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ribose moiety from NAD/ to a specific amino acid in a
Mono-ADP-ribosylation is one of the posttranslational target protein while the nicotinamide moiety is re-

protein modifications regulating cellular metabolism, leased (Jacobson and Jacobson, 1989). Mono-ADP-ribo-
e.g., nitrogen fixation, in prokaryotes. Several bacterial sylation was originally discovered as the mechanism
toxins mono-ADP-ribosylate and inactivate specific pro- by which diphtheria toxin blocks protein synthesis
teins in their animal hosts. Recently, two mammalian (Honjo et al., 1968). A number of other potent bacterial
GPI-anchored cell surface enzymes with similar activi- toxins, including cholera, pertussis, and Escherichia
ties were cloned (designated ART1 and ART2). We have coli heat labile enterotoxins, interfere with signalnow identified six related expressed sequence tags

transduction in human host cells by ADP-ribosylating(ESTs) in the public database and cloned the two novel
regulatory G-proteins (Aktories, 1991; Moss andhuman genes from which these are derived (designated
Vaughan, 1990). Since cellular protein functions areART3 and ART4). The deduced amino acid sequences of
profoundly affected by ADP-ribosylation, these toxinsthe predicted gene products show 28% sequence identity
have found wide application in cell and molecular biol-to one another and 32–41% identity vs the muscle and
ogy, e.g., as recombinant toxins for the directed killingT cell enzymes. They contain signal peptide sequences
of specific cells (diphtheria and pseudomonas toxin)characteristic of GPI anchorage. Southern Zoo blot anal-

yses suggest the presence of related genes in other mam- and to identify proteins involved in signal transduction
malian species. By PCR screening of somatic cell hybrids (cholera and pertussis toxins).
and by in situ hybridization, we have mapped the two The suspicion that mono-ADP-ribosylation might
genes to human chromosomes 4p14–p15.1 and 12q13.2– also be used as a mechanism to regulate endogenous
q13.3. Northern blot analyses show that these genes are protein functions was first corroborated in photosyn-
specifically expressed in testis and spleen, respectively. thetic bacteria. Fixation of nitrogen is essential for all
Comparison of genomic and cDNA sequences reveals a living organisms. In Rhodospirillium rubrum and
conserved exon/intron structure, with an unusually large Azospirillium braziliense this process is regulated by
exon encoding the predicted mature membrane proteins. reversible ADP-ribosylation of the key enzyme dinitro-Secondary structure prediction analyses indicate con-

genase reductase (Ludden, 1994).served motifs and amino acid residues consistent with a
The concept that analogous mechanisms operate tocommon ancestry of this emerging mammalian enzyme

regulate endogenous metabolism in higher vertebratesfamily and bacterial mono(ADP-ribosyl)transferases. It
has long aroused the curiosity of biochemists and cellu-is possible that the four human gene family members
lar biologists, and ample evidence has been put forth toidentified so far represent the ‘‘tip of an iceberg,’’ i.e., a
support this hypothesis (Jacobson and Jacobson, 1989;larger family of enzymes that influences the function of

target proteins via mono-ADP-ribosylation. q 1997 Academic Moss and Vaughan, 1990). The responsible enzymes,
Press however, eluded molecular cloning until the groups of

J. Moss and M. Shimoyama succeeded in purifying pro-
teins with enzyme activities akin to those of bacterialINTRODUCTION
mono(ADP-ribosyl)transferases from rabbit skeletal

Mono-ADP-ribosylation is a posttranslational pro- muscle and chicken bone marrow cells (Tsuchiya et al.,
tein modification that involves the transfer of the ADP- 1994; Zolkiewska et al., 1992). Homology searches re-

vealed significant sequence similarity of these enzymesSequence data from this article have been deposited with the Gen-
to one other previously known eukaryotic protein: theBank/EMBL Data Libraries under Accession Nos. X98526 and

X98527.
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T-cell alloantigen RT6 (Koch et al., 1990). RT6 proteins
from rat and mouse, indeed, have recently been shown
to possess the enzyme activities predicted by the struc-
tural homology (Haag et al., 1995; Koch-Nolte et al.,
1996; Maehama et al., 1995; Takada et al., 1994).

Human homologues of the genes for the muscle en-
zyme and RT6 have been identified (these are here
designated ART1 and ART2, respectively2) (Haag et
al., 1994; Okazaki et al., 1994). Intriguingly, while the
human ART2 gene evidently has been inactivated by
premature stop codons (Haag et al., 1994), the human
ART1 gene appears to be functional, and its gene prod-
uct exhibits properties similar to those of the rabbit
homologue (Okazaki et al., 1994; Zolkiewska et al.,
1992). Here we describe the identification, molecular
cloning, and chromosomal mapping of two novel human
gene family members (designated ART3 and ART4).
Our results suggest that these encode GPI-anchored
membrane proteins operating in human testis and
spleen.

MATERIALS AND METHODS

Identification of ART1/ART2-related ESTs. The database of ex-
pressed sequence tags (dbEST) was screened for ART1- and ART2-
homologous sequences using the tBLASTn program with the mail
server blast@ncbi.nlm.nih.gov (Altschul et al., 1990). Sequences of
candidate RT6-homologous genes were analyzed in detail by visual
inspection and on a Macintosh personal computer with the DNAStar
and MacMolly programs to judge the significance of observed se-
quence identities to ART1 and ART2. Clones for ESTs from the
Merck/Washington Univ. project were requested from and kindly
provided by G. Lennon, IMAGE consortium, Lawrence Livermore
Lab. (lnl@ncbi.nlm.nih.gov).

PCR primers and PCR. Primers derived from ART3 and ART4
ESTs were as follows: ART3: B14, TTT TAC CTC ACA AGA GCC
CTG and B34, TTC AAT GTC AAC TCC AAG GCA; ART4: L01, GGC
CAA TTC CTC TCC ACA TCC and L32, ATA GGG AGG GAT CAA
GAC TTC). PCR amplifications were carried out in 20-ml reaction FIG. 1. Southern blot analyses of ART3 and ART4 genes in the

human and other species. Human genomic DNA was digested withvolumes on purified genomic DNA (100–500 ng), cDNA (10–50 ng),
P1 or PAC1 DNA (10–50 ng), and plasmid DNA (0.1–1 ng) in 11 BamHI, BglII, EcoRI, HindIII, or SacI (a and b, lanes 1–5, respec-

tively) and subjected to Southern blot analysis with radiolabeledPCR buffer (low salt buffer; Stratagene) with a combination of 2.5
U Taq and 0.5 U Pfu polymerase (Taq plus; Stratagene) for 25–30 ART3 (a)- and ART4 (b)-specific exonic probes. The ART3 probe con-

tains an internal HindIII site (accounting for the two bands in a,cycles (20 s, 957C; 20 s, 607C; 60 s, 727C).
lane 4) but no EcoRI site; the ART4 probe does not contain any sitesSouthern and Northern blot analyses. Genomic DNAs were pre-
for the enzymes used. Genomic DNAs from four members of ourpared, restriction digested, and subjected to Southern blot analysis
laboratory staff (c and d, lanes 1–4), rhesus monkey (lane 5), lemuressentially as described previously (Haag et al., 1994). Northern blots
monkey (lane 6), C57BL 10SnJ mouse (lane 7), tupaia (lane 8), andwere purchased from Clontech. ART3- and ART4-specific probes
Lewis rat (lane 9) were digested with EcoRI and subjected to South-were generated by PCR amplification from respective cloned DNAs.
ern blot analysis with radiolabeled ART3 (c)- and ART4 (d)-specificThe reaction products were purified on Chromaspin columns (Clon-
probes. M, ‘‘Drigest’’ marker (Pharmacia).tech) and radiolabeled to high specific activity (ú108 cpm/mg) by

the random primer labeling procedure (Amersham) according to the
manufacturer’s instructions. Hybridization and washing were per- films (Kodak) at 0807C for 8 h–7 days. In some cases, this was
formed under conditions of moderate stringency (16 h in 7% SDS, followed by high-stringency washings (2 1 15 min in 1% SDS, 40
0.5 M sodium phosphate, 1 mM EDTA at 627C and 3 1 15 min in 1% mM NaPhosphate at 707C) and further autoradiography. Blots were
SDS, 40 mM sodium phosphate, 100 mM NaCl at 627C, respectively). stripped and reprobed with a radiolabeled cDNA probe for glyceralde-
Bound probe was detected by autoradiography using X-Omat AR hyde 3-phosphate dehydrogenase (G3PDH) (Clontech).

Isolation, restriction mapping, and sequencing of genomic and
cDNA clones. Human genomic PAC1 and P1 DNA libraries (Geno-2 The gene symbol ART (for ADP-ribosyltransferase) was assigned

to this gene family by the human nomenclature committee and ap- mic Systems, St. Louis, MO) were screened by PCR with ART3- and
ART4-specific primers. Purified P1 and PAC DNAs were subjectedproved by a panel of experts from the field at the International Work-

shop ‘‘Biological Significance of Mono-ADP-Ribosylation in Animal to restriction digestion with a panel of restriction enzymes, size frac-
tionated by agarose gel electrophoresis, and subjected to SouthernTissues’’ in Hamburg, May 19–23, 1996, with ART1 as muscle trans-

ferase, ART2 as RT6, and ART3 and ART4 as the related genes blot analyses with ART3- and ART4-specific probes. Suitable restric-
tion fragments were subcloned into pBluescript (Stratagene) andoperating in testis and spleen, respectively, described in this report.
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FIG. 2. ESTs for ART3 and ART4 map to human chromosomes 4p14–p15.1 and 12q13.2–q13.3, respectively. Genomic DNAs from
human/rodent somatic cell hybrids (NIGMS mapping panel 2, Coriell Institute, Camden, NJ) were screened by PCR with ART3 (a)- and
ART4 (b)-specific primers. Reaction products were analyzed by agarose gel electrophoresis in the presence of ethidium bromide. The single
or two human chromosomes retained by each of the cell lines are indicated above the lanes. Control DNAs were from human (H), mouse
(m), and hamster (h). M, ‘‘Drigest’’ marker (Pharmacia). In situ hybridization (c and d) was performed with labeled ART3 (c)- and ART4
(d)-specific probes (derived from respective PAC1 and P1 genomic DNA clones) on human prometaphase chromosomes at the 550-band
stage. The 95% confidence intervals calculated from 20 FLpter (fractional length of the whole chromosome relative to pter) values were
0.14–0.17 for ART3 and 0.34–0.36 for ART4. By comparing these measurements to chromosome idiograms in the same state of contraction,
the ART3 gene is assigned to 4p14–p15.1, the ART4 gene to 12q13.2–q13.3.

subjected to further restriction mapping and sequence analyses. Hu- work systems (PHDsec) (Rost and Sander, 1993; Sander and Schnei-
der, 1994). These analyses were performed with the PredictProteinman spleen and testis ‘‘marathon’’ cDNAs were purchased from Clon-

tech and subjected to PCR amplification with ART3- and ART4-spe- mail server of EMBL (PredictProtein@EMBL-Heidelberg.DE). Hy-
dropathy profiles were generated on a Macintosh with the MacMollycific primers. Amplification products were cloned into the pPCRII

vector (Invitrogen). All sequences were obtained by dideoxy sequence software (Softegene, Berlin) by using the Kyte–Doolittle algorithm
and a window setting of 19 amino acid residues.analysis with appropriate vector and ART3- or ART4-specific prim-

ers. Sequences obtained from PCR products were confirmed by se-
quencing clones obtained from two separate PCR amplifications. The

RESULTS AND DISCUSSIONART3 and ART4 nucleotide sequences have been deposited in the
EMBL database (Accession Nos. X95827 and X95826, respectively).

In situ hybridization. In situ hybridization was performed with Identification and molecular cloning of ART3 and
labeled ART3 PAC DNA and ART4 P1 DNA probes on human pro- ART4. Homology searches of dbEST (the database of
metaphase chromosomes (550-band stage) essentially as described expressed sequence tags) (Boguski, 1995) revealed fourpreviously (Hoovers et al., 1992). The 95% confidence intervals were

human ESTs from the Merck/Washington Universitycalculated from 20 FLpter (fractional length of the whole chromo-
project and one human EST from a project at INSERMsome relative to pter) values. The genes were assigned to specific

chromosome bands by comparing these measurements to chromo- (Pawlak et al., 1995) with noticeable sequence similari-
some idiograms in the same state of contraction. ties to the known mammalian skeletal muscle and T

Amino acid sequence alignment and secondary structure prediction cell mono(ADP-ribosyl)transferases (here designated
analyses. Multiple sequence alignments were performed with a ART1 and ART2) (Koch et al., 1990; Koch-Nolte et al.,weighted dynamic programming method (HSSP/MaxHom), and the

1996; Okazaki et al., 1994; Zolkiewska et al., 1992).generated multiple alignments were used as input for secondary
structure predictions that were produced by profile-based neural net- Primers derived from these ESTs were used to clone
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the corresponding genes from P1 and PAC1 genomic
DNA libraries. Sequence analyses revealed that ESTs
H12146, R35364, and T19112 were derived from one
gene (here designated ART3) and that T70606 and
R07880 were derived from a different gene (designated
ART4). Recently, the single ART-related EST from Na-
ture’s genome directory (Adams et al., 1995) also be-
came accessible in the public database. Sequence com-
parison reveals that this EST (L49677) evidently also
derives from ART3.

ART3 and ART4 are single-copy genes located on
chromosomes 4p14–p15 and 12q13.2–q13.3, respec-
tively. Our Southern blot analyses (Fig. 1) with exonic
ART3- and ART4-specific probes revealed bands for
each of the enzymes tested consistent with single-copy
genes except for the two EcoRI bands detected with the
ART3 probe (Fig. 1a, lane 3). Probing EcoRI-digested
genomic DNAs from several members of our laboratory
staff revealed that these bands reflect an allelic poly-
morphism in the gene rather than the presence of a
second gene copy (Fig. 1c, lanes 1 and 2 vs lanes 3 and
4). Zoo blot analysis indicated the presence of ART3
and ART4 homologues in other primates and in tupaia
(tree shrew) (Fig. 1c). A cross-hybridizing band was
observed also in mouse DNA with ART4 but not with
ART3 (Figs. 1c and 1d).

PCR screening of human/rodent somatic cell hybrids
revealed that the ART3 and ART4 genes are located

FIG. 3. Hydropathy profiles (a) and secondary structure predic-
tions (b) of the deduced ART3 and ART4 amino acid sequences. Prom-
inent features of ART3 and ART4 are illustrated schematically in
the respective hydropathy profiles (a, panels C and D, respectively).
For comparison, see profiles of ART1 and ART2m (a, panels B and
A, respectively). Intron positions are marked by dashed lines, poten-
tial N-linked glycosylation sites are marked by vertical bars with
circles, four conserved cysteine residues are marked by arrows, and
proposed active site arginine and glutamic acid residues are marked
by R and E, respectively. Regions corresponding to published ESTs
are marked by boldface lines; regions corresponding to probes used
for Southern and Northern blot analyses in Figs. 1 and 4 are indi-
cated by thin lines. Multiple sequence alignments (b) were performed
with the MaxHom program (Rost and Sander, 1993; Sander and
Schneider, 1994). The sequences are ordered according to the degree
of sequence identity. Note that amino acid insertions that occur in
the other proteins relative to ART4 are omitted, and neighboring
amino acid residues are indicated by lowercase lettering. The results
of secondary structure predictions with the PHDsec program (Rost
and Sander, 1993; Sander and Schneider, 1994) are indicated for
ART4 above and for ART3 below the alignment. Only residues with
ú82% average accuracy for the three states helix, strand, and loop
are indicated by H, E, and L, respectively (Rost and Sander, 1993;
Sander and Schneider, 1994). Secondary structure motifs resembling
those in the catalytic domain of the ADP-ribosylating toxins of known
3D structures are indicated below the alignment using the nomencla-
ture for E. coli heat labile enterotoxin (Sixma et al., 1991). Predicted
active site arginine and glutamic acid residues are marked by aster-
isks above the alignment; these residues and four conserved cysteine
residues are boxed. Sequences deriving from 5* and 3* exons encoding
the signal peptides were omitted since they do not show any signifi-
cant similarities. Sequences were compiled from GenBank Accession
Nos. X95826 (ART4); X87616 and M30311 (ART2); S74683 and
X95825 (ART1); D31865 and X82397 (chicken mono(ADP-ribosyl)-
transferase genes); and X95827 (ART3).

AID GENO 4520 / 6r26$$$$82 12-30-96 13:05:31 gnma



KOCH-NOLTE ET AL.374

on chromosomes 4 and 12, respectively (Fig. 2a). In situ
hybridization revealed a regional localization to bands
4p14–p15.1 and 12q13.2–q13.3, respectively (Fig. 2b).
Thus, neither of these genes is linked to ART2P or
ART1 on chromosome 11q13 and 11p15, respectively
(Koch-Nolte et al., 1993, 1996).

The deduced ART3 and ART4 amino acid sequences
exhibit conserved structural motifs and amino acid resi-
dues similar to those of ADP-ribosylating toxins. Hy-
dropathy profiles of the ART3 and ART4 deduced
amino acid sequences reveal hydrophobic N-terminal
and C-terminal signal peptides characteristic of GPI-
anchored membrane proteins (Fig. 3a). While the sig-
nal peptides of ART3 and ART4 show almost no recog-
nizable amino acid sequence identities, the predicted
native proteins show 28% identity. The gene family
member with the highest sequence similarity to ART3

FIG. 4. Northern blot analysis of ART3 (a) and ART4 (b and c)is ART2 (41% identity); the closest relative of ART4 is
gene expression. Northern blots (Clontech) containing 2 mg poly(A)/ART1 (39% identity). The ART3 sequence contains one
RNA per lane were probed with radiolabeled ART3 exonic probespotential Asn-X-Ser/Thr glycosylation sites; ART4 con- (a). The left blot from a was stripped and reprobed with a radiola-

tains five. Four conserved cysteine residues probably beled ART4-specific probe (b). After stripping, probing with a G3PDH
form conserved disulfide bonds. probe and stripping again, the blot from b was reprobed with ART4

(c). Note that the blots in b and c contain remnants from incompleteWe obtained secondary structure predictions for
stripping (ART3 signal in b, lane 4; G3PDH signals in c, all lanes).ART3 and ART4 by a profile-based neural network sys-
RNAs were from the following tissues: lane 1, spleen; lane 2, thymus;

tem (Rost and Sander, 1993; Sander and Schneider, lane 3, prostate; lane 4, testis; lane 5, ovary; lane 6, small intestine;
1994) based on multiple alignments (Fig. 3b). While lane 7, colon; lane 8, peripheral blood leukocytes; lane 9, heart; lane

10, brain; lane 11, placenta; lane 12, lung; lane 13, liver; lane 14,the N-terminal portion of these proteins is predicted to
skeletal muscle; lane 15, kidney; lane 16, pancreas. The blots werebe mainly helical, the C-terminal region is dominated
exposed to Kodak X-Omat film at 0807C for 1 day (a), 4 days (b),by b-sheets and a single prominent a-helix. This pat- and 10 days (c).

tern of b-sheets and a-helix is quite similar to the sec-
ondary structure motifs of the catalytic domain in bac-

gene transfer (Hawkins, 1988), an interesting possibil-terial toxins of known 3D structure (Allured et al.,
ity also for the vertebrate ART gene family, many of1985; Bennet et al., 1994; Choe et al., 1992; Domenigh-
whose prokaryotic relatives, notably, are encoded byini et al., 1994; Sixma et al., 1991; Stein et al., 1994).
bacteriophages (Aktories, 1991).Moreover, three motifs (designated b1, b3-a3, and b6

in Fig. 3) show recognizable sequence similarities to ART3 and ART4 are specifically expressed in testis
the secondary structure units that line the active site and spleen, respectively. Northern blot analyses re-
crevice in bacterial toxins (Koch-Nolte et al., 1996). vealed a prominent ART3-specific band of 1.7 kb and
These include, in particular, two residues that have a weak band of 3.8 kb in testis RNA (Fig. 4a, lane 4).
been shown to be essential for catalysis in bacterial The 1.7-kb band was weakly detected also in intestine,
toxins (arginine in b1 and glutamic acid in b6) (see spleen, heart, and skeletal muscle (Fig. 4a). Consider-
Domenighini et al., 1994, for review). Similarly, rabbit ing that two of the four ART3 ESTs originate from a
ART1 and rodent ART2 do not tolerate even conserva- human infant brain cDNA library and were evidently
tive substitutions of these residues (Takada et al., 1995; derived from processed transcripts, it is likely that
and our unpublished observations). ART3 is expressed also in the (infant) brain. As such, it

is a candidate gene for mono(ADP-ribosyl)transferaseART3 and ART4 have conserved exon/intron struc-
activities that have been detected in the adult brain bytures. Comparisons of genomic and cDNA sequences
biochemical means (Maehama et al., 1991; Schuman etshow that the N- and C-terminal signal peptides are
al., 1994).encoded by separate exons in ART1–ART4, whereas

Probing the same blots with an ART4-specific probethe entire predicted processed polypeptide chains are
revealed prominent bands of 1.4, 2.4, and 5.5 kb onlyencoded by a single unusually large exon. (As an excep-
in spleen RNA (Figs. 4b and 4c). The same bands weretion to this rule, ART3 contains a large insertion of
weakly detected also in intestine and ovary. Interest-ú50 amino acids immediately preceding the GPI signal
ingly, spleen (T cells) is also the tissue in which ART2peptide that is encoded by the 3 * exon. This region

includes an intriguing, very hydrophilic 10-residue re- is prominently expressed in rodents (Koch et al., 1990).
It is conceivable that the ART4 gene product compen-peat of unknown function.) It has been suggested that

encoding of a functional polypeptide by a single large sates for the universal loss of ART2 in the human spe-
cies (Haag et al., 1994).exon may reflect acquisition of this gene by horizontal
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Bassett, D. E., Boguski, M. S., and Hieter, P. (1996). Yeast genes andIt is of note that the signal intensities of ART3- and
human disease. Nature 379: 589–590.ART4-specific bands were much lower than those for

Bennet, M. J., Choe, S., and Eisenberg, D. (1994). Refined structurethe housekeeping enzyme G3PDH (not shown). Possi-
of diphtheria toxin at 2.4 Å resolution. Prot. Sci. 3: 1444–1463.bly, this reflects a tight control of expression levels of

Boguski, M. (1995). The turning point in genome research. Trendsthese presumptive regulatory enzymes. A low tran- Biochem. Sci. 20: 295–296.
scription level of ART genes is also in accord with the Choe, S., Bennett, M. J., Fujii, G., Curmi, P. M., Kantardjieff, K. A.,
fact that no ESTs for ART1 or ART2 have yet appeared Collier, R. J., and Eisenberg, D. (1992). The crystal structure of
in the public database, whereas 79% of the positionally diphtheria toxin. Nature 357: 216–222.
cloned human genes are represented by exact DNA se- Domenighini, M., Magagnoli, C., Pizza, M., and Rappuoli, R. (1994).

Common features of the NAD-binding and catalytic site of ADP-quence matches with one or more ESTs in dbEST (Bas-
ribosylating toxins. Mol. Microbiol. 14: 41–50.sett et al., 1996).

Haag, F., Andresen, V., Karsten, S., Koch-Nolte, F., and Thiele,Implications. The prediction that ART3 and ART4 H.-G. (1995). Both allelic forms of the rat T cell differentiation
are expressed as GPI-anchored membrane proteins marker RT6 display nicotinamide adenine dinucleotide (NAD)-gly-

cohydrolase activity, yet only RT6.2 is capable of automodificationraises the intriguing question of whether they have
upon incubation with NAD. Eur. J. Immunol. 25: 2355–2361.extra- or intracellular targets or both. If they target

Haag, F., Koch-Nolte, F., Kühl, M., Lorenzen, S., and Thiele, H. G.intracellular proteins as do their bacterial toxin cousins
(1994). Premature stop codons inactivate the RT6 genes of the(Moss and Vaughan, 1990), how do they enter the cyto-
human and chimpanzee species. J. Mol. Biol. 243: 537–546.plasm? If they have extracellular targets as suggested

Hawkins, J. D. (1988). A survey on intron and exon lengths. Nucleicfor ART1 and ART2 (Maehama et al., 1995; Zolkiewska Acids Res. 16: 9893–9908.
and Moss, 1993), how is access to the required sub- Honjo, T., Nishizuka, Y., Hayaishi, O., and Kato, I. (1968). Diphthe-
strate NAD/, a classic intracellular metabolite, as- ria toxin/dependent adenosine diphosphate ribosylation of amino-
sured? As cell surface proteins, the ART gene products acyl transferase II and inhibition of protein synthesis. J. Biol.

Chem. 243: 3553–3555.will be accessible targets for inhibitors and antibodies.
Hoovers, J. M. N., Mannens, M., John, R., Bliek, J., van Heyningen,Moreover, it will be of interest to test whether recombi-

V., Porteous, D. J., Leschot, N. J., and Westerveld, A. (1992). Highnant forms of these intriguing enzymes may be tools
resolution localization of 69 potential human zinc finger proteinfor experimental interventions. Finally, it is not un- genes: A number are clustered. Genomics 12: 254–263.

likely that ART1–ART4 represent the ‘‘tip of an ice- Jacobson, M. K., and Jacobson, E. L. (1989). ‘‘ADP-ribose Transfer
berg,’’ i.e., a larger family of mammalian enzymes that Reactions: Mechanisms and Biological Significance,’’ Springer–

Verlag, New York.influences the function of cellular proteins by mono-
ADP-ribosylation. Koch, F., Haag, F., Kashan, A., and Thiele, H. G. (1990). Primary

structure of rat RT6.2, a nonglycosylated phosphatidylinositol-
linked surface marker of postthymic T cells. Proc. Natl. Acad. Sci.

Note added in proof. Results of our recent PCR and sequence USA 87: 964–967.
analyses confirm that homologues of ART3 and ART4 exist also in

Koch-Nolte, F., Haag, F., Kühl, M., van Heyningen, V., Hoovers, J.,Mus musculus.
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