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Abstract

The nascent form of glycosylphosphatidylinositol (GPI)-anchored proteins possesses both amino and carboxy ter-
minal hydrophobic signal sequences to direct processing in the endoplasmic reticulum (ER). Following cleavage of
the amino-terminal signal peptide, the carboxy-terminal peptide is processed. Previously, mouse lymphocyte NAD :
arginine ADP-ribosyltransferase (Yac-1) was cloned and the deduced amino acid sequence of the Yac-1 transferase
contained hydrophobic amino and carboxy termini, consistent with known signal sequences of GPI-anchored proteins.
This transferase was present on the surface of NMU (rat mammary adenocarcinoma) cells transfected with the wild-
type cDNA and was released with phosphatidylinositol-specific phospholipase C. Expression of the mutant protein,

lacking the carboxy terminal hydrophobic sequence, resulted in the production of soluble, secreted form of the trans-

ferase. This result shows that carboxy terminal sequence is important for GPI-attachment.
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Introduction

Mono-ADP-ribosylation of arginine is a reversible mo-
dification of proteins, which involves transfer of the
ADP-ribose moiety of NAD to protein by specific ADP-
ribosyltransferases”’. The reverse reaction, catalyzed by
ADP-ribosylarginine hydrolases, releases the ADP-ribose
from proteins, regenerating an arginine. These two enzy-
matic reactions compose a mono-ADP-ribosylation cycle
that may be involved in the regulation of cellular proce-
sses. In Rhodospirillum rubrum™® | this cycle seems to re-
gulate dinitrogenase reductase, a key enzyme in nitrogen
fixation.

ADP-ribosyltransferases have been described in viru-
ses, bacteria, and eukaryotic cells"*™. ADP-ribosylation
of cellular proteins by bacterial toxins alters the activity
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of proteins in critical metabolic or regulatory pathways™
®_ Diphtheria toxin and Pseudomonas exotoxin A ADP-
ribosylate a modified histidine residue in elongation fac-
tor 2 resulting in inhibition of protein synthesis and cell
death®®, Cholera toxin and the related heat-labile ente-
rotoxin of E. coli ADP-ribosylate an arginine in G, the
stimulatory guanine nucleotide-binding (G) protein of
the adenylnyl cyclase system, resulting in its activation
and leading to increased intracellular cAMP®’. ADP-ribo-
sylation of a cysteine in several members of the family
of G proteins (eg, Gi, G, and G,) by pertussis toxin
alters adenylyl cyclase, phospholipid turnover and ion
flux, by uncoupling the G protein from its receptor”.
ADP-ribosyltransferase activity for which arginine is
the acceptor amino acid has been detected in numerous

animal tissues. The enzymes have been cloned and cha-
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tlo)

racterized from a few species, including rabbi and

11) 12)

human'" skeletal muscle, chicken heterophils'® and er-
ythroblasts'®, and mouse lymphocytes'*'®’. The skeletal

muscle transferases are glycosylphosphatidylinositol

101D " wwhich, in cultured mouse

(GPI)-linked exoenzymes
skeletal muscle (C2C12) cells, modify the adhesion
molecule integrin @7'®. ADP-ribosylation of a7 was
proposed to play a role in muscle cell development'”,

The mouse lymphocyte transferase (Yac-1) cDNA co-
ntains predominantly hydrophobic amino- and carboxy-
terminal amino acid sequences characteristic of GPI-an-

chored proteins’*

. GPI anchors are found in structurally
and functionally diverse proteins, including the hydroly-
tic enzymes alkaline phosphatase, 5’-nucleotidase, and
acetylcholinesterase, the mammalian antigens Thy-1, RT
6, and carcinoembryonic antigen, the neural cell adhe-
sion molecule, and the trypanosomal antigen variant su-
rface glycoprotein'®. To confirm that mouse lymphocyte
ADP-ribosyltransferase is a GPI-anchored protein and to
elucidate the importance of carboxy-terminal signal pep-
tide for GPI-anchored proteins, its wild-type and trunca-
ted cDNAs were expressed in a rat mammary adenocar-
cinoma (NMU) cell line.

Materials and Methods

Cell culture

NMU (rat mammary adenocarcinoma) cells were ob-
tained from American Type Culture Collection. NMU
cells were grown in Eagle’s minimum essential media
with Earl’s balanced salt solution containing L-glutamine
(BioWhittaker Inc.). Cells were grown to confluence at
37C under 5% CO,.

Construction of mouse lymphocyte transferase exp-

ression vectors

Wild type mouse lymphocyte (Yac-1) and truncated
transferase cDNAs were generated using polymerase

chain reaction (PCR)-based techniques'®. Wild-type

c¢DNA was amplified from the purified lambda DNA
(100 ng) in a 100 l reaction containing dNTPs (each
0.2 mM), Tag DNA polymerase (2.5 units), and for-
ward P1 (5-ACGTACGTACGTGCTAGCATGAAGATT-
CCTGCTATGATGTC T-3’) and reverse P2 (5-ACGTA-
CGTACGTCTCGAGTCAACATCGGGTAAGTTGCTGGA
G-3’) primers (100 pmol each). Amplification was per-
formed for 30 cycles of 94C, 1 min/55C, 1 min/72C,
1.5 min, followed by a 7 min extension at 72C. The
truncated pM3’T clone, which lacks the carboxy-termi-
nal 37 amino acids, was generated using forward P1
(5’-ACGTACGTACGTGCTAGCATGAAGATTCCTGC-
TATGATGTC T-3’) and reverse P3 (5’ -ACGTACGTA-
CGTCCCGCGGTCAACCCAGCCAGCAGGGCCCAGA-
3’) primers (100 pmol each). PCR products were puri-
fied, digested with Nhe I and Xho I, and subcloned into
the pMAMneo vector.

Expression of recombinant proteins in NMU cells

NMU cells were transfected with 15 pg of pMAMneo
vector or constructs using the calcium phosphate preci-
pitation method®” and stable transformants were selec-
ted with Geneticin (0.5 mg/ml). Following induction of
protein expression with dexamethasone (1 yM) for 24
h, cells were washed with Dulbecco’s phosphate-buffe-
red saline (PBS) and incubated for 6C min in PBS (0.7
ml) with or without phosphatidylinositol-specific phos-
pholipase C (PI-PLC, 0.5 unit). After collecting the PBS
fraction, the cells were washed with PBS, trypsinized,
and lysed in 0.5 m! of lysis buffer (10 mM Tris, pH
8.0/1 mM EDTA) by repeated freeze-thawing. After ce-
ntrifugation (100,000Xg, 1 h) of the lysate, the super-
natant (Sup, 0.5 ml) was collected and the membranes
(Pellet) were suspended in 0.5 ml of PBS.

Expression of ADP-ribosyltransferase in E. coli.
The wild-type transferase was generated as a fusion
protein with glutathione S-transferase (GST-Yac-1) by

PCR using forward P1 and reverse P2 primers under
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PCR conditions described above. Truncated forms of
transferase-GST fusion proteins were synthesized in E
coli. GST-Yac-1-5’3’T, in which the transferase cDNA
lacks the N- and C-terminal hydrophobic signal sequen-
ces (23 and 37 amino acids from 5’ and 3’ ends, res-
pectively), was generated by PCR amplification of the
Yac-1 transferase cDNA (100 ng) with forward P4 (5'-
ACGTACGTACGTCCGCGGAGTTACTCCATCTCACAA-
CTA-3’) and reverse P3 (5 -ACGTACGTACGTCCGC-
GGTCAACCCAGCCAGCAGGGCCCAGA-3’)  primers
(100 pmol each) under PCR conditions described
above. GST-Yac-1-5°T, which lacks 23 amino acids
from the hydrophobic amino-terminus, was generated
using forward P4 and reverse P2 primers. GST-Yac-1-3’
T, which lacks 37 amino acids from the hydrophobic
carboxy-terminus, was generated using forward P1 and
reverse P3 primers. PCR products were gel-purified, su-
beloned into pGEX-5G/LIC, and expressed in E. coli
(DH50). Cells were harvested by centrifugation, suspe-
nded in 20 m] of 10 mM Tds, pH 8.0/1 mM EDTA/
100 mM NaCl containing protease inhibitors (0.5 mM
PMSF, and leupeptin, aprotinin, and pepstatin, each 0.5
ug/ml). After sonification for 1 min, the lysate was ce-
ntrifuged (5000Xg, 30 min). Solubilized GST fusion
proteins, purified according to the manufacturer’s proto-
col using glutathione-Sepharose 4B (Pharmacia Biotech

Inc.), were assayed for ADP-ribosyltransferase.

ADP-ribosyltransferase assay

Reaction was carried out in 0.3 ml of 50 mM potas-
sium phosphate (pH 7.5), with 20 mM agmatine and
0.1 mM Ladenine-U-*CINAD (0.05 uCi). After incuba-
tion at 30C, samples (0.1 ml) were applied to columns
(0.5X4 e¢m) of Dowex AG 1-X2. [**C]ADP-ribosylag-
matine was eluted with 5 ml of H,O for liquid scintilla-

tion counting.
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Results and Discussion

The deduced amino acid sequence of the mouse lym-
phocyte ADP-ribosyltransferase (Yac-1) had very hyd-
rophobic amino- and carboxy-termini, with a hydrophi-
lic center'®. This hydrophilicity profile resembled the
profiles of glycosylphosphatidylinositol (GPI)-anchored
membrane proteins, which are synthesized as nescent
polypeptides, containing hydrophobic signal sequences at
amino and carboxy termini'®*". For GPl-anchored pro-
teins, the amino terminal sequence serves as a signal for
translocation into endoplasmic reticulum and the car-
boxy terminal sequence is a signal for GPI-attachment.
Both signal sequences are absent from the mature form
of a GPl-anchored protein.

Expression of mouse lymphocyte transferase as GST

fusion proteins in E. coli.

Based on the assumption that the native mouse lym-
phocyte transferase has a GPI modification and given
the fact that mammalian signal sequences are not recog-
nized in E. cols, wild-type and truncated GST-Yac-1 tra-
nsferase fusion proteins were synthesized in E. coli. The
full-length (wild-type) or truncated fusion proteins, par-
tially purified by glutathione-Sepharose 4B chromatogra-
phy, were assayed for transferase activity (Table 1).
The enzyme activity was not detected in proteins from
vector-transformed E. coli. The full-length transferase
(GST-Yac-1) was inactive. The GST-Yac-1-5'T const-
ruct lacking the hydrophobic amino-terminal signal se-
quence and the GST-Yac-1-3'T lacking the hydrophobic
carboxy-terminal signal sequence had negligible ADP-ri-
bosyltransferase activity. In contrast, the GST-Yac-1-5’
3T construct, which lacks the hydrophobic amino- and
carboxy-terminal signal sequences exhibited transferase
activity. These results indicate that the amino and car-
boxy terminal hydrophobic amino acids are not required
for enzyme activity.
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Table 1. ADP-ribosyltransferase activity in GST-Yac-1

fusion proteins.

Transformant Specific activity of transferase
pmol/min/mg
Vector ND
GST-Yac-1 0.0910.008
GST-Yac-1-5'T 0.12+0.03
GST-Yac-1-3'T 0.13+0.05
GST-Yac-1-53°T 596+12

Data are means*S.E. (n=3). ND, not detectable.

Expression of mouse lymphocyte transferase in NMU

cells

More convincing evidence that mouse lymphocyte
transferase is a GPl-anchored protein was came from
expression experiments in mammalian cells. NMU cells
were transformed with the complete coding region of
the mouse lymphocyte transferase cDNA using the glu-
cocorticoid-inducible pMAMneo mammalian expression
vector. The transformed NMU cells were treated with
1 puM dexamethasone for 24 h. Treatment of the wild-
type transfected cells with phosphatidylinositol-specific
phospholipase C (PI-PLC) caused almost complete re-
lease of the transferase into the PBS fraction (Fig. 1),
consistent with extracellular localization of a GPI-ancho-
red transferase. ADP-ribosyltransferase activity was neg-
ligible in control NMU cells and in pM (vector) transfo-
mmants (data not shown).

To evaluate the importance of the carboxy terminus
in membrane localization, a truncated form of the ADP-
ribosyltransferase was made by removing 37 hydropho-
bic amino acids from the carboxy terminus of the pro-
tein. NMU cells transformed with this construct (pM3’
T) had no ADP-ribosyltransferase activity in the memb-
rane fraction (Pellet fraction) and little in the cell supe-
rmatant, but had 95.6 % (without PI-PLC) or 97.5 %
(with PI-PLC) of the activity in the medium (Fig. 2),
suggesting that the activity was secreted due to the NH

o-terminal signal sequence, but not retained on the
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Fig. 1. Effect of PI-PLC on release of ADP-ribosyltrans-

ferase activity from NMU cells transformed with
the wild-type Yac-1 transferase cDNA. NMU ce-
lls were transfected with wild-type (full-length)
transferase ¢DNA, and ADP-ribosyltransferase
activity was assayed as described in the Mate-
rials and Methods. The ADP-ribosyltransferase
activity was released from transformed NMU
cells into PBS fraction. Total proteins (mg) were
0.4 (-PI-PLC) and 0.38 (+PI-PLC). (meantS.
E, n=4),

membrane due to the absence of a GPI anchoring se-
quence. This result is consistent with the view that the
C-terminal sequence is required for GPl-attachment and
in its absence, the transferase is transported from the
endoplasmic reticulum to the plasma membrane, but it
is not membrane-anchored.

The hydrophobic aminio- and carboxy-terminal signal
peptides of nascent proteins destined for GPI-anchording
have rather specific amino acids at their cleavage sites
22 Based on the similarity between mouse lymphocyte
ADP-ribosyltransferase amino and carboxy terminal hy-
drophobic sequences of other GPIl-anchored proteins, as
well as amino acid requirements adjacent to the sites of

22 structures of the nascent

cleavage of signal peptides
and the mature forms of the mouse lymphocyte ADP-ri-

bosyltransferase are proposed (Fig. 3).
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Fig. 3 Proposed structures of nascent and mature forms of GPl-anchored mouse lymphocyte ADP-ribosyltransferase.
Top  Possible cleavage sites for amino and carboxy terminal signal peptides in the nascent form of the trans-
ferase are indicated with arrows. Bottom : Structure of the mature form of the enzyme is proposed, showing
the anchoring into memmbrane via diacylglycerol moiety (EthN : ethanolamine, GlcN : glucosamine, Inos
inositol, DAG : diacylglycerol). The site of the cleavage by phosphatidylinositol-specific phospholipase G(PI-
PLC) is indicated.
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