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ABSTRACT An interferon y (IFN-y)-inducible protein,
y2, was identified by two-dimensional gel electrophoresis of
transformed human amnion (AMA) cell proteins. cDNA dones
coding for this protein have been isolated and characterized as
encoding a polypeptide with a predicted molecular weight of
53,165 and a pI of6.16. Both values are in good agreement with
those observed in two-dimensional gel dectrophoresis. The y2
protein is found to be highly Induced by UIN-y, whereas no
induction was seen after addition f IFN-a to AMA cells. A
y2-specilfc 2.7-kilobase mRNA was likewise seen to accumu-
late selectively in response to IFN-y in these cells. Comparison
of the predicted amino acid sequence of y2 to proteins in
GenBank data bases revealed that y2 is highly homologous to
rabbit peptide chain release factor [Lee, C. C., Cralgen,
W. J., Muzny, D. M., Hariow, E. & Caskey, C. T. (1990)
Proc. Natl. Acad. Sci. USA 87, 3506-3512] and bovine tryp-
tophanyl-tRNA synthetase [M. Garret, V. Trezeguet, B. Pajot,
J. C. Gandar, M. Merle, M. Guegiev, J. P. Benedetto, C.
Sarger, J. Alteriot, J. La Bouessec, J. Labouesse, and J.
Bonnet (1990), GenBank acceson no. X521131. Amino acid
sequence iilarities of9% and 97%, respectively, are found,
which in general would indicate that y2 represents the human
equivalent to either of these two mammalian genes. Based on
these sequence simirites, the current data raise the possibility
that tryptophanyl-tRNA crging and peptide chain release are
carried out by the same enzyme. The y2 protein is shown to
possess tryptophan-dependent aminoacyl-tRNA synthetase ac-
tivity and thus constitutes an enzymatic activity involved in the
bioiogical activity of IFN-y.

Interferons (IFNs) are inducible glycoproteins eliciting an
antiviral state in target cells (1). In addition they are potent
biomodulators exerting a large number of other effects.
IFN-y (type II IFN) is distinct from IFN-a and IFN-.3 (type
I IFNs) molecules on the basis of antigenicity, inducer,
primary structure, cell receptor, and producer cells. IFN-y is
more effective than type I IFNs in inhibiting proliferation of
various malignant cells and cultured cells and in modulating
the activity of cells in the immune system (for reviews, see
refs. 2 and 3).

Specific sets of proteins are induced in various cell lines
after IFN treatment (4-6). Addition of IFN-y to various cell
lines results in the preferential induction of a set of genes
including major histocompatibility complex class II genes (7,
8), the Fc receptor gene for IgG (9), 'yIP-10 and m119 [both
belonging to the platelet factor 4 family (10, 11)], phagocyte
cytchrome b heavy chain gene (12), the gene encoding
indoleamine 2,3-dioxygenase (13), and two genes IP-30 and
y.1 of unknown functions (14, 15).
We have previously used two-dimensional gel electropho-

resis [isoelectric focusing (IEF) and SDS] to characterize sets

ofhuman polypeptides specifically induced by IFN-a/P or by
IFN-'y (4). The cloning of genes of such proteins is an
essential step in the analysis ofpathways underlying major or
specific effects of IFN action. Here we report on cDNA
cloning and expression studies of the y2 protein, which is
preferentially and very strongly induced by IFN-y in AMA
cells (epithelial) and MRC-5 cells (fibroblast) (4). The de-
duced Mr 53,165 amino acid sequence§ is highly homologous
to that of rabbit peptide chain release factor (16) and bovine
tryptophanyl-tRNA synthetase [EC 6.1.1.2, M. Garret, V.
Trezeguet, B. Pajot, J. C. Gandar, M. Merle, M. Guegiev,
J. P. Benedetto, C. Sarger, J. Alteriot, J. La Bouessec, J.
Labouesse, and J. Bonnet (1990), GenBank accession no.
X52113].

MATERIALS AND METHODS
Cell Culture, Protein Labeling, and Gel Electrophoresis.

Human amnion cells (AMA) were grown in monolayers in
Dulbecco's modified Eagle's medium (DMEM) (Biochrom,
Berlin) supplemented with 10% (vol/vol) newborn calfserum
and antibiotics [penicillin at 100 international units (IU)/ml
and streptomycin at 50 ug/ml]. Recombinant human IFN-y
and [35S]methionine were purchased from Amersham. Re-
combinant human IFN-a 2B (IFN-a) was purchased from
Schering. Cells were labeled in DMEM lacking methionine
and containing 10%o (vol/vol) dialyzed fetal calf serum and
[35S]methionine at 100 .uCi/ml (1 Ci = 37 GBq). After labeling
cells were lysed in buffer E [20 mM Tris Cl, pH 7.5/5 mM
Mg(OAc)2/10 mM KCl/1 mM EDTA/1 mM dithiothreitol/
10%1 (wt/vol) glycerol] containing 0.5% Nonidet P-40 and
analyzed by SDS/PAGE (17) or two-dimensional gel elec-
trophoresis (18). The y2 protein purified to -80%o purity
(SDS/PAGE estimate) was subjected to two-dimensional gel
electrophoresis. The y2 spots were cut from the gels, con-
centrated by SDS/PAGE, electroblotted onto a ProBlot
membrane (Applied Biosystems), and tryptic peptides were
subjected to amino acid sequencing on a gas-phase sequencer
(Applied Biosystems model 470A) (18).

Oligonucdeotide Primers and PCR. Based on the amino acid
sequence of peptide 4 (see Results), two degenerate oligo-
nucleotides were synthesized using an Applied Biosystems
model 381A DNA synthesizer. The 17-base-pair (bp) oligo-
nucleotide 4a represents amino acids 3-8, whereas the 17-bp
oligonucleotide 4b is the reverse complement of the DNA
encoding amino acids 15-19. All possible codons were rep-
resented for each amino acid, except for serine where the
oligonucleotide sequence choice was based on the mamma-
lian codon usage. PCRs contained (in 25 1d) 25 pmol of each
primer, 1 1Ld offirst-strand cDNA primed by oligo(dT) (19), 10

Abbreviations: IFN, interferon; IEF, isoelectric focusing; IU, inter-
national unit(s).
tTo whom reprint requests should be addressed.
§The sequence reported in this paper has been deposited in the
GenBank data base (accession no. X59892).
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mM Tris Cl (pH 8.3), 50mM KCl, 2mM MgCl2, 0.1% gelatin,
and 0.2 unit of Taq polymerase (Cetus). For the amplification,
40 cycles of denaturation (940C, 1 min), annealing (450C, 1
min), and extension (720C, 3 min) were used.

Construction and Screening of cDNA Library. Twice
poly(A)+-selected RNA (5 gg) was prepared from AMA cells
that had been exposed to IFN-'y (100 IU/ml) for 4 h or 8 h
(pooled). cDNA was synthesized (19) and a library was
constructed in Agt1O (20). Screening was performed by plaque
hybridization using a 32P-labeled PCR-derived partial y2
cDNA (see Results).

Sequencing of cDNA Clones. BAL-31 exonuclease (Amer-
sham) deletions of the cDNA clones were inserted into
bacteriophage M13 (21). DNA sequencing of overlapping
deletions was done by the dideoxy-nucleotide chain-
termination method using reagents from United States Bio-
chemical.
RNA Preparation and Northern Blot Analysis of RNAs. All

RNA samples were prepared by the acid guanidinium thio-
cyanate/phenol/chloroform extraction method (22). North-
ern blot analysis was done by electrophoresis of total cellular
RNA through 1% formaldehyde/agarose denaturing gels and
transfer to Zeta-Probe membranes (Bio-Rad) in lOx SSC (1.5
M NaCI/0.15 M sodium citrate, pH 7.0). Radioactive DNA
probes were prepared by random oligonucleotide priming
(23).
Assay for Tryptophan Aminoacyl Synthetase Activity. To

test for enzymatic activity of y2 protein the tryptophan-
dependent ATP-pyrophosphate exchange assay (24) was
used in a modified form using TLC to identify ATP and
pyrophosphate (25). The 20-,ul reaction mixture of 10 mM
Tris Cl (pH 7.5), 10mM MgCl2, 4mM sodium pyrophosphate,
2 mM ATP, 0.02% gelatin, and where indicated 0.1 mM
L-tryptophan or 0.1 mM L-leucine, contained 0.25 pCi of
[y-32P]-ATP and 1-4,ul of purified y2 protein. After incuba-
tion at 30°C for 10-50 min, 3 ul was spotted onto a polyeth-
ylenimine-cellulose (PEI) thin layer plate. The chromato-
grams were developed in 0.75 M KH2PO4, and the labeled
spots of ATP and pyrophosphate were localized by autora-
diography. The spots were cut from the chromatograms and
the radioactivity was measured.

RESULTS
Induction of the y2 Polypeptide in AMA Cells. As described

(4), IFN-y induces a specific set of polypeptides in AMA
cells. The location of y2 in two-dimensional gels ofAMA cell
proteins in untreated (Fig. 1A) and IFN-y-treated (Fig. 1B)
cells is shown. The strongly induced y2 polypeptide has an
apparent molecular mass of 55.3 kDa (Figs. 1 and 2) and a pI
of 5.99 (Fig. 1). To study the induction kinetics, AMA cells
were pulse-labeled for 1 h at various times after IFN--y
addition. At 4-6 h after induction, a 'y2 band became clearly
visible, increased dramatically in intensity, and reached a
maximum level after 10 h (Fig. 2). This high level was
maintained for at least 24 h in the presence of IFN-y.

Isolation of y2 cDNA. Amino acid sequences of internal
tryptic peptides were obtained by microsequencing of the y2
protein spots excised from two-dimensional gels as described
(18). Amino acid sequences were obtained from the following
four peptides ranging in length from 12 to 19 amino acids: 1,
MSASDPNSSIFLTDTA; 2, GIFGFTDSDXIG; 3, XX-
TDIQXLIPXAIDQDPXF; 4, ISFPAIQAAPSFSNSFPQI.
Based on the sequence of peptide 4, two degenerate

oligonucleotides were designed (4a, TTYCCNGCNATH-
CARGC; 4b, ATYTGNGGRAANGARTT, where Y is a
pyrimidine, N is any nucleotide, R is a purine, H is A, T, or
C) and used as primers for the amplification of a 50-bp PCR
fragment. Since several attempts failed to amplify a y2-
specific cDNA fragment using oligonucleotide 4a and oli-
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FIG. 1. [35S]Methionine-labeled AMA cell proteins: two-
dimensional gel fluorograms (IEF). Cells were labeled for 14 h prior
to harvest. (A) Untreated cells. (B) Cells treated for 18 h with IFN-y
(100 IU/ml). MW, molecular weight.

go(dT) as PCR primers, we constructed the nondegenerate
oligonucleotide (oligonucleotide 4c, GCTGCTCCCTCCT-
TCAGCAA) having the correct sequence of the 50-bp frag-
ment between the primers 4a and 4b. By using this oligonu-
cleotide and oligo(dT) as primers, a 1.6-kilobase (kb) y2-
specific fragment was amplified. After 32P-labeling, the
1.6-kb y2 fragment was used as a probe to screen the AgtlO
cDNA library made from IFN-y-treated AMA cells. A total
of 200,000 primary clones were screened and 80 positive
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FIG. 2. Analysis by SDS/PAGE of the induction of [33S]methio-
nine-labeled 'y2 in AMA cells. Cells were induced with IFN-y (100
IU/ml) for the indicated times and pulse-labeled for the last 60 min
before harvesting. Prior to gel electrophoresis y2 was partially
purified by batch adsorption to heparin-Sepharose. MW, molecular
weight.

Biochemistry: Fleckner et al.

w 4,
qw

10
-, ft 400

0 a 7w,

-0 W,
0

A,Mope,



11522 Biochemistry: Fleckner et al.

clones were identified by plaque hybridization. Insert sizes
were assessed by PCR identifying two inserts of 2.6 kb
(clones y2Al and y2A71), which were subcloned into bacte-
riophage M13. Both clones had identical restriction maps and
partial sequencing from each terminus gave identical se-
quences except for a few bases at the ends where they
differed slightly in length. One of the clones (y2Al) was
sequenced entirely in both directions by standard methods
(Fig. 3).
Nudeotide and Predicted Amino Acid Sequence of y2. The

complete nucleotide sequence of the y2 cDNA is shown in
Fig. 3. This sequence predicts an open reading frame of 1413
bases corresponding to a polypeptide of 471 amino acids. All
the four tryptic peptide sequences obtained by micro-
sequencing of the y2 polypeptide were identified in the
predicted polypeptide. The deduced polypeptide has a cal-
culated molecular weight of 53,165, consistent with the
observed apparent molecular mass of 55.3 kDa. The calcu-
lated pI for the predicted polypeptide is 6.16, compared to the
observed pI of 5.99. This difference might implicate the
presence of secondary modifications of the y2 protein. The
predicted sequence was confirmed by sequencing the first 15
N-terminal amino acids of purified native y2 (data not
shown). In the native y2, the initiator methionine was found
to be absent. The stop codon at position 1527 was followed
by an -1-kb untranslated sequence including a conventional
polyadenylylation signal AATAAA at nucleotide position
2588.
Expressin of y2 mIRNA in Response to IFNs. Northern blot

analysis ofRNA from IFN-y-treated AMA cells using the y2
cDNA insert as a 32P-labeled probe detected a major tran-
script of 2.7 kb (Fig. 4A) and, at high doses of IFN-y, two
minor transcripts of 2.0 and 1.5 kb. A response to IFN-y was
observed at doses as low as 10 units/ml and y2 mRNA was
fully induced at IFN-y levels of 100 units/ml (dot blot
analysis, data not shown). The major band of 2.7 kb indicates
that the y2 cDNA represents at least 95% of the 'y2 mRNA
and likely the entire exon sequences, depending on the length
of the poly(A) tail. The identity of the minor bands remains

uncertain and might represent differential splice products or
specific degradation products.
The time course of y2 induction inAMA cells was followed

by RNA dot blot analysis. After a 4-h incubation with IFN-y,
an increase in y2-mRNA level was observed that continued
for 10-12 h, where a maximum level of60-fold induction was
reached. y2 mRNA stayed at this maximum level for 24 h in
the continued presence of IFN-y. This pattern of induction
was reproducibly obtained with other preparations ofhuman
IFN-,y [recombinant IFN-y (Boehringer Mannheim) and na-
tive IFN-y (kindly provided by Kurt Berg, University of
Copenhagen)]. In contrast virtually no response was ob-
served when IFN-a was added to the AMA cells (Fig. 4B). y2
mRNA was measured relatively toGAPDH mRNA, which is
unaffected by IFN treatment.

In various human cell lines, variation in the induction of y2
mRNA by IFN-,y was observed. In MRC-5 and HT1O80
fibroblasts, y2 mRNA was strongly inducible by IFN-'y and
unaffected by IFN-a. In HeLa (epithelioid) cells, y2 mRNA
was highly inducible by IFN-y (-35-fold) weakly inducible
by IFN-a (M5-fold). In the lymphoblastoid cell lines MOLT4
and NALM-6, y2 mRNA was not induced by either IFN-y or
IFN-a (data not shown).
Comparison of the Nucleodde and Predicte Po

Sequence of y2 with Other Sequences. The nucleotide se-
quence of the y2 cDNA was compared to sequences in the
GenBank data bases using the FASTA program from the
Genetics Computer Group of the University of Wisconsin,
based on the Lipman and Pearson (27) search for similarity.
Homology was found to mammalian (rabbit) peptide chain
release factor (16) and bovine tryptophanyl-tRNA synthetase
(GenBank accession no. X52113). At the nucleotide level
extensive homology was found throughout the coding region
to both sequences, 85% to tryptophanyl-tRNA synthetase
and 84% to peptide chain release factor. In the noncoding
regions homology to these sequences dropped to 59% and
54%, respectively. At the polypeptide level the homology
was even greater as shown in Fig. 5, where y2, peptide chain
release factor and tryptophanyl-tRNA synthetase amino acid

1 GAC CAGT GGCCACCT C TGCAGT GTC TTCCACMACC TGG&TCTT GACT CGT CTGC TGAACATCCT CT&ACC TCAGGCCGGCT GT GAAC GTAGT TCCTGAGAGATAGCAACATGCCCAAC
1 M P N

1 21 AGT GAGC CC GCAT CTCT GCTGG&AGCTGT TCACAGCAT CGCCACACAAGGGGAGCT CGTAAGGT CCCTCAGCGGGAATGCGTCAGGAT GAMAT TGAT TCT GCAGTAAAGAT GT TG
4 S E P A S L L E L F N S I A T Q G E L Y R S L K A G N A S K D E I D S A V K M L

241l G T GTCAT TAAAAAT GAGCTACAGCT GCCGCGGGGGAGGAT TACAAGCTGACTGTCCTCCA GGMACCCAGCACCTACCAGTAATCATGGCCCAGAT GCCACAGMAGC TGMGAGGAT
44 V S L K M S Y K A A A G E D Y K A D C P P G N P A P T S N H G P D A T E A E E D

361 TTTGTGGACCCATGGACAGTACAGACAGCAGTGCAAAGGCATAGACTACGATAGCTCATTGTTCGGTTTGGMGTAGTTTGACGAGCTATCAACCGAGAGAGCC
84 F V D P W T V Q T S S A K G I D r D K L I V R F G S S K I D K E L I N R I E R A

481 ACCGGCCAMGACCACACCACTTCCTGCGCAGAGGCATCTTCTTCTCACACAGAGATATGATCAG&TTCTTGATGCCTATG TAGAACCATTTTATCTGTACACGGGCCGGGGC
124 T G Q R P H H F L R R G I F F S H R D M N Q V L D A Y E N K K P F Y L Y T G R G
601 CC CT CT TC TGMGCMTGCATGTAGGTCACC TCATT CCAT TTAT TTTCACAAGT GGCT CCAGGAT GTAT TTAACGTGCCCT TGGT CAT CCAGATG&ACGGATG6ACGAGAAGTAT CTGT GG
164 P S S E A M H V G H L I P F I F T K W L Q D V F N V P L V I Q M T D D E K Y L W
721 AAGGACCT GACCCT GGACCAGGCCTATAGCTATGCT GTGGAGAATGCCAAGGACATCAT CGCCT GTGGCT rTGACATCAACAGACT TTCATAT TCTCTGACCTGGACTACAT GGGGAT G
204 K D L T L D Q A Y S Y A V E N A K D I I A C G F D I N K T F I F S D L D Y M G M
841) AGCT CAGGT TTCTACAATGT GGTGMGATTCAAAGCAT GTTACCTTCAACCAAGTGAAGGCATT TT CGGCTT CACTGACAGCGACT GCATTGGGAAGATCAGTT TTCCTGCCAT C
244 S S G F Y K N Y V K I Q K H V T F N Q V K .f.....
961t CAGGCT GCTCCCT CCTTCAGCAACT CATT CCCACAGATCSTTCCGAGACAGGACGGATATCCAGTd'CCIT'TAT CAitG'GCATlGACCAGGdATCCt TACTT TAG C~t~'d~'t
284 D . . F R D. RF T R D V

1 08 1 GC=CCC AGGATCG&dCTAT'fCCT CAGCCCtGf016tACTCCACCT T C T TCCCAGttCCC TSAG&GC GCCCAGAC C TGA&T GCCfAGCGACCCCACTCCTCCATCTT CCT CACCGAC
324 A P R I G Y P K P A L L H S T F F P A L Q G A Q T K .5$

1 201 ACGGCCAGCAGATCAACCAAGGTCAATGCAT GCGTT TT CT GGAGGGAGAGACACCAT CGAGGAGCACAGGCAG YtTGG=GGCCAA'0'AGdtTGGACG'd dftYTfCAfGTACCT G
364 7 A K Q I K T K V N K H A F S G G R D T I E E H R Q F G G N C D V D V S F M Y L

1 321 AtCT T C TTCCTCGAGGACGACGACAAGCT CGAGCAGAT CAGGAAGGATTACACCAGCGGAGCCAT GCT CACCGGT GAGCT CAAGAGGCACTCATAGAGGTT CTGCAGCCCT TGAT CGCA
404 T F F L E D D D K L E 0 I R K D Y T S G A M L T G E L K K A L I E V L 0 P L I A
1441 GAGCACCAGGCCCGGCGCAGGAGGTCACGGATGAGATAGTGGAGTTCATGACTCCCCGGAACTGTCCTTCGACTTTCAGTAGCACTCGTTTTACATATGCTTATAAAGAAGTGA
444 E H Q A R R K E V T D E I V K E F M T P R K L S F D F Q *
1561 TGTATCAGTATGTATCATATCCCAGCCCAGTCAAAGCACCGCCACCTGTAGGCTTCTGTCTCATGGTATTACTGGGCCTGGCCTCTGTAGCCTGTGTATGTTATCATACTGTTT
1681 CTTCCTGTGAGTTCCATTATTTCTATCTCTTATGGGCGCATTGTGGGTATTGGTGCTGGCTACATTGCATGGTCGGATAGAGAGTCCAGCTGTGAGTCTCTCCCCGCAGCC
1801 CCACAGTGGAGCCTTTGGCTGGM&TCCATGGGCCACCCTGTTCTTGTCCATGGAGGACTCCGAGGGTTCCAGTATACTCTTAGACCCACTCTGTTTAATATATATTCTATGTAT
1921 GCGTATATGGAATTGMATGTCATTATTGTAMCCTAGAAAGTGCTTTGAAATATrGATGTGGGGGAGGTTTATTGAGCACAGATGTATTTCAGCCCATGCCCCCTCCCAAAMAGAMATT
2041 GATAAGTAACTTCGTTATACATTTGACTMGTCACCCAGCTTTMAGCTGCTTTTACAATGAGATTGACAGAGTTCAGCATTTTGATTATTMGACTrGGGGGTGA
2161 CTTTCCAGTTTACTGACTCCAGACCATGCATGTAGTCCACTCCAGTCATGCTCGCTTCCCTTGGCACACCAGTGTTCTCCTGCCTGCCCTAGCCCTCTGTCCTGCAGAGTC
2281 AGGGTGGCTTTCCCCTGCATGTGTCCGATGCCAGAGTCCTGGCCTTCCGAGATGCTTCATTTTGACCCTTGGCTGCAGTGGAGTCAGCACAGAGCAGTGCCCTGGCTGTGTCCT&&AC
2401 GGGTGGACrTAGCTAGGGAGAArGCGAGCAGCAGCCCTCGAGGCCCTCACAGATGTCTAGCAGGCCTCATTTCATCACGCAGCATGrGCAGGCCTGGAGAGCGCCATCTCAGG
2521 GAAGTCCTTGGTTGATGTATCTGGGTTCCTCTGGAGCACTCTGCCCTCCTGTCACCCAGTAGAGTTAAATAAACTTCCTTGGCTCCTWA,

FIG. 3. Complete nucleotide sequence and predicted amino acid sequence of y2 (clone y2A1). The numbers indicate the nucleotide and amino
acid positions. The predicted initiator methionine codon begins at nucleotide 112. Peptide sequences obtained by microsequence analysis of 'y2
are shaded. The polyadenylylation signal AATAAA is underlined and the poly(A) sequence is indicated by An.
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FIG. 4. (a) Northern blot analysis of y2 mRNA in AMA cells.
Cells were induced for 18 h with the indicated concentrations of
IFN-y. Electrophoresis in a denaturing gel was done with 10 ,ug of
total RNA in each lane. The probe was full-length y2 cDNA
32P-labeled by random priming. Filters were hybridized overnight at
65TC in 0.5 M sodium phosphate, pH 7.2/7% SDS/1 mM EDTA and
washed at stringent conditions at the same temperature. After
exposure ofthe autoradiogram at -80°C for 48 h (y2 probe), the filter
was stripped and rehybridized with aGAPDH probe (24-h exposure).
The GAPDH cDNA was a Pst I fragment subcloned in pUC19,
originally derived from pRGAPDH (26). (B) Induction of y2 tran-
script by IFN-y. AMA cells were treated with IFN-y at 100 IU/ml
and IFN-a at 1000 IU/ml for the indicated times. For each spot on
the dot blot, -4 Mg of total RNA was applied to Zeta-Probe
membranes by using a minifold. Hybridization conditions were as
described in A. After autoradiography filters were stripped and
rehybridized for measurement ofGAPDH mRNA levels. Quantita-
tions were done by scanning the films, and the densitometric values
for y2 mRNA were normalized relative to values obtained for
GAPDH mRNA. Each point is the mean of double determinations.

sequences are aligned. v2 displays identity with 94% of the
amino aids in-tryptophanyl-tRNA synthetase and with 87%
of the amino acids of peptide chain release factor. When
conservative amino acid substitutions were considered, sim-
ilarity rose to 971% and 94% for these sequences, respectively.
The region with the highest degree of divergence was the
extreme N-terminal region, in which the three proteins dif-
fered in length.
At position 170, y2 possesses a HIGH amino acid motif as

identified in prokaryotic class I tRNA synthetases (Fig. 5)
(28). Sequencing of the region around amino acid positions
164-170 initially resulted in the translated amino acid se-
quence PLLKQCN. As this sequence can be transformed
into that of tryptophanyl-tRNA synthetase by a simple +1
fiameshifting over eight codons, the sequence analysis ofthis
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area was repeated using ITP instead of GTP to resolve any
compressions. This analysis indeed revealed a compression
around nucleotide 602 adding an extra nucleotide to the
sequence, which again was compensated by another se-
quencing error 21 nucleotides further downstream. The new
nucleotide sequence translated into the amno acid sequence
PSSEAMH forming part of the HIGH motif (Fig. 5). Pro-
karyotic class I amino acid tRNA synthetases are also
characterized by the KMSKS amino acid motif, which in
combination with the HIGH motif is indiative of the pres-
ence of a Rossman fold, thought to be involved in nucleotide
binding (29, 30). In y2 and WRS (and eRF), a C-terminal
motif KMSAS homologous to KMSKS was also found (Fig.
5).
Tryptophan-Dependent Amicyl-tRNA Syne Activ-

ity of Purified y2 Protein. The 'y2 protein was purified to
:900% purity by a series of column chromatography steps
including DEAE-cellulose, heparin-Sepharose, and Procion
red-Sepharose. The purified fraction was tested for ami-
noacyl-tRNA synthetase activity using the pyrophosphate
exchange assay (24). Fig. 6A shows a polyethylenimine-
cellulose chromatogram giving evidence for a tryptophan-
dependent pyrophosphate exchange reaction. Further puri-
fication of the y2 protein through a Superose 12 (Pharmacia)
coiumn yielded a protein fraction eluting at 110 kDa. Fig.
6B shows the time course of the tryptophan-dependent pyro-
phosphate exchange reaction using this fraction. These data
suggest that native 'y2 protein exists as a dimer in agreement
with studies of bovine tryptophanyl-tRNA synthetase (31).

DISCUSSION
We have isolated complete 2.6-kb cDNA clones encoding the
IFN--inducible y2 polypeptide. The clones were isolated
from a AgtlO cDNA library constructed from poly(A)'-
selected RNA isolated from IFN--induced human amniotic
epithelial cells by screening with a partial y2cDNAfrMament.
This fragment was obtained by PCR ampliicatio using
oligonucleotides synthesized on the basis of information
obtained by mirosequencing tryptic peptides from the y2
polypeptide. The 2.6-kb cDNA contains an open reading
frame of 1413 nucleotides (Fig. 3). In AMA cells the amount
of the y2 polypeptide was found to increase m y
upon IFN-'y treatment (Figs. 1 and 2) as did the level of
mRNA (Fig. 4A), where a 60-fold increase was observed (Fig.
4B). The -y2 mRNA was not induced by FN-a in A-MA cells,
indicating that the gene belongs to the p of genes that
preferentially respond to type II IFN. In other cell lines (five
tested), y2 mRNA induction can also be observed preferen-
tially in response to IFN-y or not at all.
Comparison of the predicted amino acid sequence to the

available sequence information in GenJmank data bases (re-
lease 26.0) demonstrated high sequence s ties to rabbit
peptide chain release factor (16) and bovine tryptophanyl-

'y2 MPNSEPASLLELFNSIATQGELVRSLKAGNASKDE IDSAVKMLVSLKMSYKAAAGEDYKADCPPGNPAPTSNHGPDATEAEEDFVDPWTVQTSSAKG1IDYDKL IVRFGSSKIDKEL 116
WRS M-H---A---D--- R--A-----------L---T-T- V- D--- E-GE-L-D---D----------------------------------- 105
eRF MADVTNGERC- -PQ- --5----A -----K- - - -RK-P-E-1----------T- - -E-M----------- ST-D-HGD-E-VDDK ---------R----------- Q---------- 120

-y2 INR I ERATGQRPHHFLRRGI FFSHRDMNQVLDAYENKKPFYLYTGRGPSSEAMHVGHL I PF I FTKWLQDVFNWVPLVIQI4TDDEKYLWKDLTLDQAYSYAVENAKDI IACGFDINKTFI FS 236
WRS V------------R-------------H-I----------------------------------------------------------------------------*T------------ 224
eRF V------------R---------------------------------- LLKQCN-----------------D---V--S------------E-V-G-TL------ P---V ----- 240

9y2 DLDYMGMSSGFYKNVVKIQKHVTFNQVKGI FGFTDSDCI GKI SFPAIQAAPSFSNSFPQ I FRDRTD IQCL IPCAIDQDPYFRNTRDVAPRIGYPKPALLKSTFFPALQGAFPTMAL 4N 356
URS-P- V-344
eRF --------P---------------------------------------- -----------HGQA------------------------------------------------------ 360

'y2 SSI FLTDTAKQI KTKVNKHAFSGGRDT IEEHRQFGGNCDVDVSFMYLTFFLEDDDKLEQI RKDYTSGANLTGELKKAL IEVLOPL IAEHQARRKEVTDE IVKEFNTPRKLSFDFQ
WRS -V-------------------------V ---------------------------------R --------------E--------------------------------------
eRF ------------------------------------------------------------- K--S--- E- -D -----V-N------------ -------- Q-CFHY-

471
459
475

FiG. 5. Alignment of y2 amino acid sequence to rabbit eukaryotic peptide chain release factor (eRF, ref. 16) and bovine tryptophaayl-tRNA
synthetase (WRS, GenBank accession no. X52113) amino acid sequences. Only amino acids differing from the y2 sequence are indicated
(one-letter code). Dash, positions where the amino acids of eRF or WRS are identical to that of 'y2; star, inserted gap.
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FIG. 6. Tryptophan-dependent pyrophosphate exchange activity
of purified y2 protein. (A) Autoradiography of a reaction mixture
incubated 10 min at 30TC with additions as indicated, using a 90%o
pure y2 protein fraction. (B) Time course of the pyrophosphate
exchange reaction using a further purified (Superose 12) y2 protein
fraction. In one'of the control series, leucine was added to demon-
strate the' specificity' for tryptophan.

tRNA synthetase (GenBank accession no. X52113) (Fig. 5).
This presents a problem since these proteins have different
and so far unrelated biological activities. Rabbit peptide chain
release factor cDNA was demonstrated to encode a poly-
peptide with in vitro biological activities of a release factor
(16). The bovine tryptophanyl-tRNA synthetase cDNA has
to our knowledge so far only been published in the data base,
and detailed information concerning activities of the ex-
pressed product is thus not available. Highly purified native
y2 protein was demonstrated by pyrophosphate exchange
assay to have tryptophanyl-tRNA synthetase activity (Fig.
6). We have not tested whether native y2 has release factor
activity. The current data raise the possibility that the tryp-
tophanyl-tRNA charging and peptide chain release from the
ribosome are functions carried out by the same protein.
Within the cell the y2 protein thus may function as an

aminoacyl-tRNA synthetase or as a release factor or possibly
as both. Other mediators of the biological activities of IFNs
have been shown to target the protein synthesizing machin-
ery (for reviews, see refs. 32 and 33). It is, therefore,
fascinating that the y2 protein also seems to be directly
involved in protein synthesis. Moreover, it is intriguing that
the IFN-'-induced enzyme indoleamine 2,3-dioxygenase
also targets tryptophan by being the first enzyme in the
degradation pathway oftryptophan (34) leading to a depletion
of the cellular tryptophan pool (35, 36).

Several possibilities can be envisaged to explain how the
y2 protein is involved in the biological actions of IFN-y. The
simultaneous induction 'of indoleamine 2,3-dioxygenase and
y2 does result in a low tryptophan level, which again might
favor the release factor function of y2. The high activity of
release factor might in turn lead to a frequent premature
release of nascent. polypeptide chains froimthe ribosomes,
resulting in the accumulation of malfunctioning proteins.

Note. Recently, L. Igisselev has communicated to us that Frolova et
al. (37) have cloned a cDNA for human tryptophanyl-tRNA synthe-
tase (GenBank accession no. M61715). This sequence is identical to
that of y2 (except for four base differences) but lacks "600 bp at the
3' end. TheircDNA has an additional sequence of "100 bp at the 5'
end.
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