cysteine, 
washed, and resuspended in incubation me- 
dium, and then incubated with phosphatidyl- 
inositol-specific phospholipase C (PIPLC) 
fiom Bacillus thuringierasis. This enzyme spe- 
cifically releases GPI-anchored but not con- 
ventionally anchored proteins from cell sur- 
faces (3, 10). After a 1-hour incubation, cells 
and supernatants were separated by centrifu- 
gation and analyzed by imrnunoprecip- 
itation. We also analyzed the culture medi- 
um collected after the 6-hour labeling peri- 
od (Fig. 3). As previously noted (13), wild- 
type DAF is localized primarily in the cell 
lysate as an -40-kD unglycosylated species 
and an -70-kD mature form, both ofwhich 
appear as doublets (possibly reflecting het- 
erogeneity in the GPI anchor). In addition, 
a 68-kD soluble form accumulates in the 
culture medium collected after the labeling 
period. Pulse-chase experiments suggest that 
this soluble form is derived fiom membrane 
DAF by a cleavage within the GPI anchor 
( y i b l y  by a phospholipase) that leaves 
[ H]ethanolamine attached to the protein 
but removes [3~]palmitate. In contrast, the 
mature form of AlDAF, which has no GPI 
anchor and is secreted, is present exdusively 
in the culture medium (13) (Fig. 3A, com- 
pare lanes 3 and 15). The expression pat- 
terns of DAF-Sigl, DAF-Sig2, and DAF- 
Rand17 were similar to wild-type DAF, 
showing a 70-kD mature form that was cell- 
associated (Fig. 3A, lanes 4 to 6) and a 68- 
kD fbrm that accumulated in the culture 
medium (Fig. 3 4  lanes 16 to 18). Incuba- 
tion of the washed, labeled cells with PIPLC 
resulted in release of the -70 kD DAF 
species from cells expressing DAF-Sigl, 
DAF-Sig2, or DAF-Randl7, as evidenced 
by a decrease in the amount of cell-associat- 
ed mature DAF (Fig. 3A, lanes 10 to 12) 
and its recovery in the incubation supema- 
tants (Fig. 3B, lanes 10 to 12). This result 
points to GPI anchorage as the mode of 
attachment of the modified DAF proteins. 
The levels of the -40 kD unglycosylated 
species, presumably an intracellular protein, 
were not affected by PIPLC. PIPLC selec- 
tively released the larger of the two -70 kD 
DAF species in the mutant as well as the 
wild-type DAF proteins, although both ap- 
pear to be GPI-anchored as evidenced by 
[3~]ethanolamine incorporation. 

To confirm the presence of a GPI mem- 
brane anchor, we labeled transfkcted COS 
cells metabolically with [3~]ethanolamine, a 
component of the GPI anchor. Analysis by 
immunoprecipitation revealed [3~]ethano- 
lamine-labeled bands corresponding to un- 
glycosylated and mature DAF in the cell 
lysates and revealed that DAF had been 
released in the media from cells expressing 
DAF-Sigl, DAF-Sig2, or DAF-Randl7 

(Fig. 4). The apparent m o l d a r  sizes and 
relative localization of the ['H]ethanola- 
mine-labeled, modified DAF proteins were 
essentially indistinguishable from that of 
wild-type DAF. 

We condude that replacement of the 
DAF COOH-terminal hydrophobic domain 
with a secretion signal peptide, or with a 

random hydrophobic sequence results in 
efKcient and correct processing of the pro- 
tein, producing GPI-anchored DAF on the 
cell surfice. This result suggests that it may 
be the overall hydrophobicity of the 
COOH-terminus rather than the presence 
there of a specific sequence or structure that 
is critical for directing attachment of a GPI 

DAF. then with rhodamine- I 
conikted mat antibodies 
to mo'use &unoglobulin 
G (IgG) as described (17). 
Cells expressing wild-type 
0 or AlDAF (Al) are 
shown for reference. 

'IPLC 

Fig. 3. Imrnunoprecipitation analysis of wild-type and mutant DAF proteins e x p d  in COS cells, 
showing both their relative distribution between cells and culture medium and release by PIPLC. Cells 
in 35-mm dishes were transfected with 3 pg of plasmid DNA as described (22) and labeled with 
[35S]cysteine (200 pCi per 35-mm dish) for 6 hours. The culture medium was then collected and 
analyzed by immunopmipitation as described (23). The cells were washed in phosphate-buffered saline 
(PBS) and resuspended in PBS containing 2% heat-inactivated fetal bovine smun with or without 
PIPLC (4 pglml). After incubation at 37°C for 60 min, the cells and incubation supernatants were 
separated by cen&gation and analyzed by irnmunoprecipitation. (A) Lanes 1 to 6, NP40 cell lysates 
showing cell-associated DAF; lanes 7 to 12, residual DAF in lysates after incubation of cells with 
PIPLC, and lanes 13 to 18, culture media collected afm the labeling period (B) Incubation 
Supernatants from cells incubated without (lanes 1 to 6) or with (lanes 7 to 12) PIPLC. Control cells 
were mock transfected without DNA. 
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Fig. 4. Immunoprecipitation analysis of DAF 
proteins labeled metabolically with ['Hlethanola- 
mine. Transfected COS cells were incubated with 
[3H]ethanolamine (200 pCi per 35-mm dish) for 
16 hours. DAF was then immunoprecipitated 
from NP40 cell lysates (lanes 1 to 4) or culture 
media (lanes 5 to 8) that was collected at the end 
of the radiolabeling period. 

membrane anchor. Similar conclusions have 
been reached regarding signal peptides for 
membrane translocation, whose function 
depends on their length and hydrophobicity 
rather than their specific sequence (18). I t  
has been suggested that GPI anchor attach- 
ment requires a weakly hydrophobic domain 
since a single Asp -, Val mutation in the 
COOH-terminal domain of Qa-2 converts 
this normallv GPI-anchored protein into an 
integral membrane protein (19). Our data 
argue against this, since the hGH signal 
peptide contains a strongly hydrophobic 
core region. The length as well as the hydro- 
phobicity of COOH-terminal domains ap- 
pears to be important for GPI anchor at- 
tachment. Placental alkaline phosphatase 
(PLAP) synthesized with a hydrophobic 
COOH-terminal domain of 17 amino acids 
is anchored bv a GPI anchor. whereas PLAP 
mutants that have 13 or fewer hydrophobic 
residues at the COOH-terminus are secreted 
(14). The hGH signal sequence contains a 
run of 13 hydrophobic amino acids that, in 
the context of the DAF COOH-terminus, 
appears to be sufficient to direct the attach- 
ment of a GPI anchor. Additional factors 
therefore may influence the precise minimal 
length requirement. DAF-Sig2 contains a 
COOH-terminal extension of five hydro- 
philic amino acids with an overall negative 
charge (Gln-Glu-Gly-Ser-Ala). This appar- 
ently does not affect processing and attach- 
ment of the GPI anchor. 

Despite a wide degree of sequence diversi- 

ty, signal peptides for membrane transloca- 
tion are recognized by specific protein re- 
ceptors (20). The finding that a secretion 
signal peptide can function in signaling GPI 
anchor attachment at the COOH-terminus 
of a protein suggests that the two processes 
may be related, mechanistically or  evolution- 
arily. It is conceivable that the NH2-terminal 
peptidase and the enzyme that cleaves the 
COOH-terminus of GPI-linked proteins 
have evolved from a common precursor. 
Whether the COOH-terminal signal for 
GPI attachment interacts with a protein 
receptor or membrane component, it ap- 
pears that its overall conformation or char- 
acter (hydrophobicity, length, secondary, or 
tertiary structure) rather than specific se- 
quence is important for proper hctioning.  
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The Effects of Enriched Carbon Dioxide Atmospheres 
on Plant-Insect Herbivore Interactions 

Little is known about the effects of enriched C02 atmospheres, which may exist in the 
next century, on natural plant-insect herbivore interactions. Larvae of a specialist 
insect herbivore, Junonia coenia (L-epidoptera: Nymphalidae), were reared on one of its 
host plants, Plantago lanceolata (Plantaginaceae), grown in either current low (350 
parts per million) or high (700 ppm) C02 environments. Those larvae raised on high- 
COz foliage grew more slowly and experienced greater mortality, especially in early 
instars, than those raised on low-C02 foliage. Poor larval performance on high-C02 
foliage was probably due to the reduced foliar water and nitrogen concentrations of 
those plants and not to changes in the concentration of the defensive compounds, 
iridoid glycosides. Adult pupal weight and female fecundity were not affected by the 
C02 environment of the host plant. These results indicate that interactions between 
plants and herbivorous insects kill be modified under the predicted C02 conditions of 
the 21st century. 

B ECAUSE OF FOSSIL FUEL CONSUMP- ing global climate (2), it is expected that 
tion and tropical deforestation, glob- enriched C 0 2  atmospheres will influence 
at atmospheric C 0 2  concentrations 

are rising. The current C02 Museum of arative Zoology and Depamnent of 
level is 350 ppm, and this is expected to Organismic and golutionary Biology, Harvard Univer- 

reach 700 ppm by the mid- to late 21st sity~ MA 0213'. 

century (1). In addition to potentially alter- +TO whom correspondence should be addressed. 
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