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Interferon-Induced Guanylate-Binding Proteins Lack an N(T)KXD
Consensus Motif and Bind GMP in Addition to GDP and GTP
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The primary structures of interferon (IFN)-induced guanylate-binding proteins (GBPs) were deduced from
cloned human and murine cDNAs. These proteins contained only two of the three sequence motifs typically
found in GTP/GDP-binding proteins. The N(T)KXD motif, which is believed to confer guanine specificity in
other nucleotide-binding proteins, was absent. Nevertheless, the IFN-induced GBPs exhibited a high degree of
selectivity for binding to agarose-immobilized guanine nucleotides. An interesting feature of IFN-induced GBPs
is that they strongly bound to GMP agarose in addition to GDP and GTP agaroses but failed to bind to ATP
agarose and all other nucleotide agaroses tested. Both GTP and GMP, but not ATP, competed for binding of
murine GBP-1 to agarose-immobilized GMP. The IFN-induced GBPs thus define a distinct novel family of
proteins with GTP-binding activity. We further demonstrate that human and murine cells contain at least two
genes encoding IFN-induced GBPs. The cloned murine cDNA codes for GBP-1, an IFN-induced protein
previously shown to be absent from mice of Gbp-1° genotype.

Guanine nucleotide-binding proteins play important roles
in a large number of basic cellular functions such as protein
synthesis, signal transduction, and intracellular protein
transport (for a review, see reference 1). Most known
guanine nucleotide-binding proteins contain a highly con-
served sequence element which consists of the motifs
GXXXXGKS(T), DXXG, and N(T)KXD (8, 9, 24). If
present in a given protein sequence in an ordered fashion and
with typical spacing, these motifs are highly indicative for
associated guanine nucleotide-binding activity. In the most
carefully studied guanine nucleotide-binding proteins, the
human ras oncogene protein and elongation factor Tu of
Escherichia coli, the first two consensus motifs constitute
the phosphoryl-binding sequences, whereas the third ele-
ment represents the guanine specificity region (10, 17, 23,
25). Accordingly, guanine nucleotide-binding proteins con-
taining the first two consensus motifs but lacking a typical
third motif exhibit decreased guanine specificity. Such pro-
teins are kinesin (24), whose affinity for ATP is higher than
that for GTP (7, 19), and phosphoenolpyruvate carboxyki-
nase (8), whose affinity for GTP is similar to that for ITP.

Guanine nucleotide-binding proteins are found among the
many proteins whose synthesis is strongly stimulated in
interferon (IFN)-treated cells. The IFN-induced Mx proteins
are believed to exhibit GTP-binding activity since their
sequences contain a perfect consensus element (15, 26, 29).
Another IFN-induced protein, the cytoplasmic human 67-
kDa guanylate-binding protein (GBP), designated hGBP-1,
was identified by virtue of its very high affinity for agarose-
bound GMP, GDP, or GTP (4). IFN-treated murine cells
express several related proteins, namely, an abundant 65-
kDa protein, designated mGBP-1, and a few less abundant
proteins of smaller size (4, 32). Interestingly, some mouse
strains lack the ability to synthesize GBP-1 in response to
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IFN. The ability of these mice to synthesize the smaller
GBPs is not impaired, however (32). IFN-regulated synthe-
sis of mGBP-1 is inherited as a single dominant genetic trait
which mapped to the distal region of mouse chromosome 3
(27). Alleles Gbp-1° and Gbp-1° define inducibility and
noninducibility, respectively, of murine GBP-1 synthesis,
(32).

The physiological roles of the IFN-induced GBPs are not
known. These proteins accumulate to high levels in IFN-
treated cells and would thus qualify as potential intracellular
mediators of the IFN-induced antiviral and antiproliferative
effects (for a review, see reference 29). Gbp-1° mice or cells
derived from such mice are not more susceptible to viral
infections or malignant transformation than are their Gbp-1¢
counterparts (27). This might indicate that the minor IFN-
induced GBPs can functionally complement the lack of
GBP-1.

To characterize the IFN-induced GBPs in more detail, we
cloned and sequenced cDNAs encoding hGBP-1, its appar-
ent isoform hGBP-2, and mGBP-1. We now report that
human and murine GBPs contained the first two motifs of the
guanine nucleotide-binding consensus domain but lacked the
N(T)KXD guanine specificity motif. Nevertheless, the IFN-
induced GBPs showed a high binding affinity for GDP and
GTP as well as for GMP but failed to bind adenine, uracil, or
cytosine nucleotides or 7-methyl-GMP. We further show
that GBP-1 mRNA synthesis was impaired in Gbp-1° mice.

MATERIALS AND METHODS

IFNs and IFN inducers. Human IFN-a2 (108 U/mg) and
human IFN-y (10’ U/mg) were purchased from Interferon
Sciences, New Brunswick, N.J. IFN was induced in mice by
intraperitoneal injections (1 ml per mouse) of buffered saline
containing 100 pg of poly(I-C) (Sigma).

RNAs. Poly(A)* RNA was prepared from IFN-treated and
control human FS-2 fibroblasts as described previously (4).
Total RNA was prepared from mouse spleens as described
by Chomczynski and Sacchi (5).
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c¢DNA libraries. The murine cDNA library used in this
study was previously described (30). A human cDNA library
was prepared in lambda gtl1 as follows. Samples (5 pg) of
poly(A)* RNA of IFN-vy-treated FS-2 cells were used for the
synthesis of double-stranded DNA according to the proce-
dure of Gubler and Hoffman (13). The cDNA was then
ligated to EcoRI-cleaved, phosphatase-treated lambda gt1l
arms and packaged by using packaging extracts from Strat-
agene Cloning Systems, San Diego, Calif.

c¢DNA library screening with antibody. The gtll cDNA
library was screened with rabbit antiserum to the 67-kDa
hGBP (2) as described by Hugnh et al. (16), with some
modifications. Briefly, about 10,000 recombinant phage
clones were used to infect E. coli Y1090, and the cells were
spread on 80-mm agar dishes. After a 6-h incubation at 42°C,
the phage particles were lifted with colony/plaque screen
hybridization transfer membranes (New England Nuclear).
The membranes were washed with phosphate-buffered sa-
line containing 0.2% Tween 20 (PBS-Tween), preincubated
at room temperature for 2 h in PBS-Tween containing 5%
nonfat dry milk, and incubated at room temperature for 2 h
in the same solution containing rabbit antiserum to the
67-kDa hGBP at a 1:500 dilution. The membranes were then
washed with PBS-Tween, incubated for 1 h with biotinylated
goat anti-rabbit immunoglobulin (Bethesda Research Labo-
ratories), washed again, and incubated for 1 h with avidin-
conjugated horseradish peroxidase (Vector Laboratories,
Burlingame, Calif.). After being washed with PBS-Tween,
the membranes were treated with freshly prepared substrate
(0.06% 4-chloro-1-naphthol-0.012% hydrogen peroxide in
PBS-Tween) for color development.

Screening of the murine cDNA library with an hGBP-2
c¢DNA probe. E. coli MC1061 was transfected with a sample
of the amplified and size-selected plasmid library; ampicillin-
resistant clones were transferred to nylon membranes,
lysed, and hybridized to radiolabeled cDNA as described
previously (30). The cDNA insert of an hGBP-2 phage
served as a probe. Hybridization and washing of the mem-
branes were performed at low stringency.

DNA sequencing. Sequencing was done by using Seque-
nase DNA polymerase according to the protocol of the
enzyme manufacturer (United State Biochemical Corp.,
Cleveland, Ohio). Single-stranded M13-derived or double-
stranded DNA templates were used.

hGBP-1 and mGBP-1 cDNA expression constructs. (i)
pTZ18R34W. The EcoRI insert of hGBP-1 phage clone 34
was cloned into the EcoRI-cleaved and phosphatase-treated
vector pTZ18, and its orientation was checked by sequenc-
ing over the junctions. This construct served as starting
material for isolation of the GBP-1 promoter (21, 22).

(ii) pHG34S and pHG34AS. The EcoRI insert of hGBP-1
phage clone 34 was filled in with Klenow polymerase, ligated
to BamHI linkers, and cloned in both orientations into the
BamHI site of pHG327 (31).

(iii) pSP65SmGBP-1. Because of the nature of the cDNA
library used, the original mGBP-1 clone carried 12 extra G
residues at its 5’ end, and therefore this cDNA needed some
truncation at the 5’ end before it was suitable for RNA
synthesis in vitro. Using polymerase chain reaction technol-
ogy, we introduced a T-to-A mutation at position 29 of
mGBP-1. This modification created a new EcoRlI site in the
5’ noncoding region. Primers 5'-CTTCTCTAAAGGAATTC
TCTTCAGAGAC-3' (corresponding to positions 16 to 43)
and 5'-CACCACCACAGGCTGTGTAATG-3' (correspond-
ing to positions 184 to 163) were used to amplify mGBP-1
cDNA. Annealing was done at 37°C for 2 min, and DNA
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synthesis was done at 72°C for 3 min. After 25 cycles, the
material was digested with EcoRl and BamHI, and the
fragment corresponding to positions 28 to 150 of mGBP-1
was joined in a three-way ligation to the BamHI-HindIII
fragment (positions 150 to 2805) of mGBP-1 and the EcoRI
and HindlllI-cleaved vector pSP6S.

Transient expression of hGBP-1 in COS-7 cells. pHG34S or
pHG34AS plasmid DNA was mixed to a final concentration
of 2.5 pg/ml into serum-free medium containing DEAE-
dextran (0.5 mg/ml). Near-confluent COS-7 cells in 80-mm
dishes were treated with 4 ml of this solution for 4 h at 37°C.
The cells were washed with medium and further incubated
for 3 h at 37°C in 2 ml of N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES)-buffered saline containing 10%
dimethyl sulfoxide. After being washed with medium, the
cells were further incubated at 37°C for 24 h in medium
containing 10% fetal calf serum. Labeling of the cellular
proteins with [>*S]methionine, cell lysis, and GMP agarose
affinity chromatography were done as described previously
for human fibroblasts (3, 4).

In vitro RNA synthesis. BamHI-linearized pTZ18R34W
and HindIll-linearized pSP65mGBP-1 were used to direct
capped RNA synthesis in vitro by using T7 and SP6 RNA
polymerases, respectively, as suggested by the manufacturer
of the enzymes (Promega).

In vitro synthesis of [>**S]methionine-labeled proteins. Sam-
ples of synthetic RNAs were translated in vitro, using
reticulocyte lysate containing [>**S]methionine as suggested
by the manufacturer of the kit (Promega).

Nucleotide agarose binding assays. Samples (2 pl) of retic-
ulocyte lysate preparations containing radiolabeled GBPs
were diluted with 70 ul of binding buffer (20 mM Tris-HCI
[pH 7.0], 150 mM NaCl, 5 mM MgCl,, 0.1% Triton X-100)
and mixed with 30 pl of packed agarose beads equilibrated in
the same buffer. After 30 min on ice, the beads were washed
three times with 1 ml of ice-cold binding buffer, and bound
protein was eluted by heating the sample for 3 min to 100°C
in 50 pl of sample buffer containing sodium dodecyl sulfate
(SDS). This material was analyzed by SDS-polyacrylamide
gel electrophoresis (PAGE) and autoradiography. For the
competition studies, we mixed appropriate amounts of com-
petitor with GMP agarose before adding the diluted reticu-
locyte lysate preparation containing mGBP-1.

Nucleotide sequence accession numbers. The three GBP
cDNA sequences reported here have been deposited with
GenBank under accession numbers MS55542 (hGBP-1),
M55543 (hGBP-2), and M55544 (mGBP-1).

RESULTS

Isolation of hGBP-1 and hGBP-2 ¢cDNA clones. A lambda
gtll library prepared from mRNA of human fibroblasts
treated with IFN-y was screened with a polyclonal rabbit
antiserum to the 67-kDa GBP (3). Several positive recombi-
nant phages were identified, and partial restriction maps of
their cDNA inserts were established. Surprisingly, the anti-
body-reactive clones could be divided into two distinct
classes, designated hGBP-1 and hGBP-2, on the basis of the
presence or absence of an internal EcoRI site.

To determine whether the hGBP-1 and hGBP-2 clones
were both derived from IFN-induced mRNAs, we hybrid-
ized a Northern (RNA) blot with mRNAs of IFN-treated and
untreated control cells to the radiolabeled cDNA inserts of
representative phages. hGBP-1 cDNA (originally designated
pl0 [3]) hybridized to an abundant 3.0-kb mRNA of IFN-
treated human fibroblasts (Fig. 1). This mRNA was not
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FIG. 1. Derivation of hGBP-1 and hGBP-2 cDNAs from distinct
IFN-induced mRNAs. Northern blots were prepared from 0.5 pg of
poly(A)* RNA from either untreated (—) human FS-2 fibroblasts or
from cells treated for 5 h with 1,000 U of human IFN-a2 per ml (+).
The blots were hybridized to radiolabeled probes derived from
either hGBP-1 (positions 1 to 2881) or hGBP-2 (positions 1173 to
1936) cDNA. A DNA size standard was used to estimate the sizes of
the target RNAs. The exposure times of the two blots were not
identical.

detectable in untreated control cells. hGBP-2 cDNA also
hybridized to an IFN-induced mRNA, but this mRNA was
less abundant and only about 2.2 kb long (Fig. 1). Rescreen-
ing of our lambda gt11 library with hGBP ¢cDNAs as hybrid-
ization probes eventually led to the isolation of hGBP-1 and
hGBP-2 phages with long cDNA inserts (about 2.9 and 1.9
kb, respectively). We concluded that our longest hGBP-1
cDNA (phage clone 34) was probably close to full length,
whereas our longest hGBP-2 cDNA (phage clone 35) most
likely represented an incomplete copy of the corresponding
mRNA. In IFN-treated FS-2 cells, hGBP-2 mRNA was
about 10-fold less abundant than hGBP-1 mRNA, as judged
from the relative intensities of the Northern signals and from
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FIG. 2. Binding to GMP agarose of the protein encoded by
hGBP-1 cDNA. (A) The hGBP-1 cDNA insert of phage clone 34 was
cloned downstream of the T7 promoter. Capped RNA was synthe-
sized from this construct (pTZ18R34W) and translated in vitro in the
presence of [3*SImethionine. A sample of this material was analyzed
by SDS-PAGE without further processing (lane 1). Other samples
were subjected to GMP agarose affinity chromatography (lane 2),
immunoprecipitated with a rabbit antiserum to hGBP-1 (lane 3), or
immunoprecipitated with preimmune serum (lane 4). (B) The
hGBP-1 cDNA insert of phage clone 34 was cloned in the antisense
(lane 1) or sense (lane 2) orientation downstream of the simian virus
40 early promoter, and the constructs were used to transiently
transfect COS-7 cells. At 24 h posttransfection, the cells were
labeled with [>*SImethionine for 12 h, and extracts were prepared
and subjected to GMP agarose affinity chromatography. The eluted
material was analyzed by SDS-PAGE and autoradiography. The
arrow marks the position of hGBP-1. Lane M, 95-, 68-, and 43-kDa
protein size standards.
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FIG. 3. Double-stranded RNA-induced accumulation of GBP
mRNAEs in the spleens of Gbp-1° and Gbp-1° mice. Mice of Gbp-1°
(BALB and A/J) and Ghp-1? (BL/6 and A2G) genotypes were given
intraperitoneal injections of either 100 pg of poly(I-C) in buffered
saline (+) or buffered saline alone (—). The animals were sacrificed
6 h later, total spleen RNA was prepared, and 30-pg samples were
subjected to Northern blot analysis. The blot was hybridized to the
radiolabeled BamHI-Hindlll restriction fragment (positions 150 to
2805) (A) or the Pstl-Hindlll restriction fragment (positions 2339 to
2805) (B) of mGBP-1 cDNA.

the number of hGBP-1 and hGBP-2 cDNA clones present in
the library.

To determine whether the hGBP-1 cDNA of phage clone
34 indeed contained a functional open reading frame and
whether the encoded protein would bind to guanine nucleo-
tides, we cloned this cDNA in both orientations into the
plasmid vector pTZ18 and synthesized capped RNAs in vitro
by using T7 RNA polymerase. Figure 2A shows that the
RNA of one of these clones was translated into a 67-kDa
polypeptide that exhibited a high affinity for GMP agarose.
This protein was immunoprecipitated by our anti-GBP anti-
serum but not by the preimmune serum. To further demon-
strate that the cloned hGBP-1 cDNA was coding for a
functional protein, we inserted the cDNA into the eukaryotic
expression vector pHG327 downstream of the simian virus
40 early promoter, transiently transfected COS-7 cells, and
tested for the presence of GBP-1 in the cell lysates by GMP
agarose chromatography. Figure 2B shows that COS-7 cells
transfected with the hGBP-1 sense construct contained a
67-kDa protein with GMP-binding affinity. COS-7 cells trans-
fected with the hGBP-1 antisense construct lacked this
protein. Taken together, these results indicated that the
cloned cDNA was a functional copy of hGBP-1 mRNA.

Isolation of a murine cDNA clone related to hGBPs. North-
ern blot analysis indicated that cultured embryo cells from
BALB/c mice contained IFN-induced mRNAs of about 3 kb
length that weakly hybridized to the hGBP cDNA probes
(data not shown). Screening of an appropriate murine cDNA
library with radiolabeled hGBP-2 cDNA permitted the iso-
lation of several cross-reactive clones, the longest of which
(clone 8) had an insert of about 2.8 kb.

The mGBP cDNA clone codes for GBP-1, an IFN-induced
protein not synthesized by mice of Gbp-1° genotype. To
determine whether the murine GBP clone 8 might encode
GBP-1 which is found in mice of Gbp-1¢ genotype only, we
prepared a Northern blot of RNAs from Gbp-1¢ (BALB/c
and A/J) and Gbp-1° (A2G and CS57BL/6) mice. The mice
were treated for 6 h either with 100 pg of the IFN-inducing
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ACAGAAGTGCTAGAAGCCAGTGCTCGTGAACTAAGGAGAAAAAGAACAGACAAGGGAACAGCCTGGACATGGCATCAGAGATCC
M A S EIH
ACATGACAGGCCCAATGTGCCTCATTGAGAACACTAATGGGCGACTGATGGCGAATCCAGAAGCTCTGAAGATCCTTTCTGCCA
M TGP MCLTIENTNGI RILMANPEALI KTILSATI
TTACACAGCCTATGGTGGTGGTGGCAATTGTGGGCCTCTACCGCACAGGCAAATCCTACCTGATGAACAAGCTGGCTGGAAAGA
T QP M VVV AIUVGLYRTGIKS ST YLMNEKTILASGTKHEK
AAAAGGGCTTCTCTCTGGGCTCCACGGTGCAGTCTCACACTAAAGGAATCTGGATGTGGTGTGTGCCCCACCCCAAGAAGCCAG
K GF SLGSTUVQSHTI KSGTIVUVMUVCV?PHZPIKTE KT PG
GCCACATCCTAGTTCTGCTGGACACCGAGGGTCTGGGAGATGTAGAGAAGGGTGACAACCAGAATGACTCCTGGATCTTCGCCC
HIULVULLDTEGLSGDVETZ KSGDNO QQNDSUVWWITFA AL
TGGCCGTCCTCCTGAGCAGCACCTTCGTGTACAATAGCATAGGAACCATCAACCAGCAGGCTATGGACCAACTGTACTATGTGA
A VLLSSTTFVYNSTIGTTINAO GQQAMDO QLYY YUVT
CAGAGCTGACACATAGAATCCGATCAAAATCCTCACCTGATGAGAATGAGAATGAGGTTGAGGATTCAGCTGACTTTGTGAGCT
ELTHU RTIRSIKSSUPDENENEVET DS ADTFVSF
TCTTCCCAGACTTTGTGTGGACACTGAGAGATTTCTCCCTGGACTTGGAAGCAGATGGACAACCCCTCACACCAGATGAGTACC
F PDFVWVTLRDTFSLDLEADSGO QPLTU?PDETYTL
TGACATACTCCCTGAAGCTGAAGAAAGGTACCAGTCAAAAAGATGAAACTTTTAACCTGCCCAGACTCTGTATCCGGAAATTCT
T YSLKLIKIZKGTSQKDETT FNLUPRILTCTIRIKTFF
TCCCAAAGAAAAAATGCTTTGTCTTTGATCGGCCCGTTCACCGCAGGAAGCTTGCCCAGCTCGAGAAACTACAAGATGAAGAGC
P KKKCFPFVF FDRZPVHRRBRIKILAOQLTETI KLU GQDETEIL
TGGACCCCGAATTTGTGCAACAAGTAGCAGACTTCTGTTCCTACATCTTTAGTAATTCCAAAACTAAAACTCTTTCAGGAGGCA
DPEFVQQVADVFCSYTITFSNSIZ KTI KTILSG GG GTI
TCCAGGTCAACGGGCCTCGTCTAGAGAGCCTGGTGCTGACCTACGTCAATGCCATCAGCAGTGGGGATCTGCCGTGCATGGAGA
Q VNGPRLES STLVLTYVNAISSSGDTLUZPTCMEN
ACGCAGTCCTGGCCTTGGCCCAGATAGAGAACTCAGCTGCAGTGCAAAAGGCTATTGCCCACTATGAACAGCAGATGGGCCAGA
AV LALAQIENSAAV QKA AIAHTYEH QOQMGA QK
AGGTGCAGCTGCCCACAGAAAGCCTCCAGGAGCTGCTGGACCTGCACAGGGACAGTGAGAGAGAGGCCATTGAAGTCTTCATCA
VQLUPTES STLUGQETLTLUDLU HBRDSEREATIEUVFTIHR
GGAGTTCCTTCAAAGATGTGGACCATCTATTTCAAAAGGAGTTAGCGGCCCAGCTAGAAAAAAAGCGGGATGACTTTTGTAAAC
S S FXKDVDHLTPFOQKETLAAQLEIKI KR RDDTFTCKDQQ
AGAATCAGGAAGCATCATCAGATCGTTGCTCAGGTTTACTTCAGGTCATTTTCAGTCCTCTAGAAGAAGAAGTGAAGGCGGGAA
N Q E A S SDRTCSGLILUGQVTIT FSU&PLETETEVIKAGTI
TTTATTCGAAACCAGGGGGCTATCGTCTCTTTGTTCAGAAGCTACAAGACCTGAAGAAAAAGTACTATGAGGAACCGAGGAAGG
Y s K P GGYRULVFVQKLUO QDLIEKIEKZ KTYTYETETPRIKSG
GGATACAGGCTGAAGAGATTCTGCAGACATACTTGAAATCCAAGGAGTCTATGACTGATGCAATTCTCCAGACAGACCAGACTC
I Q AEEILAQTT YULIKSIZ KES SMTUDATILAG QTDU GQTL
TCACAGAAAAAGAAAAGGAGATTGAAGTGGAACGTGTGAAAGCTGAGTCTGCACAGGCTTCAGCAAAAATGTTGCAGGAAATGC
T EKEIKETIEVERVIKAESAQASAKMLTUGQEM D Q
AAAGAAAGAATGAGCAGATGATGGAACAGAAGGAGAGGAGTTATCAGGAACACTTGAAACAACTGACTGAGAAGATGGAGAACG
R KNEOQMMEUOQKERSTYOQEU HLIE KU QLTETZ KMEND
ACAGGGTCCAGTTGCTGAAAGAGCAAGAGAGGACCCTCGCTCTTAAACTTCAGGAACAGGAGCAACTACTAAAAGAGGGATTTC
RV QLLKEO QERTTULALZI KLU QEU QEU QLTLTI KTETGTFQQ
AAAARGAAAGCAGAATAATGAAAAATGAGATACAGGATCTCCAGACGAAAATGAGACGACGAAAGGCATGTACCATAAGCTAAA
K ES RIMIKNETIOQDULUG QTI KM RBRRRIEKACTTIS *
GACCAGAGCCTTCCTGTCACCCCTAACCAAGGCATAATTGAAACAATTTTAGAATTTGGAACAAGCGTCACTACATTTGATAAT
AATTAGATCTTGCATCATAACACCAAAAGTTTATAAAGGCATGTGGTACAATGATCAAAATCATGTTTTTTCTTAAAAAAAAAA
AAAAGACTGTAAATTGTGCAACAAAGATGCATTTACCTCTGTATCAACTCAGGAAATCTCATAAGCTGGTACCACTCAGGAGAA
GTTTATTCTTCCAGATGACCAGCAGTAGACAAATGGATACTGAGCAGAGTCTTAGGTAAAAGTCTTGGGAAATATTTGGGCATT
GGTCTGGCCAAGTCTACAATGTCCCAATATCAAGGACAACCACCCTAGCTTCTTAGTGAAGACAATGTACAGTTATCCATTAGA
TCAAGACTACACGGTCTATGAGCAATAATGTGATTTCTGGACATTGCCCATGTATAATCCTCACTGATGATTTCAAGCTAAAGC
AAACCACCTTATACAGAGATCTAGAATCTCTTTATGTTCTCCAGAGGAAGGTGGAAGAAACCATGGGCAGGAGTAGGAATTGAG
TGATAAACAATTGGGCTAATGAAGAAAACTTCTCTTATTGTTCAGTTCATCCAGATTATAACTTCAATGGGACACTTTAGACCA
TTAGACAATTGACACTGGATTAAACAAATTCACATAATGCCAAATACACAATGTATTTATAGCAACGTATAATTTGCAAAGATG
GACTTTAAAAGATGCTGTGTAACTAAACTGAAATAATTCAATTACTTATTATTTAGAATGTTAAAGCTTATGATAGTCTTTTCT
AATTCTTAACACTCATACTTGAAATCTTTCCGAGTTTCCCCAGAAGAGAATATGGGATTTTTTTTGACATTTTTGACCCATTTA

ATAATGCTCTTGTGTTTACCTAGTATATGTAGACTTTGTCTTATGTGTCAAAAGTCCTAGGAAAGTGGTTGATGTTTCTTATAG
CAATTAAAAATTATTTTTGAACTG(A)n
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FIG. 4. ¢cDNA sequences and deduced protein structures of human and murine GBPs. The heteropolymeric sequences of hGBP-1 clone
34 (A) hGBP-2 clone 35 (B), and mGBP-1 clone 8 (C) are shown. The sequence of the 14 bases at the very 5’ end of hGBP-1 cDNA was derived

from a genomic clone (22).

substance poly(I-C) or with buffered saline before they were
sacrificed and total spleen RNA was prepared. When the
complete cDNA insert of the mGBP clone 8 was used as a
hybridization probe, two distinct IFN-induced mRNAs of
about 3.0 and 2.5 kb were detected in BALB/c and A/J
spleens (Fig. 3A). In contrast, this probe detected the
IFN-induced 2.5-kb mRNA but not the 3.0-kb mRNA in the
spleens of A2G and C57BL/6 mice. When the same Northern
blot was reprobed at high stringency with a radiolabeled
restriction fragment derived from the 3’ end of GBP clone 8,
only the 3.0-kb mRNA but not the 2.5-kb mRNA was
detected (Fig. 3B). The simplest interpretation of these
results was that clone 8 was derived from the 3.0-kb mRNA

and that the coding region of this RNA showed a high degree
of sequence similarity to the 2.5-kb mRNA. The fact that the
3.0-kb mRNA was induced in poly(I-C)-treated Gbp-1¢ but
not Ghp-1° mice suggested that clone 8 indeed encoded
GBP-1, an assumption that was confirmed later by cDNA
expression experiments (see below). The 2.5-kb mRNA
might code for the minor GBPs known to be present in
IFN-treated cells of both Gbp-1¢ and Gbp-1° genotypes (32).

A more careful examination of the Northern data revealed
that the hybridization patterns of the two Gbp-1° strains
A2G and CS57BL/6 were not identical. The 3.0-kb GBP-1
mRNA was completely absent from the spleens of C57BL/6
mice, whereas small but readily detectable amounts of this
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CAACTTGCCGGGCCCAATGAGCCTATTGATAACACTAAAGGGCAGCTGGTGGTGAATCCAGAAGCTCTGAAGATCCTATCTGCA
Q L AGPNETPTIUDNTI KS G QLU VVNZPEALTI KTITLSA
ATTACGCAGCCTGTGGTGGTGGTGGCGATTGTGGGCCTCTATCGCACAGGCAAATCCTACCTGATGAACAAGCTGGCTGGGAAG
I TQP VVVVAIUVGLTYZRTSGIKS ST TYULMNEKTILASGHK
AAAAACGGCTTCTCTCTAGGCTCCACAGTGAAGTCTCACACCAAGGGAATCTGGATGTGGTGTGTGCCTCATCCCAAGAAGCCA
K NGF SLGSTUVIKSHTI KU GTIU VMU VCVUPHZPIKTIKF?P
GAACACACCCTAGTTCTGCTCGACACTGAGGGCCTGGGAGATATAGAGAAGGGTGACAATGAGAATGACTCCTGGATCTTTGCC
EHTULVLILDTEG GLGDTIEI KGUDNENDSUWVTIUFA
TTGGCCATCCTCCTGAGCAGCACCTTCGTGTACAATAGCATGGGAACCATCAACCAGCAGGCCATGGACCAACTTCACTATGTG
L AILULS S STU PFVYNSMGTTINAO QO QAMDU QLI HYU/V
ACAGAGCTGACAGATCGAATCAAGGCAAACTCCTCACCTGGTAACAATTCTGTAGACGACTCAGCTGACTTTGTGAGCTTTTTT
T ELTUD RTIIKANSSUPGNNSVDDSADTFVSFTF
CCAGCATTTGTGTGGACTCTCAGAGATTTCACCCTGGAACTGGAAGTAGATGGAGAACCCATCACTGCTGATGACTACTTGGAG
PAFVVTLIRDUPFTLETLEVDSGET?PTITADUDTYTLE
CTTTCGCTAAAGCTAAGAAAAGGTACTGATAAGAAAAGTAAAAGCTTTAATGATCCTCGGTTGTGCATCCGAAAGTTCTTCCCC
L SLKLRIKGTUDIEKTI KS SI KT ST FNDZPRILTECTIRIKTE ETFFP
AAGAGGAAGTGCTTCGTCTTCGATTGGCCCGCTCCTAAGAAGTACCTTGCTCACCTAGAGCAGCTAAAGGAGGAAGAGCTGAAC
K RKCTFVFDUWVPAPIKTI KTYLAHBTLEU QLIKETETETLN
CCTGATTTCATAGAACAAGTTGCAGAATTTTGTTCCTACATCCTCAGCCATTCCAATGTCAAGACTCTTTCAGGTGGCATTGCA
P DFIEQVAEBTPFCSYTILSHSNVI KTILSGSGTIA
GTCAATGGGCCTCGTCTAGAGAGCCTGGTGCTGACCTACGTCAATGCCATCAGCAGTGGGGATCTACCCTGCATGGAGAACGCA
VNGPRLESLVLTTYVNAISSSGDTILUZPTC CMENA
GTCCTGGCCTTGGCCCAGATAGAGAACTCAGCCGCAGTGGAAAAGGCTATTGCCCACTATGAACAGCAGATGGGCCAGAAGGTG
VL ALAQIENSA AAVETIKATIAHBTYTEU QQQMGA QQKUV
CAGCTGCCCACGGAAACCCTCCAGGAGCTGCTGGACCTGCACAGGGACAGTGAGAGAGAGGCCATTGAAGTCTTCATGAAGAAC
Q L PTETULUG QETLTLUDTLUHTRDSEREATIEUVTFMHKN
TCTTTCAAGGATGTGGACCAAATGTTCCAGAGGAAATTAGGGGCCCAGTTGGAAGCAAGGCGAGATGACTTTTGTAAGCAGAAT
S FKDUVDOAQMTF FQRIKTLSGAQLEARTRDDTFTCI KA QN
TCCAAAGCATCATCAGATTGTTGCATGGCTTTACTTCAGGATATATTTGGCCCTTTAGAAGAAGATGTCAAGCAGGGAACATTT
S KA SSDC CCMALL GCDTITFGTPLETEDVI KT QGTTF
TCTAAACCAGGAGGTTACCGTCTCTTTACTCAGAAGCTGCAGGAGCTGAAGAATAAGTACTACCAGGTGCCAAGGAAGGGGATA
S KPGGYRLPFTAOQIKTLO QETLIKNIKYTYOQVZPRIKSGTI
CAGGCCAAAGAGGTGCTGAAAAAATATTTGGAGTCCAAGGAGGATGTGGCTGATGCACTTCTACAGACTGATCAGTCACTCTCA
Q AKEVLI KIKTYTLESI KEDVADALLUGQTWDU QSTLS
GAAAAGGAAAAAGCGATTGAAGTGGAACGTATAAAGGCTGAATCTGCAGAAGCTGCAAAGAAAATGTTGGAGGAAATACAAAAG
E KEKATIZEVERTIIKAESAEAAKTIKMLETETINQ QHK
AAGAATGAGGAGATGATGGAACAGAAAGAGAAGAGTTATCAGGAACATGTGAAACAATTGACTGAGAAGATGGAGAGGGACAGG
K NEEMMEG QKEIKSYOQEHVKA QLTEI KM METRDR
GCCCAGTTAATGGCAGAGCAAGAGAAGACCCTCGCTCTTAAACTTCAGGAACAGGAACGCCTTCTCAAGGAGGGATTCGAGAAT
A QLM AEUGQEZIKTTULALZE KLU QETZ QERTLTLIKETGT FTEN
GAGAGCAAGAGACTTCAAAAAGACATATGGGATATCCAGATGAGAAGCAAATCATTGGAGCCAATATGTAACATACTCTAAAAG
E S KRLQKDTIUWVWDTIOQMZPBRSI KT STLEZPTIT CNTIIL®*
TCCAAGGAGCAAAATTTGCCTGTCCAGCTCCCTCTCCCCAAGAAACAACATGAATGAGCAACTTCAGAGTGTCAAACAACTGCC
ATTAAACTTAACTCAAAATCATGATGCATGCATTTTTGTTGAACCATAAAGTTTGCAAAGTAAAGGTTAAGTATGAGGTCAATG
TTTT
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mRNA were present in the spleens of poly(I-C)-treated and
untreated A2G mice (Fig. 3). In contrast to the situation in
Gbp-1° mice, poly(I-C) treatment of A2G mice did not result
in an increase of the GBP-1 mRNA pool, suggesting that
A2G mice have a defective Gbp-1 promoter region. The two
inbred mouse strains A2G and CS7BL/6 thus define two
distinct Gbp-1° alleles.

Sequence analysis of human and murine GBPs reveals a
variant GTP-binding consensus domain. The complete cDNA
structures of the hGBP-1 clone 34, hGBP-2 clone 35, and
mGBP-1 clone 8 were established (Fig. 4). The heteropoly-
meric sequence of hGBP-1 cDNA comprises 2,881 bases.
The ATG codon at position 69 marks the beginning of a long
open reading frame that encodes a 592-amino-acid protein
with a calculated molecular weight of 67,902. The hGBP-1
cDNA sequence contains an in-frame termination codon at
position 27, indicating that the ATG codon at position 69
indeed serves to initiate protein synthesis. The sequence of
our longest hGBP-2 cDNA comprises 1,936 bases. An open
reading frame extends from the very extreme 5’ end to
position 1758, suggesting that it does not contain the com-
plete GBP-2 coding region. The sequence contains neither a
polyadenylation signal nor a poly(A) tail and might therefore
also be devoid of sequences corresponding to the 3’ noncod-

ing region of the GBP-2 mRNA. The heteropolymeric se-
quence of the mGBP-1 cDNA comprises 2,807 bases and is
presumably a near-full-length copy of mGBP-1 mRNA. The
ATG at position 64, which is preceeded by an in-frame
termination codon, marks the beginning of an open reading
frame that encodes the 589-amino-acid mGBP-1.

A homology search against the NBRF protein data base,
using the deduced protein sequences of hGBP-1 and hGBP-2
as query sequences, failed to reveal extensive homology to
sequences of other known proteins.

The amino acid sequences of the two hGBPs and of
mGBP-1 show a high degree of identity (Fig. 5). The overall
similarity between hGBP-1 and mGBP-1 is about 70%; the
two hGBPs are about 75% identical. The highest degree of
identity is observed in the amino-terminal two-thirds of the
three proteins, whereas the sequences of their carboxy-
terminal 25 to 30 amino acids are not related. The regions of
strict sequence conservation include the sequences GLYRT-
GKS and DTEG (underlined regions designated I and II in
Fig. 5). These sequences perfectly match the first two motifs
of the tripartite consensus sequence GXXXXGKS(T),
DXXG, N(T)KXD, which is found in a large number of
proteins with GTP-binding activity (8). The spacing between
the two motifs in all three GBPs is 44 amino acids, a distance



4722

C

85
169
253
337
421
505
589
673
757
841
925

1093
1177
1261
1345
1429
1513
1597
1681
1765

1849
1933
2017
2101
2185
2269
2353
2437
2521
2605
2689
2773

CHENG ET AL.

ATTGAAAGGCTGATTCTTCTCTAAAGGATTTCTCTTCAGAGACAAAAAGAAACCACCCTGGACATGGCCTCAGAGATCCACATG

M A S EIHM
TCGGAACCCATGTGCCTCATTGAGAACACTGAGGCTCAACTAGTGATCAACCAGGAGGCTCTGAGGATCCTGTCTGCCATTACA
S EP M CLTIENTEAOQLVTINGO OQEA ALRTILSATIT
CAGCCTGTGGTGGTGGTGGCGATCGTGGGCCTCTACCGCACAGGCAAATCCTACCTGATGAACAAGCTAGCTGGGAAGAGGACA
Q PVVVVAIUVGLTYZ RTSGI K ST YLMNEKTILAGTI KT RT
GGCTTCTCCCTGGGCTCCACTGTGCAGTCTCACACCAAGGGCATCTGGATGTGGTGTGTGCCTCACCCCAAGAAGGCAGGGCAA
G F SLGSTUVAQSHTI KSGTIUWVMUWVCVPHZPIKIKAGAO Q
ACCCTGGTTCTGCTTGACACTGAGGGCCTTGAAGATGTTGAGAAGGGTGACAACCAGAATGACTGCTGGATCTTTGCTTTGGCA
T L VLLDTESGTLEDVETI KSGDNUO GNDT CUWWTITFATLA
GTCCTCCTCAGCAGCACCTTCATCTACAACAGCATAGGAACCATCAACCAGCAGGCCATGGACCAGCTGCACTATGTGACAGAA
VLLS STV FIT YN STIGTTINA G QAMDU QLU H HYVTE
CTGACTGATCTCATCAAATCAAAGTCATCACCTGATCAGAGTGATGTAGACAACTCAGCTAACTTTGTGGGCTTTTTTCCTATC
LTDLTIIKSIKSSUPDO QSDVDNSANTFVGTFTFTPTI
TTTGTGTGGACTCTGAGGGATTTCTCCCTGGATCTGGAATTTGATGGAGAATCCATCACTCCTGATGAGTACCTGGAGACTTCA
FVVTLRUDTFSLDLTETFDGES STITZPDETYLETS
CTGGCTCTGAGAAAAGGAACTGATGAGAACACTAAAAAATTTAATATGCCTCGCCTGTGTATCAGGAAGTTCTTCCCAAAGAGG
L ALRKGTUDENTI KT KT FNMEPRLTCTIRIKTFTFZPIKHR
AAGTGCTTCATCTTTGACAGGCCTGGAGACAGGAAGCAACTTTCCAAACTAGAGTGGATACAGGAGGACCAGCTGAATAAAGAA
K CFI FDRZPGDRIKU QLS SIKLEU WTIO QET DU GQLNTIKE
TTTGTAGAACAAGTTGCAGAATTCACCTCATACATCTTCAGCTATTCTGGTGTCAAGACTCTATCTGGAGGCATCACAGTCAAT
F VEQVAEPFPTSYTIVFSYSGVI KTULSG GG GTITUVN
GGGCCACGTCTGAAAAGCCTGGTGCAGACCTATGTCAGTGCCATCTGCAGTGGAGAACTACCCTGTATGGAGAACGCAGTCCTG
G PRLKSLVQTYVSAITZGCSSGETLUPTC CMENAVL
ACTTTGGCCCAGATAGAGAACTCAGCAGCAGTGCAAAAGGCCATCACCTACTACGAAGAACAGATGAATCAGAAGATCCACATG
T L A QI ENSAAV QKA AITT TYTYEEH QMNU QI KTIHNM
CCCACAGAAACCCTCCAGGAGCTCCTGGATCTGCACAGGACCTGTGAGAGGGAGGCCATTGAGGTCTTCATGAAGAATTCTTTC
P TETULAGQELLUDTLU HRTU CEREA ATIEVTF FMIKNSTF
AAGGATGTAGACCAGAAGTTCCAGGAAGAATTAGGGGCCCAGCTGGAAGCCAAACGAGATGCCTTTGTTAAGAAGAACATGGAC
K DVDOQKYPFQEETLSGAOQLEAIKRDATFVIKTIKNMMD
ATGTCATCTGCTCATTGCTCAGACTTACTGGAGGGCCTCTTTGCTCATCTGGAAGAAGAAGTGAAGCAGGGGACATTTTATAAA
M S S AHCSDULULESGLV FAHBLETEEVI KO QGTT FTYK
CCAGGAGGCTACTACCTTTTTCTTCAAAGGAAACAAGAGCTGGAGAAAAAGTATATCCAGACTCCTGGAAAGGGACTCCAGGCT
P GGY YLV FLOQRIKU QETLEIKIE KT YTIAOQTU®PGI KT GTLAG QA
GAAGTGATGCTGAGAAAATACTTTGAATCCAAGGAGGATTTGGCTGATACACTTCTAAAGATGGACCAGTCACTCACAGAAAAG
E V MLRIKY YT FESKEUDLADTTULULIEKMDA QSTULTEK
GAAAAGCAGATTGAAATGGAACGTATAAAAGCAGAAGCCGCAGAAGCAGCAAATAGAGCATTGGCAGAAATGCAAAAGAAGCAT
E K QI EMERTIIKAEAAEAANRALAEMMAO QKTEKH
GAGATGCTGATGGAACAGAAGGAACAGAGTTATCAAGAGCACATGAAACAGCTGACTGAGAAGATGGAGCAGGAACGGAAAGAG
E ML MEQKEUOQSYOQEUHMEKU QLTEI KMMEUGQETRTIKE
TTAATGGCAGAGCAACAAAGAATCATATCCCTTAAACTTCAGGAACAGGAAAGACTTCTCAAGCAAGGATTCCAGAATGAGAGC
L M AEQQRTITISZSTULIKLA GQEU QERTLILIE KU QGTFU QNTES
TTGCAACTACGTCAAGAGATAGAGAAAATCAAGAACATGCCTCCACCTCGATCATGCACCATACTTTAAAATCTGAACAGACTA
L QLRQETIEIZ KTIIKNMEPZPZPRS ST CTTIIL *
AAGCTCTCTACCCTGTTTCCACTCATCAAGGAAAAAACTTCGGGGACAGCTTTGGATTGTGACACAGCATGGCATTGAATGAGA
CTTGAAGACAATGACACTTTACTAGGAAGAAGGGAGAAATAAAGTTCACAAAGTGGAGTTTATATGTGAAAAAAATGTTTGGCT
TATGAGGTGACTCAGTTCATGTTTGTGTTAGAAGTGAAAATTCATGTGATTTTTAATCGGGTCTTATATTTGATACTGCAAACA
TGGACTCTGTAGACATACTAAATTGTATTGTTGGGATTTGTTTTTACAACACAGTGATAGGGCAGCTGTCTTTGGGTAGACATT
TTGTATCACATACATCCCCTACTGGATATTCTTAGTTGTGTGCTCATAAGTAATTCAAAGATGTAGCTTGCTCTAAGCTGGGAT
TGGCATGTTATAAACATGATAAAAATCTGAACATATCCATGGAACACAGCTCCTAGGGCCTCATGCTATCTGCAGACATTGGTT
CCCAGGGTAGACAATGGGCAGTGCCCAATGTGGGAAGGCTCTGTGGTTGCTGGATGAGCAGAGTATTTCATTGGAGAGGAGAAG
AAAATTCCCCTCCAGGCAGAATGCATAGGCGAGTGGGCGTTGCACCTCCCCCATTGAGAGAACTTCTTGTTTTCTTTCATGCTC
CAGCCTACTGTGTTTCCTTTCTAATCTCTCTTTTTATTTTTCAAAAACACTTTCTCCTTCTAAGAGTTTTAGAATGACTTCTAC
ACAGAATGGAGAACTCAAAATAAATTTCGTTCTATTCCTCTGAGGCTCATAATCACAGTGCCAACTCTTGTGAAACCAACCTTC
ATTTTTATCTTTCTTTTGCTGCTATGACATGATTTGCATATCTCTGAAGATAAATGCCTTTTACAATGTGGCAGAAGCACTGTT
TAAGTGAAAACTGTTAATAAAAATGATTAAGCTT(A)n

FIG. 4—Continued.
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similar to that of other known GTP/GDP-binding proteins.
Interestingly, the IFN-induced GBPs lack the third motif,
which is believed to determine the specificity for guanine
nucleotides. Neither the sequence TKXD nor the sequence
NKXD (nor the reversed motif DXKT or DXKN) is found in
the human or murine GBPs. The GBPs also lack a TQXD
motif, which seems to function in place of the N(T)KXD
motif in the human placental GTP-binding protein p25 (28).

The C-terminal four amino acids of the three IFN-induced
GBPs are CTIS, CNIL, and CTIL, respectively (Fig. 5).
Similar motifs, designated CAAX motifs, are found at the
extreme C termini of the yeast mating factor, the H-ras
oncogene protein, and some G proteins. These sequences
may serve as a signal for posttranslational modification (6,

14, 33). The significance of the CAAX motif in the IFN-
induced GBPs is not known.

mGBP-1 strongly binds to GMP, GDP, and GTP but not to
other nucleotides or mRNA cap structures. Earlier experi-
ments with partially purified hGBP-1 indicated a high spec-
ificity of this protein for guanine nucleotides; GTP and GMP,
but not AMP or ATP, competed strongly for the binding of
radiolabeled GTP to hGBP-1 (2). In light of the results
presented above that the IFN-induced GBPs lack the N(T)
KXD motif of the GTP consensus element, we reexamined
their nucleotide-binding properties. Since the N(T)KXD
motif is thought to determine guanine specificity, we assayed
in vitro-synthesized human and murine GBP-1 for binding to
a panel of 13 different agarose-coupled nucleotides. Under
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I I1
hGBP-1 MASEIMGP&CLIENTNGRIMANPEALKILSMTQPMVWAIVGLXRMSMAGMGPSIGSTVQSHTKGIWVPHPWGHILVI-J-D.TEG 100
hGBP-2 QLA..NEP.D..K.Q.W.............. V... . daaiaaaac e se oo Noooooaon Kioioiaiiiiiiaane, E.Tu.uimaaa 95
mGBP-1  ....... SE........ EAQ.VI.Q...R........ V.........._._._._. ......... 2 tetieeiieeans AQT. .. i 100
hGBP-1  LGDVEKGDNQNDSWIFALAVLLSSTFVYNSIGTINQQAMDQLYYVTELTHRIRSKSSPDENENEVEDSADFVSFFPDFVWTLRDFSLDLEADGQPLTPDE 200
hGBP-2 D E.ovevnnns b S RRIIN . PPN Hoooono D..KAN...GN.--S.D..........A........T.E..V, .E.I.A.D 193
mGBP-1 Eovooiiia, Covevnennnnnns b P oo Hooons DL.K...... QS--D.DN..N..G...I......cveunnn F..ESI.... 198
hGBP-1 YLTYSLKIKKGTSQIGDETFNLPRICImm@WDRPVWLMEEDPEFVQQVmNSYIPSNSKTKTLSGGImRESLWTY 300
hGBP-2 ..EL....R...DK.SKS..D...........R.. W.APKKY..H..Q.KE.. NDIE.E. ...... HNV....... Acciiaenn e 293
mGBP-1 ET..A.R...DENTKK. .M. PRI N I ..GD.KQ.SK. .WI. EDQ NK. .E.T. JY.GV...... Teeennn K...Q.. 298
hGBP-1 VNAISS@LPOENAVLALAQIENSAAVQKAIAHYEQQ?GQKVQIPTESLQEUDLHRDSEREAIEVFIRSSE‘KDVDHLFQKELAAQLEKRRDDFCKQNQ 400
hGBP-2  .....cieteeacncans ceas T N ¢ BT RY SUMPIIAIN seeessesses JMKN... «..OM. .RK.G....AR..... ...S 393
mGBP-1 S..C..E......... Peveeenenrenans TY..E N P 11 PPN TCoviennn MKN ...... QK. .E..G A...A.V.K.M 398
hGBP-1 E‘.ASSDMSGLIQVIFSPLEEEVKAGIYSKPGGYRLFVQKIQDH(KKYYEEPRKGIQAEEIIMYIJ(SKESMTDAIIQTDQTLTEKEKEIEVBRVKAESAQ 500
hGBP-2 K....C.MA...D..G. ..Q.TF.........T....E.. N...QV.......K. K.V.KK..E...DVA, .L..... S.S....A..... I..... E 493
mGBP-1  DM..AH..D. EGL AH ...... Q.TFY. Y. L RKQELE .IQT....L...VM.RK.FE...DLA.TL.KM..S. ..Q..M..I...A.E 498
hGBP-1 ASAMQE‘MQRIQIMQKERSYQBHLKQLTEKMENDRVQLIJ(EQERTLAIKIOBQEQLIKEGFQKESRIMIWE IQDLQTKMRRRK- 592
hGBP-2 .E.I.- «e....R.CALLMAL LK LooouuulWRuL EN. .KRIQKD.W.I.MRSKSLEP N L 586
mGBP-1 ANRA A, K H.ML ..... Q ..... M ........ QE.KE.MA. Q IIS....... R...Q...N..I.QLRQ .EKIKNMPPP.--§...L 589

FIG. 5. Comparison of hGBP-1, hGBP-2, and mGBP-1 protein sequences. A dot in the hGBP-2 or mGBP-1 sequence indicates that the
corresponding amino acid is identical to that of hGBP-1. Nonidentical amino acids are spelled out. Dashes indicate gaps introduced to allow
best fit. The underlined sequences correspond to the highly conserved GTP-binding consensus motifs I and II. The C-terminal CAAX motifs

are boxed.

the given binding and washing conditions of the affinity
chromatography material, more than 10% of the input
mGBP-1 was found associated with the GMP, GDP, and
GTP agarose beads (Fig. 6). GBP-1 was recovered most
efficently by GDP agarose, but GTP and GMP agarose were
also potent affinity matrixes for mGBP-1. In contrast, less
than 0.5% of the input material was retained by agarose
beads loaded with AMP, ADP, ATP, CMP, CDP, CTP,
UMP, UDP, or UTP. Similarly, mGBP-1 did not bind to
agarose beads loaded with 7-methyl-GMP, an affinity matrix
suitable for the isolation of mRNA cap-binding proteins.
Indistinguishable nucleotide-binding data were obtained
with hGBP-1 (data not shown).

To estimate the relative affinities of mGBP-1 to GMP and
GTP, we performed a series of binding competition experi-

starting material
7-Methyl-GMP

AMP
ADP
ATP
cMP
cop
cTP
uMP
upp
uTP
GMP
GDP
GTP

ments. In vitro-synthesized radiolabeled mGBP-1 was re-
acted with GMP agarose in the presence of GMP, GTP, or
ATP, and residual binding of mGBP-1 to the affinity matrix
was monitored. GTP and GMP interfered with binding,
whereas ATP was ineffective (Fig. 7). GTP and GMP inhib-
ited the binding of mGBP-1 to GMP agarose in a concentra-
tion-dependent manner. Inhibition by GTP was most effec-
tive at 10 mM but was still observed at 0.3 mM. GMP was
ineffective at 0.3 mM but inhibited binding of mGBP-1 to
GMP agarose quite strongly at 10 mM. ATP had no inhibi-
tory effect at all concentrations tested. Similar results were
obtained when GTP or GDP agarose was used for affinity
chromatography.

DISCUSSION

Using antibodies, we have cloned cDNAs encoding IFN-
induced GBPs of human fibroblasts. Unexpectedly, we
identified two rather than one species of GBP mRNAs
encoding related proteins. The more abundant of these
mRNAs (hGBP-1) most likely encodes the well-character-
ized 67-kDa GBP (2-4). The other mRNA (hGBP-2) is
derived from a different gene and is about 10 times less

e S
10 mM 3 mM 1 mM 0.3 mM
e o 2 o @ utn g Uar (RINAITAL A
FIG. 6. Binding of mGBP-1 to GMP, GDP, and GTP but not R %55 03 B 20 5 6 2.8 56

other nucleotides. mGBP-1 cDNA was cloned downstream of the
SP6 promoter, and capped RNA was synthesized and translated in
vitro in the presence of [>**Slmethionine. A sample of this material
was analyzed by SDS-PAGE without further processing (starting
material). Other samples were subjected to affinity chromatography.
The matrixes were agarose beads loaded with the nucleotides
indicated. After extensive washing of the beads, the bound protein
was eluted and analyzed by SDS-PAGE.

FIG. 7. Competition by GTP and GMP for binding of mGBP-1 to
GMP agarose. GMP agarose affinity chromatography was performed
as for Fig. 6 but in the presence of the indicated concentrations of
GMP, ATP, or GTP.
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abundant than hGBP-1 mRNA in IFN-treated FS-2 cells.
The similarity of the deduced protein sequences suggests
that h\GBP-1 and hGBP-2 are isoforms with similar biochem-
ical properties.

A comparison of the IFN-induced GBPs and other known
proteins with GTP-binding activity revealed some interesting
features. As expected, IFN-induced GBPs contained some
highly conserved sequence motifs, but surprisingly, only two
of the three motifs typically found in GTP/GDP-binding
proteins were present. GTP-binding consensus elements
recognized to date consist of the three motifs GXXXXGKS
(T), DXXG, and N(T)KXD (8, 9, 24). From the analysis of
crystallized human ras oncogene protein and E. coli elonga-
tion factor Tu, it was concluded that conserved amino acids
of the first two motifs interact with the B-phosphate of bound
guanine nucleotides, whereas conserved residues of the third
motif are in close contact with the guanine ring (20, 23, 25),
indicating that the N(T)KXD motif represents the guanine
specificity region. Interestingly, the IFN-induced GBPs
lacked the N(T)KXD motif. However, when recombinant
radiolabeled human and murine GBPs were tested for their
nucleotide-binding specificities, a very strong selectivity for
guanine mono-, di- and triphosphates was observed (Fig. 6).
The IFN-induced GBPs failed to bind adenine, uracil, or
cytosine nucleotides. Thus, IFN-induced GBPs exhibit a
high degree of guanine nucleotide-binding specificity despite
lacking the N(T)KXD guanine specificity motif. Another
example of a GTP-binding protein that, like IFN-induced
GBPs, contains the first two GTP-binding consensus motifs
with typical spacing but lacks the third motif of the con-
sensus sequence is kinesin (24). Unlike the IFN-induced
GBPs, however, kinesin also binds ATP with high affinity
(7, 19). Similarly, phosphoenolpyruvate carboxykinase,
which lacks a perfect third GTP-binding consensus motif,
shows poor specificity for guanine nucleotides (9). Our
findings thus extend the established view about the role of
the N(T)KXD motif in GTP-binding proteins and suggest
that unrelated sequences can equally well determine guanine
specificity.

IFN-induced GBPs are further unique among known gua-
nine nucleotide-binding proteins in that they strongly bind to
GMP in addition to GDP and GTP. Although their affinity for
GMP may be about 1 order of magnitude lower than for
GTP, these observations still indicate that the phosphoryl-
binding domain of the IFN-induced GBPs is more promis-
cuous than in most other proteins with GTP-binding activity.
In analogy to the ras protein and elongation factor Tu, we
assume that this domain might include the conserved
GXXXXGKS(T) and DXXG motifs. We do not know
whether the nonconserved amino acids in the two consensus
motifs or some sequences outside the motifs are responsible
for the GMP-binding activity. To eventually define the
structures required for guanylate binding, it will be neces-
sary to generate crystallographic data of IFN-induced GBPs
complexed with their different substrates.

Obtaining formal proof that proteins with GTP-binding
consensus motifs indeed bind to guanine nucleotides was
often difficult, and in some cases rather sophisticated assay
systems had to be used (11, 12, 18). IFN-induced GBPs are
exceptional in that their guanylate-binding activities can be
assayed by affinity chromatography, a simple and straight-
forward technique. This fact will certainly facilitate future
experimental identification of the domains of IFN-induced
GBBPs that are required for the specific binding of guanylates.

In this report we further characterize the murine GBP
system, which is of particular interest because of its genet-
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ics. Mouse strains that lack the ability to synthesize the
IFN-induced 65-kDa GBP-1 protein were described, and
classical genetics allowed the mapping of the Gbp-1 gene to
mouse chromosome 3 (27, 32). Our Northern studies with
probes derived from cloned GBP-1 mRNA have now re-
vealed the existence of multiple Gbp-1° (noninducibility)
alleles. GBP-1 mRNA was not detected in cells from strain
CS57BL/6, whereas small but significant amounts of this
mRNA were found in the Gbp-1? strain A2G. In contrast to
the situation in Gbp-1¢ mice, IFN failed to stimulate GBP-1
mRNA synthesis in A2G cells. The simplest interpretation of
these results was that the Gbp-1° allele of strain C57BL/6
was a severely crippled Gbp-1 gene, whereas the Gbp-1°
allele of A2G mice represented a Gbp-I gene with a nonin-
ducible promoter. Genomic Southern blotting and sequenc-
ing experiments will be necessary to further evaluate these
possibilities.

Earlier studies indicated that IFN-treated mouse cells
synthesize several minor GBPs in addition to GBP-1 (32).
The origin of the minor GBPs was unclear. Our data now
suggest that these proteins were coded for by one or more
genes related to but distinct from Gbp-1. It is conceivable
that the minor GBPs can functionally complement the ab-
sence of GBP-1 in Gbp-1° mouse strains. If so, this might
explain why we were unable to detect a mutant phenotype
associated with the Gbp-I mutations and why we found
Gbp-1° alleles at high frequencies in populations of inbred
and wild mice (27).
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